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SYNOPSIS

Sustainable energy and environment are the two important concerns of our modern
society. Innovations on new materials and material architectures embodying novel functions
expand the scope of their application for assisting global sustainability. In this context, titanium
dioxide (TiO,) based materials have proven to be the most promising candidate material because
of their low cost, non-toxicity, high stability and wide range of applications in the field of energy
conversion and storage (photovoltaic cells, green-energy hydrogen generation by splitting of
water, hydrogen storage), electronics (large area electron field emitters, sensors), self cleaning
surfaces (fog-proof and self cleaning glass) and environmental photocatalysis (photocatalytic
decomposition of organic pollutants in water and air, anti-bacterial, anti-viral, fungicidal, anti-
soiling). Various nano-architectures of TiO,, like nano-tubes, nano-wires, nano-rods, nano-fibers
and nano-platelets with tailored geometry and surface complexity, in thin film and powder
forms, are being investigated for various functional applications in energy, electronics and
environment. In all the cases the advantages of tailored geometry combined with the intrinsic

properties of nano-crystalline TiO, can be gainfully exploited.

For applications in dye sensitized solar cells, large area electron field emitters and
wetting — de-wetting coatings, where nanoarchitectures of high aspect ratio, large surface area,
directional electron transport properties, thin tube edges and surface roughness with long trapped
air columns are expected to enhance the efficiency, vertically aligned nanotube arrays as thin
films / coatings are of high interest. In applications like green-energy hydrogen generation by
splitting of water and photocatalytic decomposition of organic pollutants in water, suspensions of
large surface area particles like nanotubes are preferred as the configuration has better light

harvesting ability and hence better efficiency. The aim of the present study is to explore the



effect of the relevant properties of electrochemically synthesized pristine and N-doped TiO,
nanotube arrays and powders in photovoltaics, field emission, self-cleaning surfaces, green

energy hydrogen generation and degradation of organic pollutants.

Synthesis of vertically aligned pristine and N-doped TiO, nanotube array thin films /
coatings, their characterization, studies pertaining to their application in DSSCs, large area
electron field emitters and hydrophobic «<>hydrophilic switching surfaces as well as synthesis of
pristine, Pt loaded and C & N - co-doped TiO, nanotube powders, their characterization and their
application in photocatalytic hydrogen generation by splitting of water and photocatalytic
decomposition of organic pollutants in water are the highlights of this thesis.

Outline of the research work
Chapter 1:

The chapter gives a brief history of the progress of the development of TiO, nanotubular
architectures and its present status. The physical and chemical properties of TiO, are also
deliberated. Based on these unique physical and chemical properties of TiO,, discussions on
selected applications of TiO, are incorporated. This is followed by statement of objectives.
Chapter 2:

The chapter briefly discusses the various experimental tools employed for the synthesis
and characterization of TiO, nanotubular structures. In addition, description on the design and
fabrication of the experimental facilities used for photovoltaic, field emission, wetting — de-
wetting, hydrogen generation and photocatalytic studies are furnished.

Chapter 3:

It is expected that one dimensional nanostructures of TiO,, having large surface area,

high aspect ratio, vectorial electron transport and surface roughness with long trapped air



columns, when used for fabricating devices such as dye sensitized solar cells, electron filed
emitters and hydrophobic <« hydrophilic switching surfaces, will enhance their overall
efficiencies. Vertically aligned TiO;, nanotube arrays are one dimensional nanostructures that
exhibit the above characteristics. At the outset, studies were undertaken to understand the
improvement in the efficiencies of the devices when self organized nanotube arrays are
incorporated instead of other common nanostructures like particulates. To aid this step, synthesis

of vertically aligned nanotube arrays of pristine and N-doped TiO, was undertaken.

This chapter mainly deals with the synthesis of TiO, Nanotube Arrays (TNTA) on foils
and Fluorine doped Tin Oxide coated (FTO) glasses by potentiostatic anodization technique. The
electrolyte used for anodization was ethylene glycol containing ammonium fluoride and water.
The process parameters like applied voltage, anodization time and electrolyte compositions were
varied in the synthesis process to study their effect on surface morphology and aspect ratio of
TiO, nanotubes. From the potentiostatic transients the mechanism of formation of TiO,
nanotubes, during anodization, was formulated. Correlating with reported results, it was
confirmed that field assisted chemical oxidation of Ti along with field assisted chemical
dissolution of Ti and TiO, by fluoride ions played the key role in nanotube formation. The
subsequent steady state equilibrium between field assisted chemical dissolution and field assisted
chemical oxidation led to continuous growth. The process parameters for obtaining smooth
walled high aspect ratio nanotube arrays were optimized by carrying out anodization at different
experimental conditions. From the morphological analyses of samples synthesized under various
electrochemical conditions, the minimum required potential for the formation of nanotubes as
well as the maximum potential under which tube formation occur were found to be 40 and 60 V,
respectively. The diameter as well as the length of the TiO, nanotubes were found to increase

with applied potential and anodization time. In addition, surface morphology of individual tubes



was found to vary with electrolyte composition. The appropriate process parameters for attaining
highly ordered, debris free TiO, nanotube arrays of sufficient lengths (~8 microns), were found
to be applied potential of 30 to 50 V, 2 to 3 hours of anodization time and electrolyte
composition of 0.25 to 0.5 wt% of NHisF + 2 to 3 wt% of H,O in ethylene glycol. All the
nanotubes in the as prepared stage were amorphous. These underwent transformation to anatase
phase on annealing at 400 °C. The anatase to rutile phase transition occurred above 500 °C. It
was also observed that the samples annealed at 400 and 500°C retained their tubular structure.
Whereas those annealed at 600 and 700 °C exhibited tubes with closed mouth, formed due to
wall thickening. The presence of different surface and subsurface defect states, such as bridging
oxygen vacancies (Ti - Vo — Ti), Ti— OH — Ti / Ti-(OH),-Ti bridge and surface terminating Ti —
OH, in the nanotubes were confirmed from XPS and FTIR studies. The defect state detection of
XPS analysis supports the enhanced photo catalytic activity of TiO, nanotube arrays. The band

gap of the pristine TiO, nanotube array calculated from diffuse reflectance spectra was 3.27eV.

The TNTA fabricated on foils possessed certain limitations in specific applications such
as DSSCs as it requires back side illumination which reduces light to electrical energy
conversion efficiency. In addition, when used in electronic devices like sensors, the Ti metal
substrates on which the TiO nanotubes are formed causes short circuits. To resolve these issues,
efforts were initiated to fabricate TNTA on FTO coated glasses. TiO, nanotube thin films on
FTO coated glasses were synthesized by electrochemical anodization of Ti film deposited on
FTO coated glasses by RF magnetron sputtering. The electrochemical process parameters were
fixed based on the results obtained in the case of synthesis of TNTA on foils. Anatase nanotube
arrays with homogeneous tube diameters, wall thicknesses and inter-tubular spacings were
obtained when anodization was carried out at 40V for 2 hours in 0.5wt% NH4F + 2.5 wt% water

in ethylene glycol medium, followed by annealing at 400 °C. As in the case of TNTA on foils,

v



the nonstoichiometry of the TNTA films on the FTO coated glasses due to the presence of
bridging oxygen vacancies and hydroxyl groups were proved by X-ray photoelectron
spectroscopy. The band gap of the annealed samples obtained from diffuse reflectance
spectroscopy was 3.36 eV which indicated absorption in the ultra violet region.

The major drawback of TiO, is that its band-gap is rather large, 3.0-3.2 eV, and thus only
5% of the solar spectrum (A < 380 nm, corresponding to the UV region) is absorbed. To lower
the threshold energy for photoexcitation, a great deal of research has been focused on doping
TiO, with both transition metal cations and anions. Among these, N-doping was found to be
more promising. Substitution of O ions by N* ions is more effective due to their similar size.
Because of the comparable ionic size, the lattice distortion will be less and hence large numbers
of recombination centres are not generated. Single step electrochemical synthesis of N-doped
TNTA was carried out using urea as the nitrogen source in the electrolyte. Urea was chosen as
the nitrogen source, as electrolysis of aqueous solutions containing urea decomposes to N, and
CO; at high anodic potentials. Since nitrogen formed at the anode surface will be nascent, before
being liberated as N, there exists the possibility of nitrogen incorporation in to the anion lattice
of TiO, during the formation of TNTA. Also one can expect a variation in the amount of nitrogen
substituted for oxygen in the anion sub lattice with nitrogen precursor (urea) concentration.
Anatase N-doped TNTA was prepared by anodizing Ti foils, in 0.5wt% NH4F + 2.5 wt% water
in ethylene glycol medium containing various wt% of urea at 40V for 2 hours, followed by
annealing at 400 °C. XPS analysis revealed substitutional N- doping of about 3.88, 4.74 and 4.12
atom percent corresponding to formulae TiO;85No115, TiO1813No14 and TiO184No.121
respectively. The optical band gap values were found to shift to lower values with N-doping.

The band gap values obtained are 3.22, 2.75 and 2.77 eV for TiOgsNo.115, TiO1813No.14 and



Ti01.84Ng 121, respectively. In the case of TiO;g13Ng 14, introduction of inter-band state could be
easily discerned from the absorption spectrum.
Chapter 4:

The fabricated TNTA on foils and FTO coated glasses can be used in various applications
such as DSSCs, field emission, photocatalysis, self cleaning surfaces and sensors depending
upon their aspect ratio, crystallinity, composition and electronic energy band structure. The
present chapter therefore discusses the selective applications of TNTA on foils and FTO glasses.
The chapter is divided into three sections. The first part deals with the photovoltaic
characteristics of the DSSCs fabricated using TNTA on foils and FTO glasses, this is then
followed by studies on enhancement of field emission properties with N-doping of TNTA and

hydrophobic <> super hydrophilic switching behaviour of pristine and N-doped TNTA.

Dye sensitized solar cells were fabricated using TNTA on Ti foil and FTO coated glass
working electrodes, ruthenium | pyridyl dye, N-719 sensitizer, iodolyte (Solaronix, Switzerland)
electrolyte and Pt coated glass counter electrode. The solar cell performance of these cells was
investigated at 1.6mW/cm? light intensity. The efficiency of the DSSCs fabricated using TNTA
on foils and TNTA on FTO coated glasses were very low with values 0.65% and 0.11%,
respectively. The lower efficiency can be attributed to the low fill factors and low incident to
photon conversion efficiencies (IPCE) of the respective cells. The reasons for low fill factor and
IPCE can be ascribed to the deterioration of the FTO film upon anodization, the limited
transmittance of the anodized thin films and improper dye attachment. The limited length of the
nanotubes on FTO coated glass (~1 um) is another reason. To ascertain the above said
limitations, DSSCs were fabricated using TiO, coated FTO glasses and Pt counter electrodes

procured from Solaronix, Switzerland, with the same dye and electrolyte as employed before.
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The efficiency of the corresponding cell was higher with an value of 7.8%. In addition, the high
electrochemical impedance obtained for the cells fabricated using TNTA compared to the cell
fabricated using procured TiO, and Pt electrode confirmed the identified drawbacks. Transparent
TNTA on conducting glass will be a promising candidate for the third generation solar cells if

the above mentioned limitations are properly addressed and overcome.

Since TNTA possess vertical alignment, high aspect ratio, small wall thickness and sharp
edges, these become potential candidates for large area field emitters. In addition, as N-doping is
reported to modify the electronic energy band structure of TiO; leading to reduction in work
function, N-doping of TNTA is expected to enhance electron field emission properties. Hence
electron field emission properties of pristine and N-doped TNTA were explored. Field emission
properties of pristine and N-doped TNTA corresponding to various concentrations of nitrogen
were measured and compared. In the case of N-doped TNTA, the electron field emission was
detected at much lower turn on fields viz., 12.5, 10.4 and 7.1 V / um at 3.88, 4.12 and 4.74 at%
of nitrogen doping, respectively. Systematic variation in electron emission with increase in N-
doping confirmed the role played by substitutional nitrogen towards FE enhancement. The
enhancement of FE properties on N-doping occurs because of the presence of localized donor
states, with higher band width, placed at energy levels close to CBM compared to that of TiOy.s
and N-2p states above the VBM, leading to a shift in the Fermi level to higher energies. In the
present study, the Fowler Nordheim (FN) plot of the N doped TNTA revealed nonlinearity, with
three regimes of distinctly different slopes (high field, intermediate field and low field). The low
field region corresponds to surface states dominated FE. In the high field regime the field
penetration caused breakdown of the surface potential barrier which enhances FE. In the

intermediate field regime both the mechanisms competed and a different slope appeared. The
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results of the present investigations formed the basis for future research in developing large

surface area field emitters using N-doped TNTA.

The last part of the chapter deals with near superhydrophobic to superhydrophilic
conversion of the nanotube arrays under UV (1.4mW/cm?) as well as sun light (44 mW/cm?)
illumination. Near super hydrophobic states were observed for both pristine and the N doped
TNTA. The N-doped samples were less hydrophobic compared to the pristine samples, as
expected. The hydrophobic to super hydrophilic conversion was faster and the reverse process
slower for N-doped samples. Under sun light irradiation, complete superhydrophilicity was
observed only for N-doped TNTA and this was achieved within 90 minutes. The recovery, when
kept under dark was attained within two and half days. Since no single mechanism could explain
all the observed experimental results, a combination of mechanisms (photocatalytic
decomposition of adsorbed organics and photo induced surface reconstruction) has been
proposed. The observed near super hydrophobic «> super hydrophilic switching behaviour

indicated the potential of TNTA coated surfaces for application as smart surfaces.

Chapter 5:

For applications such as photocatalytic hydrogen generation and organic pollutant
destruction, TiO, nanotubes in the powder form will be more efficient as these can be suspended
in the media thereby facilitating better light harvesting and exhibiting superior kinetics. The
chapter discusses the synthesis and characterization of TiO, nanotube powders by the rapid break
down anodization technique. The tubular morphology was confirmed by FESEM and TEM
analysis. The tubes were of uniform diameter (15 to 18 nm) and wall thickness (~5 nm). The
SAED patterns and XRD analysis revealed as prepared nanotubes to be of anatase phase. Their

band gap values varied from 2.95 to 3.07 eV indicating near UV and visible light absorption
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capabilities. The samples in the as prepared state had surface area as high as 155m?/g. FTIR and
PL spectroscopic studies revealed presence of defect states which is crucial for the photo
catalytic applications. Compared to TNTA, these nanotubes were found to be visible light
absorbing and consisted of smaller diameter and wall thickness.

The preparation of N-doped nanotube powders were tried by anodizing Ti foils in
perchloric acid media containing urea as the nitrogen source. The anodization resulted in C and
N- co-doped TiO, nanotube powders. X-ray photoelectron spectroscopic analysis revealed
interstitial N-doping and substitutional C-doping. Similar to the pristine TiO, nanotube powders,
the C and N- co-doped samples were of anatase phase in the as prepared condition. These
powders possessed high surface area (124m?/g) although their value is marginally lower than that
of pristine ones. The FESEM and TEM analysis revealed destruction of tubular architecture upon
doping. The diffuse reflectance spectroscopic studies did not show any significant reduction in
band gap. Hence an enhancement in photocatalytic properties cannot be expected. In turn,
deterioration in photocatalytic property is possible due to the generation of defect states, arising
from doping, and these states can act as electron-hole recombination centres. Indeed, the same
was observed.

Chapter 6:

Since, the as prepared pristine as well as N and C co-doped TiO, nanotube powders
possess high surface area, these are potential candidates for photocatalytic applications such as
green energy hydrogen generation and organic pollutant destruction. The present chapter deals
with the photocatalytic studies on TiO, nanotube powders and is divided into two parts. The first
part deals with studies on hydrogen generation by water photolysis using Pt loaded TiO;
nanotube powder catalyst and is followed by organic pollutant destruction studies under sunlight

illumination using pristine and C and N- co-doped TiO,.



Noble metals such as Pt, Au, and Pd have been reported to be very effective in enhancing
the photocatalytic efficiency, when loaded on TiO,. Since the Fermi levels of the noble metals
are lower than the TiO, conduction band, when loaded on to TiO,, the photo excited TiO;
electrons move to the noble metal Fermi levels leaving the holes in the valence band, reducing
the electron — hole recombination and thereby enhancing the photocatalytic efficiency. Among

these noble metals Pt is reported to be the most efficient.

TiO, nanotube powders were loaded with Pt at different weight percentages (varying
from 1 to 10) by chemical reduction technique using sodium borohydride. A phase
transformation from anatase to rutile structure was also observed at high Pt loadings (> 5wt %).
The decrease in PL intensity of the Pt loaded TiO, compared to TiO, without Pt, revealed
reduction in electron hole recombination on Pt loading. The active area (chemisorption surface
area) of Pt was measured by temperature programmed desorption reduction oxidation technique
(TPDRO) and was found to be high at low Pt loadings (1 to 2.5wt% of Pt). The H, gas generated
from 1:3 water — ethanol reaction mixture was measured using a polymer electrolyte membrane
based H, sensor (PEMHS). Hydrogen generation efficiency was found to decrease with increase
in Pt loading. The highest H, generation rate, under near UV light (~380 nm and 120 W), was
observed at 1.25 and 2.5 wt% Pt loadings and are 777.3 and 927.9 u moles of H, / h for 1 g of Pt-
TiO, catalyst, respectively. For an incident light of 254 nm wave length (64 W) and with 1.25
wt% Pt loading, the hydrogen generation rate obtained was 0.030 moles / hour for 1 g of
Pt/TiO,. The turn over frequencies (TOF) calculated from the chemisorption surface area and
hydrogen generation measurements revealed that at low platinum loading more catalytic sites are
available for hydrogen generation. Taking into consideration the low amount of Pt loading and
the low power of UV sources used, the hydrogen generation rates obtained are the highest among

the reported values.



The dye degradation efficiencies of pristine and C and N- co-doped TiO, nanotube
powders were investigated, using Rhodamine 6 G dye as the model pollutant, under sunlight of
10 mW/cm? intensity. The change in dye concentration with irradiation time was measured using
UV-visible absorption spectroscopy. It was observed that the degradation kinetics followed
apparent first order kinetics and the calculated rate constants are 4.99 x 10 s™ (2.99 x 10 min"
1) and 3.99 x 10 s%(2.4 x 10 min™) for pristine and doped samples, respectively. The dye
destruction efficiencies of pristine and doped samples were 40% in 150 minutes and 42% in 240
minutes, respectively. Even though a slight decrease in the band gap on doping was observed, the
photocatalytic efficiency of doped samples was low. This can be attributed to generation of
charge recombination centres on doping.

Chapter 7
This chapter summarizes major research findings, implications and recommendations for future

work.
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Introduction

The chapter addresses the issues involved in identification of suitable one
dimensional nano-architecture of TiO, for selected applications pertaining to energy, electronics
and environment. The first part of the chapter provides a brief overview of the structure,
properties and various methods employed for modification of the electronic energy band
structure of TiO,. The subsequent section describes the synthesis of different one-dimensional
nano-architectures of TiO, and their selected applications in the area of energy, environment
and electronics. In addition, role of titania nanotubular architectures in alternative energy
generation processes and environmental cleaning is deliberated. This is followed by a statement

of motivations and objective behind the present research work.
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Semiconducting materials have been the subject of intense research because of their
practical applications. They also provide fundamental insight into the electronic processes
involved when used in various applications. Within the class of inorganic semiconducting
materials, oxide semiconductors display diverse range of properties, due to their dependence on
the nature of metal — oxygen bonding. Among semiconducting oxides, wide band gap oxide
materials are of high interest as these exhibit wide ranges of electrical and optical properties.
Among the wide band gap oxide materials, titanium (1) oxide has attracted much attention due
to its application in various fields ranging from paint to sunscreen to food coloring to
photocatalyst, hydrogen production, storage medium, solar cells and biology. For example TiO,
powder is commonly used as a pigment in paints, coatings, plastics, inks, fibers, nutrients,
toothpaste, and cosmetics.™? Due to its high refractive index, it is applied as antireflection
coatings, optical wave guide and narrow-band filters.>* Because of its interesting photocatalytic
properties, it finds use in various applications such as environmental remediation, hydrogen
generation by photolysis of water, photovoltaic cells, electrochromic devices,
photoelectrochemical anticorrosion coatings, self cleaning and antifogging coatings.®*> The two
commonly available stable phases of TiO, are rutile and anatase. Rutile is preferred to anatase
for optical and dielectric applications because of its high refractive index and dielectricity.'
Whereas, anatase is preferred for all applications related to photocatalytic activity due to its
higher charge carrier mobility.’> ** "8 Several excellent reviews are found in literature which
deals with the synthesis, properties and applications of TiO,.2*%

Ever since the discovery of size quantization effect in semiconductor nanomaterials,
research in nanostructured materials has generated considerable interest.?*?® The properties of
interest viz. optical, electronic and catalytic are found to be related to size in the nanoscale

regime and drastically differ from those of bulk counterparts. With respect to photo-activity,
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Ti0, nanoparticles have specific advantages in enhancing light absorption due to the presence of
large fraction of atoms in surfaces and interfaces. The primary mechanism of light absorption in
semiconductors is the direct valance band to conduction band electronic transition, which is low
in case of semiconducting materials like TiO, as direct transition, is forbidden by crystal
symmetry. However, when light absorption takes place at the crystal boundaries such as surfaces
and interfaces interspersed among crystallites, the momentum is not conserved and an indirect
transition occurs leading to enhancement in light absorption. Hence, it can be expected that,
nanocrystals with high surface to volume ratio and large surface atom fraction will have
enhanced light absorption. The particle size at which enhancement becomes significant is around
20 nm. When the particle size is confined, at least in one dimension, to a scale below the de
Broglie wavelength, the wave function is spread over the particle and the charge carriers need
not diffuse to the surface to take part in surface/interface processes. This makes possible the
timely utilization of photo-generated charge carriers. In addition, due to quantum confinement,
the energy band structure becomes discrete thereby rendering the ensuing photophysical,
photochemical and surface properties different from those of bulk.2>*® Since the properties of
nanostructured TiO,, relevant to the various applications, are significantly different from those of
the bulk, recent research has been concentrated on controlling the size, shape, composition and
surface morphologies as well as surface properties for tailoring them to be utilized for specific
applications.

Over the past decade, one dimensional nano-architectures of TiO, such as nanotubes,
nanowires, nanorods and nanobelts have attracted wide spread attention due to the unique
physical and chemical properties associated with their size confinement in one dimension.
Relatively simple preparation techniques used to achieve the requirements for various

applications have made them quite attractive.”*>* In nanostructured semiconductors the mobility
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of charge carriers is governed by quantum confinement and hence the electron and hole transport
properties are influenced by their one dimensional architecture.®*® The properties of one
dimensional nano-architectures of TiO, are comparable to that of nanoparticles but with high
surface to volume ratio as well. The high specific surface area of one dimensional nanostructured
TiO, facilitates interaction between surfaces / interfaces and reactive species.*** In addition,
they have enhanced photoactivity and charge transfer at the interface due to better charge
transport, higher surface defect density and aspect ratio. These properties along with the exotic
surface geometry render the one dimensional nanostructured TiO, based materials excellent
candidates for application in photocatalysis, sensors, hydrogen generation by water splitting,
photovoltaics and biology. Among the one dimensional nano-architectures, nanotubes are
promising because of larger active surface area.***? Nanoarchitectures like self aligned nanotube
arrays in thin film form provide enhancement in the performance of devices as well as expand
the field of applications. For example, vertically aligned thin walled TiO, nanotube arrays are
expected to find application in large area field emitting devices because of their high aspect ratio
and large amount of surface states.

The present chapter focuses on synthesis, modification and selected application of one-
dimensional nanoarchitectures of TiO, in energy, environment and electronics. Emphasis is
given to self aligned nanotube arrays and nanotube powders of TiO,. A brief review on structure,
properties and modification of electronic band structure by doping are given at the outset.

1.1. Structure

Titanium dioxide (TiO,) exists in nature mainly in three forms, namely, anatase, rutile
and brookite.'® *3. This transition metal oxide is highly stable and has a melting point of 1855°C.
The most common polymorphs of TiO, are anatase and rutile and their structure can be

expressed in terms of chains of octahedra in which Ti** ion is surrounded by an octahedron of six
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O% anions. The TiOs octahedra in both these phases are orthorhombically distorted. The
distortion is significant in anatase whereas it is marginal in rutile. Hence anatase is of lower
symmetry. Compared to rutile, the Ti-Ti distances are larger in anatase (3.79 and 3.04 A° vs 3.57
and 2.96 A°), whereas the Ti-O distances are shorter (the Ti-O distance 1.934 and 1.98 A° vs
1.949 and 1.98 A° in rutile). In rutile, each octahedron is in contact with 10 other octahedra (two
sharing edge oxygen pairs and eight sharing corner oxygen atoms) whereas in anatase, each
octahedron is in contact with eight neighbors (four sharing edge and four sharing a corner).? #
The rutile unit cell contains two Ti atoms and four oxygen atoms. The anatase unit cell contains
four Ti atoms and eight oxygen atoms.* These differences in lattice arrangements cause
difference in mass densities and electron band structures of rutile and anatase TiO,. The lattice
structures of anatase and rutile are shown in Figure1.1.*® The crystal faces with lowest energy are
(110) and (100) for rutile*”*® and (101) and (001) for anatase.™ The crystal structure data of both
anatase and rutile phases are given in Table 1.1.*° Between these two phases, rutile is the
thermodynamically stable one. However, in the nano-size samples occurrence of anatase phase is
quite common.*®*! On heating, concomitant with coarsening, anatase is transformed to rutile in
the temperature range 400 — 700 °C. Enthalpy of anatase to rutile phase transformation is low
with values ranging from -1.3 to -6 +0.8 kJ/mol.°>* The phase transitions depend upon several
factors such as strain, presence of impurities, particle size, applied pressure and texture.>**° Due

to these differences, anatase and rutile phases find different applications.
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Figure 1.1: Crystal structure of anatase and rutile phase of Tio,*

C

Rutile Anatase
Crystal structure tetragonal tetragonal
Lattice constants (A°) a= 4.5936 a=3.784
€=2.9587 c=9.515
Space group P4,/mnm 14,/amd
Molecule/cell 2 4
Volume/molecule (A%) 31.2160 34.061
Density (g/cm®) 4.13 3.79
Ti-O bond Length (A°) 1.949(4) 1.965(4)
1.980(2) 1.965(2)
O-Ti-O bond angle 81.2° 77.7°
90.0° 92.6°

Table 1.1: Crystal structure data of anatase and rutile TiO,

1.2. Electrical and electronic properties

Titanium dioxide is an n-type semiconductor having a band gap of 3.2 and 3 eV
respectively for anatase and rutile phases. Electronic structure of TiO, has been determined
experimentally by various groups.>®®® The valence bands of TiO, can be split into three main
regions: the o bonding in the lower energy region mainly due to O-p o bonds; the z bonding in
the middle energy region; and O-p # states in the higher energy region due to O-p = nonbonding

states where the hybridization with d states of Ti is almost negligible. The conduction band is

6
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split into Ti eg (>5 eV) and tyq bands (<5 eV). The d,, states of t,y are dominantly located at the
bottom of the conduction band. The rest of the t,; bands are anti-bonding with p states of oxygen.
The main peaks of the tyq bands are identified to be constituted by mostly dy, and d, states. The
conductivity of TiO, is mainly dependent upon the presence of oxygen vacancies and Ti*" cation,
which makes TiO, an n-type semiconductor.® The oxygen vacancies formed can be represented

using Kroger-Vink notation by the equation,
0F(Ti07) = Vs + 2¢™ +0, (1)

A color center at 3 eV due to the oxygen vacancy has been identified as the reason for the
observed yellow color.®? The nonstoichiometry of TiO, depends on the synthesis conditions and
history of the samples. The anatase TiO, shows Arrhenius type thermally activated conduction,
with higher carrier mobility, in comparison conduction in rutile TiO; is rather low, stemming
mainly from small polaron hopping. However, in both these crystal structures, high
concentrations of donors lead to the formation of impurity bands.®® The band gap of TiO, (3 -
3.2eV corresponding to ~ 390 to 410 nm wavelength) implies excitation of electrons from VB to

CB only under UV irradiation.

1.3. Photocatalytic properties

Photo catalysis term is generally used when light energy is used to activate the material
which modifies the rate of a reaction without changing its chemical structure. The process can
occur homogenously or heterogeneously. Heterogeneous photocatalysis is a rapidly emerging
research field in Green chemistry. The process is termed as advanced oxidation processes (AOP)
for the organic destruction, waste water treatment, generation of renewable energy sources and

organic synthesis.** Heterogeneous photocatalysis mainly involves an interface between the
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photocatalyst (semiconductors) and the liquid which contains the reactant. When the
semiconductor is excited by photons of appropriate energy, electrons are excited from the VB to
the CB creating holes and electrons in the VB and CB, respectively. These photogenerated
charge carriers migrate to the TiO, crystallite surface, where they reduce and oxidize adsorbed
electron acceptors and donors by interfacial charge transfer. This is the principle behind the
photocatalytic organic degradation and generation of H, by water splitting. The electron-hole
pair have lifetime of the order of 10 s to react with the adsorbed species.®* In TiO, based
photocatalysis, usually the photogenerated electrons are trapped as Ti®" at the surface and are
transferred to the adsorbed molecular oxygen yielding peroxyl radical anions (O2). In a
suspension, depending on the pH value, these peroxyl radical anions can combine with H” ions to
form superoxide radicals (HOy). In the gas phase, the peroxyl radical anions directly attack the
organic molecules. The holes participate in organic destruction either by directly oxidizing the
organics (before being trapped either within the particle or at the particle surface) or by
combining with hydroxyl anions to give hydroxyl radicals. The hydroxyl radicals then degrade
the adsorbed organic species.

The probability and rate of the charge transfer processes for electrons and holes depend
upon the respective positions of conduction and valence band edges and the redox potential
levels of the adsorbate species. The schematic of the photoexcitation and its reaction pathway is
shown in Figure 1.2. For efficient reaction, the potential of the electron acceptor should be
positioned below (more positive) the CB of the semiconductor and the potential of the electron
donor should be above the VB of the semiconductor®®. The former case applies to photocatalytic
hydrogen generation and the latter applies to organic destruction. Therefore, assuming absence of
any kinetic limitations, photoinduced interfacial redox reaction takes place with acceptors and

donors whose respective reduction potential are located between the CB and VB positions of the
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semiconductor. The photo generated valence band holes are powerful oxidants (+1 to +3.5V Vs
NHE depending on the semiconductor) whereas the CB electrons are strong reductants (0.5 to -

1.5V vs NHE).?” The schematic of CB and VB positions of various semiconductors vs NHE is

given in Figure 1.3.
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Figurel.2: Schematic of Photoexcitation process and its reaction pathway
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Theoretically, all the semiconductors which satisfy the above mentioned conditions
exhibit photocatalytic activity. But the semiconductors such as CdS and SiC undergo
photocorrosion and are not suitable for photocatalysis/water splitting applications. Limited
numbers of photocatalysts are available which satisfies the criteria, among which TiO, is best
suited®. Ever since the publication of photo-assisted electrolysis of water using TiO, photo-
electrode, by Honda and Fujishima®® in 1972, lot of research on photocatalytic action of TiO,
have been going on which includes, water purification, organic destruction and hydrogen

generation. The schematic of the TiO, photocatalytic process is represented in Figure 1.4.

The photocatalytic efficiency of TiO, is limited due to the fast electron-hole
recombination and relatively large band gap (3.2 eV) which need photons of energy greater than
or equal to UV radiations (which constitutes only ~5% of total solar energy) for VB to CB
electronic excitation.®® The limitations can be surmounted by surface and electronic band
structure modification of the semiconductor such that the charge carrier recombination is

inhibited and wavelength response range is increased.
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Figure 1.4: Schematic of the TiO, photocatalytic process
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1.4. Modification of pristine TiO,
In order to increase the charge separation as well as to tune the band gap to make TiO,

visible light active, surface modifications by noble metal loading,?*®*"* dye sensitization,*"®

77-79

coupling with lesser band gap semiconductors and electronic band structure modification by

80-83 84-87

cation, or anion doping, are generally employed.
1.4.1. Noble metal loading

Transition metals, especially noble metals are widely used as cocatalysts for
photocatalytic hydrogen generation. As the Fermi level of noble metals are lower than that of the
TiO, conduction band, the photogenerated electrons in the CB of TiO, can easily migrate to the
noble metal thereby enhancing charge separation and hence efficient photocatalysis. Figure 1.5a
shows the schematic of the electron capture by noble metal from the CB of TiO, thereby
achieving efficient charge carrier separation. The enhancement in the photo conversion of H,O to
H, and O, was first observed by loading TiO, with Pt.”” Therefore, as of now, it is the most
studied system. The metal (Pt) itself is important because of its specific catalytic activity towards
hydrogen. Increase in hydrogen production due to platinum loading can be attributed to the
trapping of photogenerated electrons on the metal sites yielding efficient charge carrier
separation. It has been reported that there is an optimum size and loading for maximum
generation of hydrogen.® Efficient hydrogen generations have also been reported for other metal
loaded TiO, such as Ag/TiO, and Au/TiO,."
1.4.2. Semiconductor coupling

Visible light utilization for the purpose of photocatalysis can be achieved by coupling
TiO, with other semiconductors of lower band gap with conduction band placed at more negative

level compared to that of TiO, (Figure 1.5b). On exposing the couple to visible light, the VB

electrons of the small band gap semiconductor is excited to the CB. The excited electrons then

11



Chapter 1

move to the CB of TiO, thereby reducing electron-hole recombination. Thus the couple acts as a
visible light active photocatalyst with efficient charge carrier separation. The process is similar to
dye sensitization. The conditions for efficient use of TiO,-semiconductor composite are; the
semiconductor should be resistant to photo-corrosion and should have band gap corresponding to
visible light excitation. Figure 1.5b depicts a schematic of electron injection process observed in

composite semiconductors.

2H* (a) (b)

Electron
hv Injection H,

Wide band gap
semiconductor

Figure 1.5: Schematic of (a) of the electron capture by noble metal from the CB of TiO, (b) Electron

injection and prevention of electron hole recombination in semiconductor combination.

Among the composite semiconductor systems, CdS/TiO, has been the focal point of
extensive research activity and has been investigated in detail.®*° However, the fabrication of
CdS/TiO, composite is a challenging task as oxygen intercalation to chalcogenite (CdS) lattice
can alter the band gap of the same and deteriorate the photocatalytic activity. In addition it is
photo-corrosive. Therefore alternative small band gap semiconductors such as CuO, Cu,0, ZnO,
SnO, and Fe,O3 have been used to couple with TiO,. Recently composite of TiO,/ single walled
carbon nanotubes has been reported to show reduced recombination rate, in turn exhibiting

enhanced photocatalytic activity.*

12
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1.4.3. Dye sensitization

Sensitization by chemisorbed or physisorbed dyes on semiconductors increase the
efficiency of the excitation process, thereby enhancing the photocatalytic activity. Under visible
light illumination, the dye electrons undergo excitation and the excited electrons are injected to
the conduction band of TiO, by virtue of the position of the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) of the dye molecule. The electrons in
the CB of TiO; can be utilized for H, production by the decomposition of organic species as well
as to send current through an external circuit (Dye sensitized solar cells). The process occurs
only when the oxidative energy level of the excited dye molecule with respect to the conduction
band energy level of TiO, is higher. Thus sensitization expands the wavelength range of
excitation for the photocatalyst through the sensitizer, followed by the charge transfer to the
semiconductor. Figure 1.6 shows the schematic of the dye sensitization process. Since electron
injection rates differ for various dyes, a variation in photocatalytic rates occur. This necessitates
further studies are required to understand and compare the dynamics of charge excitation,

recombination and electron injection rates in different dyes.

Wide band gap
semiconductor

N

Figure 1.6: Schematic of Dye sensitization in TiO,

1.4.4. Cation doping
Modification of electronic energy band structure by introducing impurity levels in a band
gap semiconductor is another way of making TiO, visible light active. This can be easily

13
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achieved by metal ion doping. Numerous reports on the modification of the band gap of the
materials by cation doping lists a wide range of metals such as Cu, Ni, Au, Cr, Mn, Fe, V.58
Even though it was reported that cation doping decreases the photo threshold energy of TiO,,
several drawbacks such as thermal instability and shorter electron-hole lifetime were observed
for the same, thus reducing the overall photocatalytic efficiency.?? Only a few metals like Fe**
and Cu®" were found to inhibit the electron-hole recombination. The concentration of beneficial
transition metals dopants needs to be kept low and large concentrations are detrimental.
Therefore, the photocatalytic activity is highly sensitive to the cation dopant concentration. In
addition, it has been observed that many of the cations do not result in free charge carriers but in
bound excitons and has a tendency to generate charge carrier recombination centers, thereby
rendering them impractical for photocatalytic applications.
1.4.5. Anion doping

Another approach to make TiO, visible light active is by nonmetal doping. The band gap
of the semiconducting material can be narrowed down by introducing donor and acceptor levels
below and above the conduction and valence bands, respectively. Doping with anions like C, N,
F, B and S is likely to reduce the recombination centers and shift the absorbance of TiO; to
visible light region.®*® Asahi et al have studied the substitution effects of N, C, S, F and P for O
in TiO,. Using full potential linearised augmented plane wave method (FLAPW)%, they
calculated the electronic structures of anatase TiO, with the above mentioned dopants. It was
observed that both sulfur and nitrogen creates a band gap narrowing in TiO,. But the size of S is
too large to be incorporated into the oxygen sub lattice of TiO,. From the results of FLAPW studies,
it was found that the mixing of 2p states of nitrogen atom with 2p state of oxygen could shifts
VB edge upwards leading to narrowing of band gap of TiO,. Later Chen et al found that the

degree of nitrogen doping is an important factor in enhancing the photocatalytic activity of doped
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TiO,.* Since then, N-doping of TiO, and its photocatalytic activity has been widely investigated
both theoretically and experimentally.®*®° The synthesis of N-doped TiO, can be done by various
methods which include both physical and chemical techniques such as vapor deposition, heating
with nitrogen precursors and treatment under ammonia gas flow etc. X-ray photoelectron
spectroscopy is the major tool used for the confirmation of nitrogen incorporation into the
oxygen sub-lattice. Theoretical work by Valentine et al revealed that nitrogen can be
incorporated into the crystal lattice both interstitially and substitutionally.®® The model structures

for substitutional and interstitial N doped anatase TiO, is depicted in Figure 1.7.

Reports on the photocatalytic activity on N doped TiO, reveal that both substitutional and
interstitial nitrogen doping yields enhanced photocatalytic activity.®° However most of the
researchers believe that substitutional nitrogen doping is the major factor responsible for
enhancement in photocatalytic activity. Density functional theory calculations have addressed
the variances in the photoactivity measurements taking both anatase and rutile TiO, that have
been substitutionally doped with nitrogen.'® For anatase samples, substitutional N doping results
in a decrease in the photon energy necessary to excite the material whereas for rutile TiO,
materials, the opposite effect is observed and is attributed to the contraction of the valence band
and the stabilization of the N 2p state, thus causing an overall increase in the effective band
gap'® which is in agreement with the work of Diwald et al.®’ For anatase TiO,, substitutionally
bound nitrogen atoms create localized occupied electronic states (N 2p in character) above the
top of the O 2p valence band. The creation of this occupied electronic state has also been shown
experimentally.®*As a result, the mechanism for photoexcitation of N-doped anatase most
probably results from direct excitation of electrons from the N 2p state located within the band
gap of the TiO, into the conduction band. The measured inter-band-gap density of states has

been postulated to reduce the rate of electron-hole pair generation, which otherwise readily

15



Chapter 1

occurs without the presence of localized N 2p states.”® A schematic diagram explaining this

effect for anatase and rutile structures is shown in Figure 1.8. For rutile TiO, the suppression of

the top of the valence band is observed upon N doping.'%*%
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Figure 1.7: The structure anatase TiO, in which the nitrogen is occupied substitutionally as well as
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Figure 1.8: Schematic representation electronic band structure of Pure and N-doped anatase and rutile'®
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The substitutional and interstitial type impurities in anatase TiO; crystal is investigated
experimentally (electron paramagnetic resonance spectroscopy and XPS) and theoretically (DFT
calculations). Both types of impurities are found to add localized states within the band gap. For
substitutional type nitrogen, these states are located 0.14 eV above the valence band, and for
interstitial type nitrogen species (referred to as N-O), the localized states are calculated to lie
0.73 eV above the valence band. In addition, these calculations have also found that there is a
large decrease in the formation energy of oxygen vacancies. Therefore, oxygen vacancies are
most probably induced by N doping of TiO..* Figure 1.9 shows the schematic representation of

substitutionally and interstitially N-doped anatase TiO,.
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Figure 1.9: Schematic representation electronic band structure of substitutionally and interstitially doped
anatase TiO,

1.5. Synthesis of one dimensional TiO, nanoarchitectures

Among the various nanoarchitectures of TiO,, one dimensional nanostructure are
preferred for various applications due to their high aspect ratio and enhanced electron transport
properties compared to that of nanoparticles®*>32. There exist various methods for the synthesis
of disordered TiO, nanotubes in the form of powders and suspensions, which include sol-gel,
h.104-115

hydrothermal, chemical vapor deposition, electro deposition and template assisted growt

Even though these techniques have several advantages, none of these can produce self organized

17



Chapter 1

nanostructures on suitable substrates in a simple and cost effective route, which can be used
directly for device fabrication. Also these techniques cannot control the nanotube dimensions
precisely. Electrochemical anodization has found to be a cost effective and efficient technique to
produce self organized TiO, nanotube arrays.**® The following section briefly discusses different
techniques which produce disordered one dimensional TiO, nano-architectures. This is followed
by description of anodic oxidation technique which produces highly ordered self organized TiO,
nanotubular arrays. Using the same anodization technique, one can synthesize high surface area

TiO, nanotubes in the powder form by altering the electrolyte composition.

TiO, in the nanotubular form can be synthesized by different methods. Among those, a

selected few are discussed in the following section.

1.5.1. Sol-gel assisted synthesis

Sol gel synthesis of TiO; is a wet chemical technique in which a colloidal suspension is
formed from the acid catalyzed hydrolysis of Ti alkoxide or Ti salts followed by gelation.**’ This
technique employs gels derived from low to moderate molecular weight organic compounds for
the synthesis of metal oxide nanotubes.™®° The driving forces behind such physical gelation
involve hydrogen bonding, Vander Waals force, - interaction and electrostatic interaction
through cooperating noncovalent interactions of gelator molecules. The outstanding feature
responsible for gelation is thought to rely on the formation of three-dimensional networks
composed of highly intertwined fibers. The first stage of physical gelation is the self assembly of
gelator molecules, with the self-assembled bundle organogelator acting as a template in the sol-
gel polymerization process. Oxide nanotubes are thus synthesized by coating these templates
with oxide precursors followed by gel dissolution in a suitable solvent and subsequent

calcination. By this reconstructive synthesis, hierarchical morphologies can be obtained, with the
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gelators acting as the structure-directing agents. Closely packed 3 dimensional polymeric Ti-O-
Ti chains formed by hydrolysis can also be converted to one dimensional form by
electrospinning the viscous precursor along with the co-solvent (generally high molecular weight
polymer) or by electrophoretic deposition of TiO, suspensions into the pores of anodic alumina

membrane and its subsequent removal.

1.5.2. Hydrothermal synthesis

It is generally conducted in Teflon coated steel pressure vessel known as autoclaves, and
it assist in crystallizing the compound from high temperature aqueous solutions at high vapor
pressures. TiO, nanoparticles, nanotubes and nanorods are synthesized by hydrothermal
treatment of Ti precursor with water. Hydrothermal treatment temperatures and conditions
determine the extent of precursor conversions, which influences the geometrical features of the
resulting nanostructures.'®*% Highly concentrated NaOH solutions and temperature in the range
of 120-130°C were found to be more appropriate for the formation of TiO, nanotubes by
hydrothermal method. Formation of TiO, nanotubes by hydrothermal technique were proposed
by several groups.’?!?% 121 wang et al*® proposed that during the reaction with NaOH, the Ti-
O-Ti bonding existing between the basic building blocks of the anatase phase, the octahedron,
was broken and a zigzag structure was formed when the free octahedra shared edges between the
Ti ions with the formation of hydroxy bridges, leading to the growth along the [100] direction of
the anatase phase. Two-dimensional crystalline sheets were formed from the lateral growth of the
oxo bridges between the Ti centers (Ti-O-Ti bonds) in the [001] direction. These sheets rolled up
to saturate the dangling bonds emerging from the surface subsequently lowering the total energy

and resulting in the formation of TiO, nanotubes.
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Other techniques such as chemical vapor deposition, electrospinning, physical vapor

deposition are less commonly used techniques for the fabrication of TiO, nanotubes.

1.5.3. Electrochemical oxidation

Electrochemical anodization is a cost effective technique, generally used for the corrosion
protection of metals. Metals, generally valve metals (Al, Ta, Hf, Zr, and Ti) have a thin native
oxide layer coating, measuring to few nanometers in thickness, on its surface due to interaction
with atmospheric oxidation. Thickness of this native oxide layer can be further increased by
thermal and anodic oxidation. The thin oxide films can be grown to thick oxide coatings by
anodization. Conversely, a number of approaches are there to dissolve the oxide layers from the
metal surface, which includes surface etching and polishing. Taking the idea of both oxidation
and etching, in 1995 Masuda and Fukuda have developed porous alumina coating by anodizing
aluminum metal.*®® These porous structures possess high surface area and the pores have a
narrow size distribution. The aspect ratio of the porous structures can be varied easily by varying
the electrochemical parameters. By optimizing the electrochemical process parameters one can
obtain ordered porous structures. The highly ordered porous anodic alumina has significant use
as template for the synthesis of one-dimensional nanoarchitectures. This includes synthesis of
one dimensional structure like nanofibrils as well as nanowire arrays of semiconductors, metals
and polymers which find important applications in optical and magnetic devices, photonic crystal

123120 The idea has been extended to fabricate

based devices and biocompatible equipments.
porous structures of TiO, by anodizing Ti metal. In 1999, Zwilling et al successfully developed
porous TiO, structure by anodizing Ti in fluoride based acidic electrolytes.*?” Following this,
extensive studies on anodization of Ti metal in various electrolytes have been done by several
research groups and is widely accepted that fluoride ion containing electrolytes results in the

formation of highly ordered self organized nanostructures of TiO,."% 1%°
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1.5.3.1. Mechanistic aspect of formation of TiO, nanotube arrays
Pourbiax diagram of Ti-H,O system at 25°C reveals that TiO, layer on Ti has excellent
corrosion resistance.*® 3! Valve metals possess wide passivation region in the range of few tens

of volts.**?

When an external voltage is applied, this stable oxide layer thickness increases
linearly, and the passivation region increases. The trend shows a deviation when the anodization
is carried out in fluoride ion containing electrolytes. This is because the stable oxide layer is
attacked by the fluoride ions yielding soluble fluoride complexes. The behaviour of fluoride ion
in the passivation of Ti metal has been extensively studied.’***® It is widely accepted that
formation of oxide layer on Ti in the presence of fluoride ion is the result of competition between
anodic oxidation and chemical dissolution of the oxide layer (by F" ions leading to the formation
of [TiFs]* complexes in solution) which is in contact with the electrolyte. The dissolution of
oxide by fluoride ions occur initially at the surface defects or cracks and further penetrate

towards the metal to form pores in nanometer scale. Further anodization leads to the formation of

ordered porous nanostructures followed by separation to isolated nanotubes.

The key processes involved in the anodic formation of TiO, nanotubes, in a fluoride ion
containing electrolyte, are initial oxidation at the metal electrolyte interface due to OH™ and O%
ions, field assisted oxidation of Ti metal (ie; migration of oxide ion through oxide layer to the
oxide-metal interface and oxidation of the metal resulting in increased oxide layer thickness),
and field assisted dissolution of metal oxide as well as metal, by fluoride ion at the metal oxide/
electrolyte interface and metal/ metal oxide interface respectively. The second process results in
a thick oxide layer on Ti surface whereas the third process results in the dissolution of the metal
and metal oxide forming nanopores and pit. At the initial stage the pores formed by reaction with
fluoride ions are of irregular shape and produce unequal local current densities. At a later stage

the current densities will be shared equally by the pores and they start growing uniformly. This
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indicates equilibrium between the field assisted chemical oxidation and field assisted chemical
dissolution. Further, steady state equilibrium leads to growth of ordered porous nanostructures
and finally to well separated self organized nanotubes. The schematic of the formations steps are
depicted in Figure 1.10. A qualitative picture regarding formation of TiO, nanotube arrays during
anodization can be obtained from the current density transient recorded in situ and is discussed in
chapter 3. The aspect ratio of the nanotubes can be varied by varying the process parameters

such as applied voltage, time of anodization, electrolyte composition and temperature.?’*%
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Figure 1.10: Schematic of the formations steps of self organized TiO, nanotubular structures.

The history TiO, nanotube fabrication by anodization technique can be classified into
different generations depending upon the selection of process parameters. The first generation
nanotubes were synthesized in HF containing aqueous electrolytes.****%*° In this case the
lengths of the nanotubes were limited to few hundreds of nanometers due to high chemical
dissolution rate.”****° The synthesis of second generation nanotubes of several micrometer
lengths were achieved by replacing HF with fluoride salts such as KF, NaF and NH4F, and
varying the electrolyte pH.**! But no nanotube formation occurred when the alkaline electrolyte

medium was employed.*** One of the limiting factors of second generation nanotubes is the
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formation of unwanted precipitates. In the third generation nanotubes, ammonium fluoride
containing polar organic electrolytes such as formamide or dimethyl sulfoxide with less than 5
wt% of water were employed for anodizing Ti metal. The reduction in water content in the
electrolyte decreases the rate of chemical oxidation and dissolution in fluoride containing
electrolyte and therefore longer nanotube formation could be achieved.'***** When fluoride ion
containing ethylene glycol was used as an electrolyte, smooth walled long TiO, nanotubes were
obtained. It was reported that double side anodization of Ti foils resulted in nanotubes having
1mm length which is the highest achieved length.*** Attempts were also made by various
research groups, to anodize Ti thin films on different substrates like glass, silicon, quartz and
conducting glasses with aim of using the same in applications such as dye sensitized solar cells
(DSSC). In order to get high aspect ratio titania nanotube arrays (TNTA) on different substrates,
the process parameters such as thin film deposition conditions, electrolyte composition, time of
anodization and temperature were varied and investigated.***® Depending upon the aspect ratio
and crystallinity of the nanotubes, these can be employed for various applications such as DSSC,
field emission and photocatalysis. The subsequent section discusses the basic principle involved
in some of the selected applications of TiO, nanotube arrays.

1.6. Selected Application of TiO, nanotube arrays

1.6.1. Dye Sensitized Solar cell:

Dye sensitized solar cells (DSSC) belong to the class of third generation solar cells which
includes liquid based solar cells, Forster resonance energy transfer based solar cells and organic
solar cells. Since the original report on the fabrication of DSSCs by O’regan and Graetzel,*’
DSSCs continued to be an exciting field of research because of its regenerative low cost, ease of

fabrication and possibility of large scale production. In DSSCs, the electrons in the dyes are

excited by light absorption and injected to the conduction band of the semiconducting material
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(generally TiO,). The injected electrons then diffuse through the semiconducting matrix and
reach the conducting electrode, subsequently to the counter electrode through the external circuit.
At the counter electrode (Pt coated conducting glass) the electrons react with the tri-iodide ions
to generate iodide ions (I3~ + 2e” <> 3I'). The iodide ions in contact with the dye supply the
electrons to the HOMO of the dye molecules regenerating triodide ions (31" < I3 + 2e"). The I3’
+ 2e" « 31 reaction is catalyzed by the Pt nanoparticles of the counter electrode. Titanium
dioxide acts as the photo anode and the nanostructure increases the available surface area for the
dye attachment. The light harvesting component of the DSSC is the dye, generally a ruthenium
bi-pyridyl dye, adsorbed on Ti0,.**® *® The enhanced visible light absorption and power
conversion efficiencies have made DSSCs a strong competitor to solar cell based on other

approaches. The schematic of the working principle of the DSSC is depicted in Figure 1.11.

A Pt FT0
Y
Max open
circuityoltage

S
n

E vs NHE (V)
& B
;\ |
1
1

[
o

=
Jin

Figure 1.11: Schematic representation of working principle of Dye sensitized solar cell.
The efficiency can be calculated from the 1-V characteristics of the DSSC which is discussed in
chapter 4. The photocurrent produced in a DSSC is directly influenced by the properties of the
sensitizer. The energy gap between the HOMO and LUMO of the sensitizer (Which corresponds

to the band gap, Eg, for inorganic semiconductor materials) determines the photoresponse range
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of the DSSC. Absorption over a wide range of wavelengths, extending into the near-IR region
due to a small HOMO-LUMO energy gap, helps in harvesting a large fraction of the solar
spectrum. This in turn produces large photocurrent which enhances the device performance. In
addition, the energy levels of the HOMO and LUMO must match the I37/1" redox potential and
the CB of the TiO; electrode (Figure 1.6 and 1.11). For efficient electron injection, the LUMO
must be sufficiently more negative (higher energy) than the TiO, CB, which is the driving force
for electron injection. Thus, the molecular structure of the sensitizer must be strategically
designed so that its properties are optimal for efficient DSSC performance. Traditionally used
sensitizing dyes are made from ruthenium based complexes (N3, N719, C106 and CYB11)
which possess broad absorption spectra (AA=350 nm) but low molar extinction coefficient.*434°
These are generally packed with a density of 0.5-1 dye molecules per square nanometer. Due to
the low molar extinction coefficient of ruthenium based complexes, great strides have been made
during the past decade, to understand and design new dyes. The HOMO of the dye molecule
must be sufficiently more positive (lower energy) than the redox potential of 13731 to accept
electrons effectively.®*>**! The open circuit potential of the DSSC corresponds to the difference
between the redox potential of the mediator and the fermilevel of TiO,. The iodide/triodide
system has been particularly used in DSSC because of the slow recombination kinetics between
electrons in TiO, with the oxidized dye and tri iodide in the electrolyte thereby increasing the
electron life time between 1ms to 1s.°>**® The small size of the 17/I5" redox component allows
fast diffusion, and provides two electrons per molecule to the counter electrode. Unfortunately
the redox system is corrosive and dissolves sealants and contact materials in the long run.
Alternative redox system such as Co?*/Co*" and Fc/ Fc* based electrolytes have found to give

good performance.'>**>
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The carrier recombination at grain boundaries and long carrier diffusion path in the case
of nanoparticulate TiO, restricts the performance efficiency and this could be overcome using
TNTA. The major issues and strategies for using TNTA in DSSC’s have been reviewed and
discussed.* %" According to the reported studies, the specific surface area of TiO, and
specific dye loading are the efficiency limiting factors in the case of TNTA based DSSCs.

Therefore modification of the tube geometry is necessary to increase device performance.

1.6.2. Field Emission

Field emission, also called Fowler-Nordheim tunneling, is the process whereby electrons
tunnel through a barrier in the presence of high electric field. The process is also referred as cold
cathode emission. The current generated in the field emitter is mainly governed by Fowler
Nordheim equation. The quantum mechanical tunneling process is an important mechanism for
thin barriers as those in metal-semiconductor junctions or highly-doped semiconductors. The
typical field emission model for metallic conductors with the potential barriers and the
corresponding field emission energy distribution (with the energy on the vertical axis and current
on the horizontal logarithmic axis) is shown in Figure 1.12.%%®

The FN model has shown that the emitted current from the surface of the material
directly depends on the local electric field at the emitting surface and on its work function, and
varies exponentially. Therefore a change in the morphology of the emitter (geometrical field
enhancement by shape and sharpness of the tip) and the chemical state of the surface has a strong
effect on the emission current. As the radius of the emitting surface decreases the electron
emission increases. Also increasing the number of surface states per unit area enhances the field
emission and therefore it is always preferred to fabricate organized/patterned one dimensional
architectures having sharp tips. High aspect ratio carbon nanotubes are found to be promising

candidates as field emitter with low turn field and high current densities. For future applications,
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Figure 1.12: Schematic of typical field emission model for metallic conductors with the potential barriers

and the corresponding field emission energy distribution™®

the long term stability of the field emitter is a prerequisite. Even the residual gases present in the
field emission chamber affects the stability of the materials like carbon nanotubes. The chemical
stability can be achieved by using modified semiconducting materials especially one dimensional
nanoarchitectures of TiO,. Among the one dimensional nanoarchitectures of TiO,, TNTA on Ti
foils is a promising candidate for field emission application due to its high aspect ratio, good
chemical stability, guaranteed electrical contact between TiO, nanotube thin films and Ti foil,
low work function, high degree array uniformity and its simple and cost effective fabrication
process.™® Since the field emission density and the field enhancement are dependent on the
diameter, height, wall thickness and density of the nanotubes. The field emission process can be
tuned by changing the above mentioned parameters. Several reports on the field emission

properties of TNTA and modified TNTA can be found in the literature, %3

1.6.3. Photocatalytic Hydrogen Generation:
Hydrogen is a desired candidate for energy production, having high calorific value and
producing only water upon oxidation. Hence the term hydrogen economy is a proposed system

for delivering energy by generation of hydrogen, efficiently and inexpensively on a renewable
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basis. Hydrogen generation by photocatalysis reaction employing semiconducting materials is an
efficient and cost effective route in hydrogen economy. As mentioned earlier in this chapter,

nanoarchitectures of TiO, are appropriate for photocatalytic hydrogen production.

Water splitting into H, and O is an uphill reaction. It needs the standard Gibb’s free

energy change (AG®) of 237 kJ / mol or 1.23 V%, as represented in equation,
Hy0 =20, + Hy; AG® = +237k] /mol )

Therefore, in order to achieve water splitting, the band gap of the semiconducting material
should be greater than 1.23 eV. As mentioned previously the reduction and oxidation potential of
H,0 should lie within the band gap of the material (figure 1.4). Thus band gap structure of the
material is a thermodynamic requirement for photocatalytic hydrogen generation. Life time of
the photogenerated electrons, charge separation and mobility are the other factors which affect
the efficiency of photocatalytic hydrogen generation.?® The processes in the photocatalytic
hydrogen generation includes absorption of light by semiconductor, generation of charge
carriers, separation, migration and transfer of the charge carriers to water or other molecule.
Recombination of charge carriers is a competing process which reduces the hydrogen generation
efficiency’. Any other processes which consume the excited electrons should be avoided to
increase the efficiency. Effective charge separation and migration is essential requirement for
efficient hydrogen generation. This can be achieved by surface modification of the
semiconducting material. As discussed earlier, noble metal (Pt) loading is a widely adopted
method for efficient charge separation and generation of active sites for hydrogen production.”

The efficient hydrogen generation due to noble metal loading is attributed to the formation of
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Schottky barriers which enable easy flow of photogenerated electrons from semiconductor to

metal.'%* 1°

1.6.4. Surface wetting:

When a liquid drop is in contact with a surface, at the interface three phases coexist (gas,
liquid and solid). The wettability of a solid surface by a liquid can be quantified by measuring
the contact angle (CA) which can be defined as the angle between the solid surface and the
tangent line of the liquid at the contact point between these three phases. Thomas Young, in 1805
explained the phenomenon of the interfacial energy, which is proportional to the number
molecules present in the surface and thus proportional to the surface area, which can be

represented by the equation®®,
Ysv = Vs1 + Y COS O (3)

The equation can also be written as
cosf = % 4)

Where 6 is the CA, v.,, ¥s; and y;, are the interfacial energy per unit area of the solid-vapor
interface (surface energy per unit area of the solid), the solid-liquid interface, and the liquid-
vapor interface (surface energy (tension) per unit area of the liquid), respectively. When (ys, —
Ys1) >Yw, the drop will completely wet the surface, indicating high surface energy. The term is
referred as superhydrophilicity, ie; the CA will be ~ 0° (<10°). There exist surfaces, in which the
CA will be more than 10° but less than 90°. This condition is known as hydrophilicity. When the
condition is (¥sy — ¥s1) > Y1 the surface turns to be non-wetting and the CA will be ~180° and
the state is called superhydrophobic state. When the CA ranges occur in between 90 to 150° the

state is referred to hydrophobic.*®” The schematic of the different wetting states are represented

in Figure 1.13.
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Figure 1.13: Different wetting states derived on the basis of Young’s equation

The Young’s equation is valid only for smooth surfaces. When the surface roughness and
chemical nature comes into picture, the non ideal behavior can be observed and two extreme
cases can happen, ie; either total wetting or non-wetting. The correlation of the surface roughness
with the former case has been derived by Wenzel'*®® and the latter by Cassie and Baxter'®®. The
fundamental assumption in the Wenzel theory is that the liquid penetrates into the grooves of the
rough surface. He suggested a linear relationship between the observed CA and the surface
roughness

cos B, = r cos O (5)

Where 6, and 6, are the observed (apparent) and actual CA (on a smooth surface) and r is the
surface roughness or else the ratio between the actual surface area and the geometrical surface
area. If the CA on a smooth surface is smaller than 90° then the apparent CA on the
corresponding rough surface will be smaller than 90° and vice versa. But the theory shows
violation, by showing hydrophobicity, when large fraction of air is present in the pores of the

material. In the Cassie Baxter model, the apparent CA is be given as follows,

cos 0, = fs;cos B + f,, cos G, (6)
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Where f; and f;, are the area fractions of the solid and vapor on the surface, respectively. Since

fs + fo,s = 1and 6, = 1807, the equation can be written as
cos@, = -1+ f;(cosOs + 1) @)

Figure 1.14 shows the schematic representation of the surface liquid interaction in Wenzel and
Cassie Baxter models. Wettability on the surface here is regulated by the fraction of air trapped
on the rough surface. When f, tend towards ‘1’ the surface becomes superhydrophobic. Thus the

wettability of the surface can be adjusted by tuning the surface roughness of the material.

Liquid droplet Liquid droplet

Solid

Wenzel model Cassie Baxter model

Figure 1.14: Schematic representation of Wenzel and Cassie Baxter model of surface wetting due to

surface roughness.

Photoinduced changes of the chemical states on the surface can cause changes in the
wetting behaviour of the material and this makes it possible to create an intelligent surface with
controllable wettability. Superhydrophilicity is an important property that can endow materials
with self cleaning property. Among the various semiconductors, TiO, is one of the most
important candidate material, which exhibit this phenomenon under light irradiation.'”® Because
of this unigque phenomenon, TiO, is a promising candidate for self cleaning and antifogging-

coating applications.
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1.7. Objective of the thesis

The research programme pertaining to this thesis is targeted towards, synthesis and

characterization of one dimensional nanoarchitectures of pristine and doped TiO, as well as to
study their properties pertaining to selected applications in energy, environment and electronics.
Among the various one dimensional nanostructures viz nanotubes, nanobelts, nanorods,
nanowires and fibers, nanotubes are of importance because of their high active surface area and
electron transport properties. The TiO, nanotubular architectures considered in the present study
are vertically aligned nanotube arrays in thin film form and nanotube powders. These structures
are in general synthesized by various techniques viz hydrothermal, template assisted sol-gel,
template assisted PVD and CVD, electrospinning and electrochemical techniques. Among these,
electrochemical anodization is the most cost effective, easy to adopt (for large scale production)
and environmentally friendly. In addition, the technique provides accurate method for tuning the
aspect ratio and surface morphology of the nanotubes as these can be modified by controlling the
applied potential which in turn can be controlled accurately in nanovolt levels.
An important drawback of TiO, for selected applications is that its band gap is rather large, 3.0—
3.2 eV, and thus only 5% of the solar spectrum (A < 380 nm, corresponding to the UV region) is
absorbed. To extend the photo-absorption into the visible region, doping with cations and anions
are adopted. Among the various dopants, nitrogen is found to be more promising. Hence, it is of
paramount importance to synthesize N-doped TiO, nanotubular arrays for enhancing the
efficiency of the devices based on their architectures.

The application studies were chosen based on the enhanced properties of pristine and N-
doped TiO, nanotube arrays and powders which are expected to improve the efficiency of
devices when fabricated using them. The specific objectives, for which present thesis work was

undertaken, are the following,
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» Synthesis of pristine and N-doped vertically aligned TiO, nanotube arrays in thin film form
by electrochemical anodization technique and their morphological, structural,
compositional and optical characterization. Delineation of dopant nature (interstitial or
substitutional in TiOy) by XPS and determination of change in electronic band gap and
interband defect states by UV-vis and photoluminescence spectroscopies were part of the
objective.

» Fabrication of dye sensitized solar cells (DSSC) using vertically aligned TiO, nanotube
arrays and their 1-V characteristic studies, and field emission and wetting characteristics of
pristine and N-doped TiO, nanotube arrays. The rationale behind choosing application
studies pertaining to DSSCs and field emission is that the alignment, high aspect ratio, thin
edges and directional electron transport properties of vertically aligned TiO, nanotube
arrays are expected to play a major role in enhancing the efficiency of the respective
devices fabricated using them. Another important recently proposed application of
vertically aligned TiO, nanotube arrays on Ti is controlled drug release because of its
expected hydrophobic nature due to the presence of long air trapped columns. Since it is
possible to fabricate vertically aligned TiO, nanotube arrays of varying tube diameter and
length by changing applied potential as well as duration of anodization one can expect
preparation of samples of varying hydrophobicity. The hydrophobic surfaces can be made
superhydrophilic by photo irradiation and the same can be reverted back to initial
hydrophobic state by keeping it in dark. Hence, it is possible to make controlled drug
delivery systems by loading the vertically aligned TiO, nanotube arrays with appropriate
drug after making it hydrophilic by light irradiation and then reverting it back to
hydrophobic state by keeping in the dark. The same can then be used in orthopedic

implants for controlled drug delivery. However, care should be taken not to expose the
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implant to light before implantation as it could become hydrophilic leading to uncontrolled
drug release. With this application in mind the studies on kinetics of hydrophobic «»
superhydrophilic transitions were considered.

» Synthesis and characterization of pristine and N-doped TiO, nanotube powders using rapid
break down (RBA) anodization technique. The study was undertaken because in certain
applications like hydrogen generation by photolysis of water, destruction of organics and
microbes in water, nanotubes in powder form are advantageous as they can be suspended in
the media to yield uniform dispersion thereby facilitating better light harvesting with better
Kinetics.

» Investigations on hydrogen generation efficiency of platinum loaded TiO, nanotube
powders from ethanol/water mixtures under different wavelength photo irradiation as well

as dye degradation kinetics using pristine and doped TiO, nanotube powders.
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Chapter 2

Experimental Techniques

The chapter provides a brief description of the experimental techniques used for the
synthesis, characterization and studies pertaining to application of pristine and doped TiO,
nanotube arrays (TNTA) and powders. The synthesis of the pristine and doped nanotube arrays
and powders were carried out using an in-house built electrochemical anodization facility whose
details are explained. Following the details of anodization facility, the basic principles of
electron microscopic techniques, Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM), used for the morphological characterization of the synthesized
samples are discussed. This is followed by discussion of the techniques used for structural
characterization (X-Ray Diffraction (XRD) in powder and glancing incidence modes, and Raman
spectroscopy) and compositional analyses (X-ray Photoelectron Spectroscopy (XPS)). The basic
principles of Photoluminescence (PL) and Ultra violet-visible absorption spectroscopy (UV-Vis)
used for studying electronic energy band structure as well as to identify localized excitations or
impurities, Fourier Transform Infra Red Spectroscopy (FTIR) utilized to study physisorbed and
chemisorbed surface species, Brunauer, Emmett and Teller (BET) and Temperature
Programmed Desorption Reduction and Oxidation (TPDRO) methods used for physisorption and
chemisorption surface area measurements are also discussed. Further, the details of the
experimental facilities used to carry out studies pertaining to selected applications are outlined.
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2.1. Anodization Facility

The schematic of the experimental setup used for anodization is shown in Figure 2.1.
Prior to the electrochemical anodization, the Ti foils (10 mm X 10 mm) were cleaned
ultrasonically and washed sequentially with distilled water, ethanol and acetone. A two electrode
configuration consisting of Ti anode and Pt counter electrode was employed. A programmable
DC power supply (Agilent N5700A) and a multimeter (Agilent 34401A) interfaced to a PC were
used for DC voltage supply and measurement of current transients respectively. All anodization
reactions were performed under potentiostatic conditions in fluoride or chloride ion containing
medium. After anodization, the samples were sequentially sonicated in distilled water, ethanol

and acetone, followed by drying in N gas stream.

I

H, 5‘15

Electrolyte

1 Anode Pt cathode

Figure 2.1: Schematic of the potentiostatic anodization set up

2.2. Electron Microscopy
Electron microscopy is a field of science in which electron beam is used to form a

magnified image as well as yield diffraction pattern corresponding to the material under
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inspection. It takes advantage of much shorter wavelength of the electrons and focusing is done
through electromagnetic lenses. Electrons accelerated onto a material result in a number of
interactions with the atoms of the target sample. Accelerated electrons can pass through the
sample without interaction; undergo elastic as well as inelastic scattering thereby resulting in a
number of signals that are used for imaging, quantitative and semi-quantitative analyses as well
as structure elucidation. The schematic of the processes taking place because of material-electron

interaction are depicted in Figure 2.2.

Incident electron beam

Back
X-rays
Auger e@l__—

Interaction Voliime

scattered e

Cathodo luminescence

Secondary ¢

elastically scatterede-  Sample

In-elastically scattered ¢ ypgcattered e-

N

Transmitted electrdns

Figure 2.2: Schematic of processes taking place during electron - material interaction.

2.2.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile tool used for surface characterization
of materials. The SEM provides the investigator with a highly magnified image of the material
surface that is very similar to what one would expect if one could actually "see" the surface
visually. The resolution of the SEM can approach a few nm and it can operate at magnifications
that are easily adjusted from about 10x to 300,000x. In the SEM, a source of high energy

electrons (primary electrons) is focused (in vacuum) into a fine probe that is rastered over the
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surface of the specimen. When the high-energy primary electron interacts with an atom, it
undergoes either inelastic scattering with atomic electrons or elastic scattering with the atomic
nucleus. This results in secondary electrons (used to produce SEM images), back scattered
electrons (used for illustrating contrasts in composition in multiphase samples), diffracted back
scattered electrons (used to determine crystal structure and orientation), X-ray photons (used for
elemental analysis), visible light and heat. The technique is considered to be non destructive

except for the fact that often electron beams can bring about radiation induced surface damage.

During inelastic collision with an electron, some amount of energy is transferred to the
electron of the target atom. If the energy transfer is very small, the electron emitted from the
atom will probably not have enough energy to exit the surface. If the energy transferred exceeds
the work function of the material, the emitted electron can exit the solid surface and are termed
as secondary electrons (SE). The energy of these emitted electrons is less than ~50 eV. Most of
the emitted SEs are produced within the first few nm of the surface. Secondary electrons
produced much deeper in the material suffer additional inelastic collisions, which lower their
energy and generally get trapped in the interior of the solid. A fraction of the primary electrons
which have undergone elastic scattering with the atomic nucleus (without loss of KE) are back
scattered. These backscattered electrons (BSEs) have energies comparable to the primary
electron beam. When the energy of the emitted electron is greater than 50 eV, by convention, it is
referred as BSE. In SEM equipment, the electrons coming out from the specimen surface (SEs
and BSEs) are collected by appropriate detectors. The output from the detector is used to
modulate the brightness of a cathode ray tube (CRT) whose X- and Y- inputs are driven in
synchronism with the X-Y voltages rastering the electron beam. In this way, an image is

produced on the CRT. Every point that is struck by the beam on the sample surface is mapped
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directly onto a corresponding point on the screen. The secondary electrons are the most common
signal used in the SEM and have multiple applications e.g. morphological analysis, particles size
measurements, fracture analysis, microstructural homogeneity and determination of coating

thickness.!

In addition to secondary electrons imaging, Energy Dispersive X-ray (EDX) analysis is
also a useful tool which is widely used for chemical analysis. The collision of primary electrons
with electrons of the atom can cause ejection of core electrons. The excited atom will decay to its
ground state by emitting either a characteristic X-ray photon or an Auger electron. The X-ray
emission signal can be sorted by energy using an energy dispersive X-ray detector or by
wavelength with a wavelength spectrometer (EPMA). These distributions are characteristic of
the elements that produced them and can be used to produce elemental images depicting spatial
distribution of particular elements in a given field of view. The detectors produce an output
signal that is proportional to the number of X-ray photons in the area under electron
bombardment. In EDX equipment the output is displayed in the form of a histogram of counts
versus X-ray energy. The characteristic X-rays emitted from the sample serve as fingerprints and
provide elemental information of the samples permitting semi-quantitative analysis, quantitative
analysis, line profiling and spatial distribution imaging. SEM with X-ray analysis is an efficient,
inexpensive and non-destructive tool which has become quite essential for the day to day surface

analysis.

The essential components of an electron microscope are electron emission gun, electron
lenses, sample stage, detectors for all signals of interest, display and data acquisition devices.

This equipment also has infrastructure requirements such as power supply, vacuum system,
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cooling system, vibration free floor and it needs to be installed in a room, free of ambient

magnetic and electric fields.

In conventional SEMs, electrons are generated by heating the tungsten filament or
lanthanum hexaboride (LaBs) crystal to high temperatures (~2800°C) (thermionic field emitter).
Thermionic sources suffer from relatively low brightness, evaporation of cathode material and
thermal drift during operation, which limit electron source life time and low image resolution.
Field emission is one way of generating electrons that avoids many of these problems. A Field
Emission Source (FES), also known as a cold cathode field emitter, does not need heating of the
emitter material. The emission is achieved by placing the emitter in a huge electrical potential
gradient (0.5 to 30 KV). The FES is usually a tungsten wire fashioned into a sharp point. The
significance of the small tip radius (~ 100 to 10 nm) is that an electric field can be concentrated
to an extreme level, becoming so big that the work function of the material is lowered, enabling
easy generation of electrons. The electron beam produced by the field emission is 1000 times
narrower than that produced in a conventional SEM and produces cleaner images with much less
electrostatic distortions and high spatial resolution (< 2 nm). In contrast to a conventional
tungsten filament, an FE tip can last, theoretically, for a lifetime provided the vacuum is
maintained stable. This high spatial resolution permits one to image nanoscale topography and

ultra small scale phenomena.

Field Emission Scanning Electron Microscopes (FEG Quanta, Philips, Netherlands and
Zeiss, Germany) having EDX facilities were employed for the morphological analysis in the
present study. Semi-quantitative elemental analyses were carried out using the EDX facilities

attached to the FESEMSs.
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2.2.2. Transmission Electron Microscopy

Transmission electron microscopy is an established technique for examining the crystal
structure as well as microstructure of materials. It is used to study all varieties of solid materials:
metals, ceramics, semiconductors, polymers, and composites. TEM offers two distinct methods
of specimen observation, diffraction mode and image mode.” A schematic representation of the

general image and diffraction modes of TEM is given in Figure 2.3.
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Figure 2.3. Schematic representation of general image and diffraction modes of TEM

In diffraction mode, an electron diffraction pattern originating from the sample area
illuminated by the electron beam and formed at the back focal plane of the objective lens, is
obtained on the fluorescent screen. The diffraction pattern is obtained by setting the array of
magnetic lenses beneath the specimen (post-specimen lenses) so as to examine / magnify the
information in the transmitted signal at the back focal plane of the objective lens. The diffraction
pattern is entirely equivalent to an X-ray diffraction pattern: a single crystal will produce a spot

pattern on the screen, a poly-crystal will produce a ring pattern (assuming that the illuminated
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area includes sufficient number of crystallites). A glassy or amorphous material produces a series

of diffuse halos.

In order to obtain diffraction pattern from a desired region of interest (ROI) from a given
specimen, selected area electron diffraction (SAED) is carried out. In SAED, the condenser lens
is defocused to produce parallel illumination at the specimen and a selected-area aperture is used
to limit the diffracting volume. The SAED pattern is a superposition of diffraction patterns

originating from crystallites present in an illuminated ROI that possess distinct orientations.

In the imaging mode, a magnified image of the illuminated ROI is produced in the image
plane of the objective lens. The image can contain contrast brought about by several
mechanisms: mass contrast, due to spatial separations between distinct atomic constituents;
thickness contrast, due to non-uniformity in sample thickness; diffraction contrast, which in the
case of crystalline materials results from scattering of the incident electron wave by structural
defects; and phase contrast. In the imaging mode, there are three types of operations viz. bright
field, dark field and high resolution microscopy. In bright-field microscopy, a small objective
aperture is used to block all diffracted beams and to pass only the transmitted (undiffracted)
electron beam. Whereas, for dark field microscopy all the directly transmitted beams are blocked
and only diffracted beams are let by placing the objective aperture around the diffracted beam in
the SAED pattern. In case of high-resolution TEM, 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

48



Chapter 2

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. In addition, the highly
energetic beam of electrons used in TEM interacts with sample matter to produce characteristic

radiation and particles. From these signals information regarding composition can be extracted.

TEM (Philips, Netherlands) was employed for the morphological and structural

characterization of all the samples investigated for the present work.

2.3. X ray Diffraction

When an electromagnetic radiation of wavelength A impinges on a material having
periodic structures with geometrical variations in the length scale of A, diffraction effect occurs.
Since X-rays have wavelength comparable to interatomic spacing in a crystal, it can interact with
the solid and scatter to produce a diffraction pattern®. This happens when the interaction satisfies

the Braggs diffraction criterion:
2dsin@ = ni (1)

where d is the inter-planar spacing (i.e. spacing between adjacent planes in a set of planes, figure
2.4), 6 the angle of incidence, n the integer representing the order of diffraction, and A4 the
wavelength of the X-ray (normally Cu Ko =1.54056 A°). Each peak in the diffraction pattern
can be correlated to a set of planes in a crystal lattice. Different set of planes have different inter-
planar spacing and according to Bragg condition & must change as d changes. A schematic view
of the X-ray Diffraction (XRD) process is shown in Figure 2.4. The X-ray Diffractometer

typically uses Bragg-Brentano geometry for recording the diffraction pattern. Generally, the
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diffraction pattern is plotted as intensity versus diffraction angle 26. In powder XRD, the X-rays
can penetrate to a material depth in the range of 0.1 to 10 ,mm depending on the material type

and the incident X-ray energy.
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Figure 2.4: Schematic representation of the X-ray diffraction process

Glancing incidence X-ray diffraction (GI-XRD) is a technique used to record the
diffraction pattern of thin films, with minimum contribution acquiring from substrate. In this
case the penetration depths of the X-rays are restricted to about 10-100 nm by keeping the angle
of incidence of X-ray at a very small value (< 5°). Since the scattering volume is small, high
brilliance X-ray sources like rotating anode and synchrotron beams lines are often used. Such
surface and subsurface crystallography need fast and efficient detectors to yield significant
counts. The crystal structure of the samples are obtained by comparing the pattern with that
given in the powder diffraction file collected and maintained by Joint Committee of Powder
Diffraction Standards (JCPDS) constituted by International Commission on Diffraction Data

(ICDD). The crystallite sizes of the samples are calculated using Scherer formula.”
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KA
t = B Cos6@ (2)

where K is a dimensionless constant having value of 0.9, 1 is the wave length of the incident X-
ray radiation and @ is the diffraction angle in radians. Broadening B is calculated by taking the
full width half maximum (FWHM) of the diffraction peak corresponding to each plane in the

diffraction pattern.

In the present study, the samples were analyzed in the powder and GIXRD modes using
the X-ray diffractometers of make STOI (Germany) and Bruker D8 Discover (Germany)

respectively.

2.4. Raman Spectroscopy

Raman spectroscopy is primarily a structural characterization tool. The Raman spectrum
arises from the indirect coupling of high frequency radiation (usually visible light, but also
ultraviolet and near infrared excitation sources) with the electron clouds that constitute the
chemical bonds. Such an interaction is very sensitive to the lengths, strengths, and arrangement
of bonds in a material. Elemental chemical composition plays a minor role. A crystalline lattice
with nonzero polarization exhibit Raman activity. In the case of crystals, the spectrum responds
more to details of defects and disorder than to trace impurities and related chemical
imperfections. In addition coupled modes of lattice vibrations ie; optical phonon modes influence

the spectral appearance.

When an intense monochromatic light beam impinges on the sample, the electric field of
the incident radiation distorts the electron clouds that make up the chemical bonds in the sample,
storing some energy. As the wave passes, the field reverses and the distorted electron clouds
relax back re-radiating the stored energy. Most of the stored energy is re-radiated at the same
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frequency as that of the incident excitation source. This component is known as the Rayleigh
scattering and gives a strong central line in the scattering spectrum. However, a small portion of
the stored energy is transferred to the sample exciting the vibrational modes, resulting in weak
side bands in the spectrum at frequencies less than that of the incident beam. These are the
Raman lines. Their separation from the Rayleigh line is a direct measure of the vibrational
frequencies of the sample and is generally plotted against intensity versus the difference in wave
number between the incident beam and scattered beam.>® The reverse process also occurs.
Existing vibrations that have been excited by thermal processes can be annihilated by coupling
with the incident beam and can add their energies to that of the source. These appear as side
bands at higher frequencies. The Raman process that excites molecular and crystal vibrations is
called Stokes scattering; the process that annihilates existing vibrations is called anti-Stokes
scattering. The two spectra are mirror images on opposite sides of the Rayleigh line. However,
because anti-Stokes scattering depends on the existence of thermally activated vibrations, the
anti-Stokes 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 2.5.

Due to the small wave vector of the optical phonon, the phonons involved in the Raman
scattering of crystalline solids have very small momentum (from the wave vector conservation
law) compared with brillouin zone. So only the zone centered phonons participate in the Raman
scattering in a normal Raman spectra process. However there are cases where non-zero center
phonons ie; phonons originating from beyond Brillouin zone boundary can be excited as is the

case with nanostructured materials. The technique is complementary to FTIR and has same
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energy shifts as infra red absorptions. The main advantages of Raman spectroscopy are its non
destructive analysis, high information content, ability to sample through the container and

minimal interference from water, as is the case with agueous suspensions.
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Figure 2.5: Schematic of Raman scattering processes

In the present study Raman spectroscopic tool is utilized to investigate the crystallinity of
the samples using Micro Raman Spectrometer (Renishaw, UK), equipped with a confocal

microscope with an “argon ion laser” operating at 514.5nm.

2.5. X-ray Photoelectron Spectroscopy

X ray photoelectron spectroscopy is a semi-quantitative technique to determine chemical
composition of the material based on photoelectric effect. This is also known as electron
spectroscopy for chemical analysis (ESCA). Photoelectron spectroscopy has been developed by
the pioneering work of Kai Siegbahn’s group in Uppsala in the 1960’s. Siegbahn was awarded
Nobel Prize in physics in 1981 for this work. His work is the basis for the use of this technique in
chemical characterization of materials. The basic principle is that the binding energy of an
electron in a molecular orbital of the molecule will be affected by the nature of its chemical
environment (chemical shift). X-ray Photoelectron Spectroscopy (XPS) utilizes photo-ionization
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and analysis of the kinetic energy distribution of the emitted photoelectrons to study the
composition and electronic state of the surface region of a sample.” The sample is irradiated with
soft X-rays (200-2000eV) under ultra high vacuum. The photon is absorbed by an atom or
molecule (initial state effects) leading to ejection of core shell electrons (final state effects). The
energy spectra of the ejected electrons are then determined by the beta-ray spectrometer. The

kinetic energy of the photoelectrons are given by
K.E =hv— B.E — ¢ (3)

where K.E is the kinetic energy of the photoelectrons, hv the energy of the incident photon, B.E
the binding energy of the electron and ¢ the work function of the material. The photon
absorption is fast and takes place within 10™° s. If hv is less than B.E + ¢, no photoemission
process will be initiated. As the B.E decreases the KE energy of the photoelectron increases. The
intensity of the photoelectron emission is proportional to the intensity of photons. By analyzing
the kinetic energies of the photoelectrons, the binding energy of the photoelectrons and
corresponding energies of the electronic orbitals can be calculated. Since the energies of various
orbitals are characteristic of an element, one can identify the elements present in the material,
based on the binding energies of the emitted photo electrons. Binding energy reflects the strength
of interaction between the electrons and the nuclear charge and it contains information on the
initial and final state of the atoms. The initial state accounts for the core level binding energy
shifts and is used for obtaining chemical state information. The chemical surrounding of an atom
decides the effective charge on the core electron. With the change in the chemical surrounding,
this effective charge is altered. Thus a change in binding energy is caused. This manifests as a

chemical shift or surface core level shift and is indicative of the oxidation state of the atom. More
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the binding energy, more tightly will be the electron bound to the nucleus and therefore in the
case of high Z elements, the binding energy will be high. The schematic of the X-ray photo

electron emission process is depicted in Figure 2.6.
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Figure 2.6: The schematic of photoelectron emission process.

For an electron in an orbital which possess orbital angular momentum, coupling between
magnetic fields of spin (s) and angular momentum () occurs. The level of degeneracy of the spin
- orbit splitting will be 2j+1, where j is the total momentum. According to this, no splitting will
be observed for the s orbital, whereas the p orbital electron emission will show a doublet

keeping the intensity ratio at 1:2 for py, and pz;. °

The B.E of the electrons not only depends upon the level from which it is ejected, but
also on the formal oxidation state and local chemical coordination environment of the atom.
Therefore, one can identify the oxidation states as well as the chemical environments from the

observed BE values. An approximate composition of the material can be determined by dividing
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the individual peak areas corresponding to the elements of interest, after appropriate background
subtraction, by their respective atomic sensitivity factor (ASF). This was done after appropriate
back ground subtraction. The sensitivity factor of the element can be defined by the equation
ASF = fXO0X O, XYy X Ay X AXTy 4)

where f is the X-ray flux (photons/cm?-sec), o the photoelectron cross section of the atomic
orbital of interest (cm?), & is the instrumental angular efficiency factor between photo path and
detected electron, y is the efficiency in the photoelectric process for formation of photoelectrons
of the normal photoelectron energy and A is the mean free path of the photoelectrons in the
sample. A refers to the area of the sample from which emitted photoelectrons are detected and Ty
is the detection efficiency for electrons emitted from the specimen of interest. From the peak
height or peak areas and atomic sensitivity factor values corresponding to the elements of

interest, the stoichiometry of the material can be calculated using the equation,

1
na _ /sy

-1
ng B/SB

(5)

na and ng in this equation refers to the atomic fractions of the elements A and B present in the
material. 15 and Ig are the corresponding intensities whereas S and Sg are ASF values

respectively.

In the present study, the composition and nonstoichiometry of the samples were

determined by X-ray photoelectron spectrometer, M/s SPECS, Germany.

2.6. Photoluminescence

Photoluminescence (PL) spectroscopy is a powerful technique for investigating the

electronic structure, both intrinsic and extrinsic, of semiconducting and semi-insulating materials
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from the spectrum of light emitted.™ It can also be used to monitor the impurity levels or dopants
in 111-V, 11-VI, and group 1V compounds, as well as in dilute magnetic and other chalcogenide
semiconductors. In PL, material gains energy by absorbing light at a specific wavelength by
promoting an electron from a lower to a higher energy level. This may be described as a
transition from the ground state to an excited state for an atom or molecule, or from the valence
band to the conduction band for a semiconductor crystal (electron-hole pair creation). The
system then undergoes a nonradiative internal relaxation involving interaction with crystalline or
molecular vibrational and rotational modes, and the excited electron moves to a more stable
excited level, such as the bottom of the conduction band or the lowest vibrational molecular
state. Applications of PL spectroscopy are quite varied. The technique is very useful in study of
semiconducting materials where there is a direct band gap. In such a configuration, extremities of
the conduction and valence bands have the same crystal momentum and optical transitions are
momentum-allowed. Also one can use this technique semi-quantitatively for compositional
analysis, trace impurity detection, spatial mapping, structural determination (crystallinity,
bonding, layering), and the study of energy-transfer mechanisms. Photoluminescence spectra
often reflect residual stress state of material where peak shifts arise from band movement due to
lattice parameter change. Many kinds of defects produce energy states closer to the middle of the
band gap than the shallow donor and acceptor states. Recombination processes involving these
defect levels result in emission of longer wavelength photons. Because these defect states are
localized, they have broad energy spectra. Also, these states tend to be strongly coupled to the
lattice and hence have a large number of phonon replicas that often smear together into a single
broad band. The PL peak intensity has received widespread attention in the study of interface and

recombination. Since the recombination is a non-radiative process and band bending process
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usually leads to the formation of a depletion layer where PL is quenched leading to decline in

intensity.* The schematic of the photoluminescence process is given in Figure 2.7,

(a) (b)

Non Radiative
Transitions

_ Conduction Band
Excitation photon

-

B amm amm amm S man oam omm Ground state

electrons

Luminescence photon

s

Emitted PL Photon

Band gap energy

Incident Photon

Talence Band

Figure 2.7: The schematic of the photoluminescence process (a) in molecules, (b) in crystals.

In the present study, the PL measurements were carried out using a Jobin Yvon-Spex
make Spectrofluorometer (Fluorolog version-3; Model FL3-11) equipped with a 450 W high-
pressure xenon arc lamp as an excitation source. PL excitation and emission spectra were

acquired at room temperature for a spectral resolution of 0.2 nm and slit width of 0.25 mm.

2.7. Fourier Transform Infra Red Spectroscopy

Infra-red spectroscopy is an important and reliable technique to identify the presence of
functional groups in a molecule.** ** Depending on the elements and the type of bonds involved,
molecules vibrate at various frequencies. Such molecular vibrations which according to quantum
mechanics, corresponds to the ground state (lower frequency) and several excited states (higher
frequency). The energy corresponding to these molecular vibrational frequencies (transitions) is
around 4184 K joules/mol which matches with the infra-red region of the electromagnetic
spectrum. Typically, the molecules are irradiated with the whole range of IR frequencies. The
absorption occurs only at the radiation energy of specific frequencies which matches well with

the vibrational frequencies of the molecules. An intensity decrease is observed for the
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transmitted radiation at the vibrational frequencies of the molecule in the spectrum. For a
molecule to absorb IR, the vibrations or rotations within a molecule must cause a net change in
the dipole moment. Either conventional dispersive infrared analysis or Fourier transform infrared
spectroscopy is used for recording the spectra. Compared to the dispersive IR method, Fourier
transform is faster and has better signal to noise ratio.** The monochromator and the slits in the
dispersive IR spectrophotometers are replaced by interferometer fitted with the FTIR
spectrophotometer which is mainly Michelson type.'® The interferogram (plot of light intensity
versus optical path difference) obtained from the interferometer is a measure of the temporal
coherence of the light. Fourier transformations convert the time domain signal to the frequency
domain spectrum and hence the name FTIR spectroscopy. Since the information at all frequency
is collected simultaneously, the measurement in FTIR is faster compared to standard IR

spectrometer.

In the present study, FTIR spectrophotometer (Bomem, Hartmann & Braun, Canada) was

used to study surface adsorbed species and functional groups like OH.

2.8. Ultraviolet and Visible Absorption Spectroscopy

Ultraviolet and visible (UV-Vis) absorption spectroscopy deals with the measurement of
the attenuation of a beam of light after it passes through a sample or after reflection from a
sample surface. The attenuation can result from processes like absorbance, transmittance,
reflectance and interference. The measurements are usually carried out at a single wavelength or
over an extended spectral range. The UV-Vis spectral range spans approximately 190 to 900 nm.
The short wavelength limit for simple UV-Vis spectrometers is the absorption of UV
wavelengths <180 nm by the intervening atmospheric gases. The use of UV-Vis spectroscopy in

materials research can be divided into two main categories: (1) quantitative measurements of an
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analyte in the liquid or solid phase and (2) characterization of the optical and electronic
properties of a solid state material. The first category is most useful as a diagnostic tool to
quantify various constituents of materials or their precursors or as a process method to monitor
the concentrations of reactants or products during the course of a chemical reaction. In
quantitative applications, it often becomes a necessity to measure the absorbance or reflectivity
at a single specified wavelength. The second, more qualitative application usually requires that at
least a portion of the UV-Vis spectrum used for characterization of the optical or electronic
properties of materials should be accurately recorded.

For quantitative analysis, the Beer — Lambert law, which allows accurate concentration
measurement of the absorbing species, is used and it is given as

A= ¢€cl (6)

where A is the absorbance, ¢ the molar absorbance or absorption coefficient (in dm® mol™ cm™),
¢ the concentration of the analyte in the solution (in mol dm™) and | is the path length of light in
the sample (in cm). The relationship between absorbance A and the experimentally measured

transmittance T is
P
A= —logT =— log— (7
Py

where P is the radiant power (radiant energy on unit area in unit time) after it passes through the
sample and Py is the initial radiant power, both T and A are unit less. A radiation having
wavelength, at which the absorption coefficient is a maximum, is used to determine the
concentrations of the solutions. This is because, the change in absorbance for a given
concentration change is greater, leading to greater sensitivity and accuracy in measurement. In

addition if the relative effect of other substances or impurities is smaller and the rate of change of
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absorbance with wavelength is lower, then the measurement will not be adversely affected by
small errors in the wavelength setting. If the absorbance of a series of sample solutions of known
concentrations are measured and plotted against their corresponding concentrations, the plot of
absorbance versus concentration should be linear, if the Beer-Lambert Law is obeyed. This graph
is known as a calibration graph. A calibration graph can be used to determine the concentration
of an unknown sample solution by measuring its spectral absorbance. Since the absorbance of
dilute solutions is directly proportional to concentration, this can be gainfully utilized to study
reaction kinetics. The rate of change in concentration of reactants or products can be determined
by measuring the increase or decrease in absorbance of the solutions with time. Plotting
absorbance against time, one can determine the order of reactions with respect to the alteration in
combination of reactants. However, the Beer-Lambert Law breaks down for solutions of higher

concentration, yielding departure from linear behavior.

In the case of solid materials, the UV-Vis spectrum can measure the band gap and
identify any localized excitations or impurities. The measurements are carried out either in the
transmittance or reflectance mode. In samples, where light penetrates and initiates different
processes such as reflection, refraction and diffraction, and eventually emerges out diffusively
(scatters in all directions)'®, UV —Vis spectroscopy in transmission mode becomes difficult to
execute. In such cases, diffuse reflectance spectroscopy (DRS), where diffuse reflected light is
collected and analyzed, is adopted. This technique is based on the diffuse reflection of light by a
powder or a rough sample when the sizes of the particles are comparable to the wavelength of
the light. ie; 0.2- 3um.*” The diffuse reflectance spectra of the semiconductors can be used to
determine the band gap.'® There are different methods for determining the band gap using

22, 23

DRS.** % Among the various methods, Tauc plot?* % is widely used to determine the band gap
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of the materials in which (ahv) is plotted as a function of hv. The values of y is 2 for the direct
allowed transition in the case of semiconductors.'® In the case of thick samples, the o term called,

Kubelka Munk function is used to convert the diffuse reflectance measurements to equivalent

absorption coefficient?” 2 and the equation can be represented as;
_ 2
kM = £ =2 ®)
2R S

KM is the Kubelka Munk function, R the ratio of the intensities of radiation reflected in diffuse
manner from the sample and from the reference sample, o represents the absorption coefficient
of radiation and S is the scattering factor. When the thickness of the sample is much bigger than
the individual particle (ie; very small particles), S is approximately unity or it assumes a constant
value. Therefore, the KM function will be almost equal to the absorption coefficient.
For different transition mechanisms, it has been proved that along the sharp absorption
edge, the energy of incident photons and band gap (Eg) of a semiconductor will have the relation
o= A(h9 —E;) or 9)
(x h9)” = A(h9 — Ej) (10)
where the value of “y’ depends on the interband transition mechanism. For indirect band gap
materials, the value of v is 0.5, v is the frequency and h is the Planks constant.? Since the re-
emission function (scattering factor S) is equal to the absorption coefficient according to the

equation 8, the Tauc plot, (Vahv) versus hv can be replaced by (VKB*hv) versus hv.

In the present study UV visible spectrophotometer (JASCO V-650, Japan) is used for
guantitative measurements of dye degradations studies. Absorbance of a series of standard
solutions is plotted against respective concentrations. The absorbance of the unknown is then

measured and the prepared calibration plot is used for the determination of
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the analyte concentration. For band gap and doping effect on band structure studies UV-Vis
diffuse reflectance spectrophotometer (Shimadzu UV 2401) was used. The reflectance spectra
were acquired over the wavelength span range 800 to 200 nm at a scan rate of 100 nm/s. BaSO,4

was used as the reference.

2.9. Temperature Programmed Desorption Reduction Oxidation

Counting the number of active metal sites on a supported catalyst surface is of particular
importance, because this value is used to obtain turnover rates for reactions. The turnover rates
provide an accurate measure for comparing catalytic activity of different catalysts for the same
reaction®. Temperature programmed desorption reduction oxidation (TPDRO) is an important
tool in heterogeneous catalysis to determine the number, type and strength of the active metal
sites from the measurement of the amount of the adsorbed gas.””?® The analysis involves the
sample pretreatment, chemisorption, desorption and reduction which is monitored by a thermal
conductivity detector (TCD). Depending upon the type of sample, approximately 0.1 — 1 g of the
material is used. The sample is kept in a quartz tube having a heating mantle. The sample is
degassed thoroughly and a pulse of known amount of pure active gas is admitted and then
flushed with Ar. The amount of active gas adsorbed is calculated by measuring the amount of
active gas in the Ar gas coming out of the quartz tube. From the amount of the gas adsorbed, the

metal surface area is calculated using the equation
Asam = L. Nggs- Fs. Appet- 10723 (11)

where Asam IS the metal surface area (m2/g of the sample), L the Avogadro number, Nygs the
amount of gas adsorbed in pulse chemisorption (mmole/mVs), Fsthe stoichiometric factor (metal

mole/gas mole) and Ape: the metal surface area (m?/g of metal). The metal surface area can be
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conveniently expressed in terms of the metal weight in the catalyst (Amet) Or to the support weight

in the catalyst (Asyp), as
1
Amer = Asam(Xmet)]-O2 (12)

where Xpet 1S the metal atom percentage. Referring the metal surface area to the support weight

in the catalyst (Asyp), the equation will be,

102

Asup = Asam 102—Xpmo

(13)
The metal dispersion (number of adsorbing metal atoms (or moles), referred to the total number

of metal atoms (or moles) that are contained in the catalyst, can be calculated using the equation:

Nggs -Fs.10.Mpmet

Dper = Xomot (14)

where M is the metallic atomic weight in g/mole.

Hydrogen pulse chemisorption studies were carried out using TPDRO equipment model
Thermo Scientific TPD/R/O 1110 (ltaly) to find out the active surface area of the Pt loaded on

TiO, nanotube powders.

2.10. Brunauer Emmet Teller adsorption method

A highly dispersed solid when exposed to a gas or a vapor at a definite pressure in a
closed container at a given temperature, adsorbs gas via monolayer adsorption followed by
multilayer adsorption and capillary condensation.?® At a low pressure, a monolayer of the gas is
formed on the surface and as the pressure increases, excess gas is adsorbed to form multilayers.

The adsorption phenomena follow the following equation:

1 1 c-1 P
X[(PO/P)—l] Xm T XmC (PO (15)
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P/Py is the relative gas pressure and C is a constant related to the strength of the interaction
between the gas and the solid, X the amount of gas adsorbed and X, is the monolayer adsorbed

gas quantity. This equation is called Brunauer Emmet Teller (BET) adsorption equation®® and

can be plotted as a straight line as m Versus Pi. The value of the slope and the intercept
P)” 0
are used to calculate the monolayer adsorbed gas quantity. From this, the total surface area (Sotar)

and specific surface area (S) can be calculated as

Xm.N.s

Stotal = I; (16)
§ = otel (17)

where N is the avogadro’s number, s adsorption cross section. M refers to molecular weight of

the adsorbate and ‘w’ is the weight of the solid sample.

The surface areas of the samples used in the present study were measured by BET
adsorption method using a commercial BET apparatus (Sorptomatic 1990, Thermo Electron

Corporation, US), using nitrogen gas as an adsorbate.

2.11. Field Emission Set up

The schematic of the field emission set up used in the present study is given in Figure
2.8. The field emission experiments were carried out in a high vacuum chamber having pressure
of about 107 mbar. The samples under investigation are mounted on a conducting copper plate
by means of silver paste (for proper contact). A flat cut mirror polished molybdenum rod of 3.0
mm diameter was used as the anode. The anode is connected to the positive terminal of a high
voltage source (~2 kV) and the other terminal to the conducting copper plate. The gap between

the cathode and the anode is kept in the range 20 to 100 um using the micrometer and
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subsequently measured using a travelling microscope. The FE current derived from a specific
surface area is indirectly measured from the voltage drop across the resistor, while applying the
voltage to the anode in steps and the corresponding current density versus electric field graph is

plotted.

1kV <€———micrometer

107 mbar

Copper anode

Cv> 100k<2
Id
= — sample
I T—Steel cathode H

Figure 2.8: Schematic of circuit diagram of field emission set up.

2.12. Contact Angle Set up

Contact angle can be defined as the angle between the tangent to the liquid/air interface
and the tangent to the solid/air interface. The measurement can be used for investigating the
surface wettability of the material of interest by a specific liquid. Water contact angle
experiments of the samples in the present study were carried out in an ambient environment
using a contact angle meter equipped with a CCD camera (Holmarc, HO-IAD-CAM-01, India).
The sessile drop method was used for the contact angle measurements. Analysis of the shape of a
drop of test liquid placed on the sample is the basis for this method. Distilled water was used as

the water source and the volume of the water droplets dispensed was approximately 2-3 pl. The
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image of the droplet which is in contact with the sample surface is captured using the CCD

camera. From these images, the contact angles were measured using Image J software.

2.13. Photocatalytic Hydrogen Generation Set up

The photocatalytic hydrogen generation experiments were performed in a 150 ml quartz
flask at ambient temperature. Schematic of the experimental set-up is shown in Figure 2.9. A
light source, positioned at a specific distance away from the reactor, was used for irradiating the
sample during experiments. Before the commencement of the experiment, the catalyst in the
quartz flask was properly dispersed by ultrasonication. The quartz flask was then connected to
the experimental set-up and argon gas was bubbled through the reaction mixture for 15 minutes

to remove dissolved oxygen and to ensure that the reaction system is under anaerobic condition.

/\

—m—) PEMHS %

~_

Figure 2.9: Schematic of the experimental setup used for hydrogen generation studies

Argon flow was stopped and the quartz vessel was isolated from the gas flow line by closing the
inlet and outlet valves. The reaction mixture was then irradiated with light source of specific

wavelength and power for a given time duration and flushed with Ar gas. After this, the quartz
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vessel was isolated and irradiated for 30 of minutes. After the 30 minutes irradiation, the gas
generated over the reaction mixture was carried over to the calibrated polymer electrolyte
membrane based H, meter (PEMHM) for H, analysis.®" 3 Any H, generated produces a peak
and the amount of H, generated, was estimated from the peak area. The measurements were
carried out repeatedly. The sensor was calibrated prior to the measurements using standard Ar +
H, gas mixtures. The reactor temperature was maintained at 298 + 2 K by means of a cooling

fan.

Conclusion

This chapter provides brief overview of synthesis and characterization techniques
adopted for carrying out research on nanotubular arrays and powders of TiO, and their doped
variants. The microscopic imaging and spectroscopic characterization tools employed are
described. The basic principles of the experimental techniques used to demonstrate the

application potential of the synthesized nanomaterials are also given.
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Chapter 3

Chapter 3

Synthesis and Characterization of Pristine and Nitrogen doped TiO,

Nanotube Arrays by Potentiostatic Anodization

Titanium dioxide is one of the most studied semiconductor materials because of its
unique electronic and photocatalytic properties which lead to its use in photo-electrochemical
applications such as dye sensitized solar cells, environmental remediation, hydrogen generation
by water photolysis, and antifogging and self cleaning surfaces. As one of the important
requirements for efficient photo-catalysis is large surface area, synthesis of nano-scale TiO; has
drawn the attention of scientists. For many applications, nano-scale TiO, is used either as
isolated nanoparticles (e.g., suspensions) or as compacted or sintered nanoparticles. Recently,
one dimensional nano-structures such as nanorods, nanowires, nanobelts and nanotubes have
been shown to achieve enhanced photocatalytic performance. Among the one dimensional
nanostructures, nanotubes are preferred because of their large surface area. In applications
where alignment, high aspect ratio and directional electron transport properties play a major
role, vertically aligned nanotube arrays are of great interest. An important drawback of TiO, for
photocatalysis is that its band-gap is rather large, 3.0-3.2 eV, and thus only 5% of the solar
spectrum (A < 380 nm, corresponding to the UV region) is absorbed. It has been reported by
various research groups that the threshold excitation energy can be lowered to the visible light
regime by N-doping. The present chapter deals with the synthesis and characterization of
vertically aligned pristine and N-doped TiO, nanotube arrays in thin film form. Of the various
techniques available for the synthesis, an electrochemical technique is adopted in the present
study as it is easy to use and the tube aspect ratio can be controlled by controlling just one
electrochemical parameter, voltage, which can be controlled in nano-volt levels, thereby

achieving extremely high control over synthesis.
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3.1. Introduction

Titania is a wide band gap semiconducting functional material which finds application in
photo electrolysis, photo catalysis, dye sensitized solar cells (DSSCs), electro chromic devices
and gas sensors.’” In DSSCs, TiO, nanoparticles, coated on a conducting substrate, on to which
suitable organic dyes (sensitizer) were adsorbed, forms the photoactive electrode, which convert
solar energy into electrical energy. The TiO, nanoparticles act as the electron transporting
semiconducting material. However, the low electron diffusion coefficient in TiO, nanoparticles
due to the presence of defects, surface states and grain boundaries reduces the conversion
efficiency® . In order to obtain better conversion efficiency, attention have been turned towards
synthesis of one dimensional nanostructures like nanotubes’, nanorods® and nanowires®, as these
are expected to have better electron transport properties because of their directional nature.
Among the one-dimensional nanostructures, nanotubes are preferred because of their high

surface area.

Various techniques such as sol gel*°, hydrothermal** and chemical vapor deposition*? are
reported for the synthesis of TiO, nanotubes. A limiting factor of these techniques is that, the
synthesized nanotubes were not aligned and hence possess different directionality, which limits
the efficiency of specific devices fabricated using them. In order to improve the conversion
efficiency, efforts were directed towards synthesis of aligned nanotubes. For the first time in
1999, in an attempt to synthesize vertically aligned TiO; nanotube arrays (TNTA) by anodizing

titanium foil in chromic acid / HF solution, Zwilling et al*®

obtained porous TiO, nanostructures.
In 2001, Gong et al synthesized self organized TNTA by anodic oxidation of pure titanium foil in
an aqueous solution containing 0.5 to 3.5 wt% hydrofluoric acid.** It was observed that the tube

length, diameter and wall thickness could easily be controlled by varying the electrochemical
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parameters. Subsequent to this, nanotube arrays were synthesized anodically in acidic
electrolytes like H,SO, / HF and acetic acid / HF.* ® But the lengths of the nanotubes obtained
were limited to a maximum of ~500 nm. The limiting length was attributed to increase in the
electrochemical chemical dissolution of TiO, at the low pH of the electrolyte. In order to
synthesize nanotubes of higher aspect ratio, effect of electrolyte composition, pH, applied
voltage and anodization time on nanotube formation were studied out by several groups®’™®.
From their experimental results, it was found that nanotubes of lengths up to several hundred
micrometers were obtained in organic electrolytes such as ethylene glycol, glycerol, formamide
or DMSO along with NH4F, NaF or KF instead of HF.2>*" Among the various organic
electrolytes identified, vertically aligned smooth walled nanotube arrays with maximum length

could be obtained when ethylene glycol / H,O / NH4F was used as electrolyte. Studies on the

effect of potential, time and electrolyte composition on tube morphology in ethylene glycol /

1 14
|8 l.

H,0 / NH4F electrolyte are reported by Prakasam et al™ and Gong et al.” aboveSimultaneously
studies were carried out to understand the mechanism of nanotube formation during
anodization.?® %° From their results it was commonly accepted that field assisted chemical
oxidation of Ti to TiO,, field assisted chemical dissolution of Ti and TiO, as [TiFe]* due to the
localized chemical etching of TiO, surface by F ions are the main processes that takes place
during nanotube formation. However, reports on systematic studies elucidating the voltage limits
and optimum voltage ranges for tube formation as well as effect of anodization time and
electrolyte composition, under optimum voltage are scarce. Taveira et al® carried out

preliminary studies on stoichiometry of TNTA, obtained in glycol / H,O / NHs;F medium.

However, reports on detailed stoichiometric analysis are not available.
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Even though the anodization of Ti foil in glycol / H,O / NH4sF medium resulted in
smooth walled self organized TNTA on Ti foil, these possess certain limitations in specific
applications such as DSSCs as it requires back side illumination which reduces light to electrical
energy conversion efficiency. In addition, when used in electronic devices like sensors, the Ti
metal substrates on which the TiO, nanotubes are formed cause short circuits. Therefore, further
researches were carried out to develop TNTA by anodizing Ti thin films deposited on various
substrates such as conducting glasses and silicon.***? Mor et al developed TNTA thin films of
~20 to 30 nm tube length by anodizing Ti thin films on glass, silicon and alumina, in acetic acid
and HF containing media.***’ Fabrication of TNTA by anodizing Ti thin films is not an
established process as the quality of Ti thin films plays a major role in obtaining nanotube arrays.
The morphology and lattice orientations of Ti films are very much dependent on substrate. The
deposition process, deposition temperature, stress mismatch between the substrate and the film
and film thickness determine the film quality. Once the desired quality films are achieved, the
selection of electrolyte for anodization is the important factor for obtaining sufficiently long
TiO, nanotubes. Earlier studies have used aqueous medium containing HF as an electrolyte,
which limited the growth of tubes to few hundred nanometers. In 2009, Oomman et al reported
that high aspect ratio well ordered TNTA thin films can be synthesized on FTO coated glasses,

using fluoride ion containing organic electrolyte like ethylene glycol.*

An important drawback of TiO, for photocatalysis is that its band-gap is rather large, 3.0—
3.2 eV, and thus only 5% of the solar spectrum (A < 380 nm, corresponding to the UV region) is
absorbed. To lower the threshold energy for photoexcitation, a great deal of research was focused
on doping TiO; with both transition metal cations and anions. Doping with transition metal

cations has shown both positive and negative effects.®**>° Indeed, several authors have reported
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that although cation doping decreases the photo threshold energy of TiO,, these may also serve
as recombination centers for electrons and holes, thus reducing the overall photocatalytic
efficiency.®® ¥ Also, cation doping might shift the conduction band below the red-ox potential of
the adsorbate, rendering the material inactive for photocatalysis. Hence doping with N, S, C and
B anions which introduce p-states above the valence band maximum were considered.****
Among the anions, N is found to be more promising.”> Substitution of O ions by N* ions is
more effective due to their similar sizes and electro negativities.*® Because of the comparable ion
size, the lattice distortion will be less and hence large numbers of recombination centers will not
be generated. It has been indicated from theoretical calculations that by N-doping the electronic
band structures of TiO, are modified by the N-2p — O-2p hybridization and consequent
delocalization resulting in the upward shift of the valence band.*” Density functional theory
calculations indicate that substitution of oxygen by nitrogen atoms in TiO, can create isolated
localized N 2p states above the O 2p dominant valence band.”*>* Also the mixing of N2p with
O2p is less pronounced if N substitutes the O sites. It has been reported that the band structure
modification depends on doped nitrogen concentration and band narrowing can occur when
doping levels reach a critical concentration of ~20%, as in the case with anatase TiO, The
possible electronic structural changes that occur on N-doping are given in a recent review by Qiu
and Burda® and the same is given in chapter 1. Various groups have demonstrated the

superiority of N-doped TiO, from the view point of photocatalytic activity>>>

, surface
hydrophilicity®®, and photo induced carrier response >° under visible light illumination. In view of

the above, synthesis of vertically aligned N-doped TNTA thin films is of paramount importance.

N-doped vertically aligned TNTA were synthesized by various techniques viz. annealing

in ammonia atmosphere at > 550 °C*, plasma nitriding®, ion implantation followed by
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annealing®, wet immersion in ammonia solution followed by annealing under ambient
conditions® and anodization of Ti foils in electrolytes containing nitrogen precursors.®*®
Annealing in NH3 and plasma nitriding of TNTA resulted in N-incorporation as interstitial
nitrogen, N;. Wet immersion followed by annealing led to the formation of both substitutional
(No) and interstitial nitrogen (N;), with higher N; content. lon implantation was found to lead to
amorphization which was overcome by subsequent annealing at 450 °C. The chemical state of
nitrogen in ion implanted and annealed samples were primarily No. Thus among the above two-
step synthesis processes, ion implantation followed by annealing is the one which gave primarily
N- substituted TNTA films. However, in view of large scale synthesis, the technique is cost
intensive and operationally difficult. The single step, cost effective and easy to operate technique

is anodization. Su et al®*

prepared N-incorporated TNTA by anodizing Ti foils in C;H,04.2H,0
+ NH4F electrolyte. The nanotube arrays upon X-ray photoelectron spectroscopic (XPS)
analysis, were found to comprise primarily of interstitial nitrogen, N;, with very little amount of
No. Shankar et al®® synthesized N-doped TNTA, where nitrogen substituted oxygen from the

anion sub-lattice. This was achieved by anodizing Ti foils in 0.07 M HF solutions containing

varying amount of NH4;NO3 at a pH of 3.5. However, the tube lengths were limited to 400 nm.

The present chapter deals with synthesis of pristine and N-doped TNTA, by potentiostatic
anodization, as well as studies on morphology, structure and composition with respect to various
process parameters. The first part of the study include synthesis, mechanism of nanotube
formation, effect of temperature on morphology and crystallinity of TNTA, effect of electrolyte
composition on tube aspect ratio and detailed compositional analysis by using XPS. This is
followed by synthesis of transparent TNTA thin films by anodizing Ti films, grown on FTO

coated glasses by RF magnetron sputtering. Anodization was carried out in organic electrolyte
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medium containing NH4F. The last part of the chapter discusses the electrochemical synthesis of
N-doped TNTA films with different nitrogen concentrations. The N-doping, with different
concentration, was achieved by having different concentrations of urea as nitrogen precursor in

the electrolyte.

3.2. Experimental
3.2.1. Synthesis

3.2.1.1. Fabrication of Pristine TNTA on Ti foils.

Titanium metal foils (10 mm X 10 mm X 1.5 mm) (Alfa Esar) sonicated in ethanol,
acetone and thoroughly washed with distilled water, were anodized in ethylene glycol containing
0.5 wt% ammonium fluoride and 2.5wt% of water, using platinum as the cathode. The electrodes
were kept 1.5 cm apart. A potentiostatic anodization was conducted at different voltages viz 5,
10, 20, 30, 40, 50, 60 and 70 V. Anodization was done by ramping up to the specific end
potentials with a ramping speed of 1 V/s and holding it for two hours at room temperature.
Anodization was also performed as a function of time at constant voltage (40V) at room
temperature. The time dependent anodization current was recorded with a computer controlled
multimeter (model HP 34401A). The pH of the electrolyte was measured using a pH meter. After

each anodization the samples were sonicated in ethanol and then dried in nitrogen stream.

3.2.1.2. Fabrication of transparent TNTA on FTO coated glasses
3.2.1.2.1. Titanium Thin film Deposition:

Titanium thin films, of ~1 micrometer length, on FTO coated glasses were prepared by
RF magnetron sputtering (MECA-2000, France). The sheet resistance of the FTO coated glass

substrates was 22 Qcm™. The chamber was pumped down to a base pressure of 10 mbar using
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a turbo molecular pump. Prior to deposition, the substrate was cleaned in situ by Ar® ion
bombardment and degassed at 300° C. A 4N pure Ti disk with diameter of 50 mm was used as
the target, magnetron sputtering was carried out at an operating RF power of 300 W. Target to
substrate distance was kept at 100 mm. A constant argon flow of 20 sccm at a constant pressure
of 1 x 10 mbar was maintained throughout deposition. The films were deposited on conducting
glass slides at a substrate temperature of 300° C. With these conditions, a deposition rate of 20

nm/min could be obtained. The deposited film adherence was checked by scotch tape test.

3.2.1.2.2. Anodization:

The Ti films on FTO glasses were anodized in a two electrode configuration as described
in section 3.2.1.1using 0.5wt% of NH,4F, 2.5 wt% of water in ethylene glycol. The samples were
anodized at 40 V. The duration of anodization was varied as 1, 2, 3 and 4 hours to check the
dissolution of Ti layer during anodization. Anodized thin films were washed in ethanol

thoroughly and dried in flowing nitrogen stream.

3.2.1.3. Fabrication of N doped TNTA.

For simultaneous nitrogen doping the Ti foils were anodized in the ethylene glycol / H,O
| NH4F electrolyte containing 0.1, 0.2 and 0.3 wt% urea under potentiostatic condition as
explained in section 3.2.1.1. The effect of anodization voltage on tube morphology was studied
for optimizing the process voltage. All the samples were anodized for 2 hours. The variation of
current density with anodization time was also recorded.

3.2.2. Characterization

The surface morphology and composition of the anodized foils and thin films were

analyzed using Field Emission Scanning Electron Microscope (FESEM) (FEG Quanta, Philips,
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Netherlands) having EDAX facility. From the partial lift off of the nanotube layer, the cross
sectional images were taken and the thickness variations were calculated. To analyze the
presence of functional groups like hydroxyl species, FTIR spectra of TiO, nanotubes were
acquired using FTIR spectrophotometer (Bomem, Hartmann & Braun, Canada). The nanotube
arrays were mechanically removed from the Ti substrate and mixed with KBr powder (1% w/w)
and pelletized by applying 6 N for 5 minutes. The transparent pellets were introduced into the
FTIR spectrophotometer and scanned in the range of 4000 to 400 cm™ with a resolution of 4cm™.
The composition and non-stoichiometry of the as prepared as well as annealed TNTA were
determined by XPS measurements using M/s SPECS (Germany) ESCA instrument. Al Ko was
used as the X-ray source at energy of 1486.74 eV. The anode was operated at a voltage of 13kV
and source power level was set to 300 W. An Ar” ion source is also provided for sputter-etch
cleaning of specimens. It was operated at 5 kV and 50 pA. The system sputters approximately at
a rate of 10 A° per minute. This value varies depending on the sample. Spectra were collected
using the PHOIBOS 150 MCD-9 analyzer with a resolution of 0.67 eV for 656 kcps at band pass
energy of 12 eV. The spectrometer was calibrated using a standard silver sample. Data were
processed by Specslab2 software. The binding energy of C 1s core level from contaminant C at
285 eV was used as the reference to account for any charging of the sample and the peak
positions were compared to standard values for identification of different elements and their
respective oxidation states. The crystal structure of the samples was analyzed by X-ray
diffraction (XRD). The XRD pattern of the samples were compared with the JCPDS file 21-1272
and 21-1276 corresponding to anatase and rutile phases, respectively. The crystallite sizes of the

as prepared samples were calculated using Scherer formula.®®

t = KA/ BCos6 @
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K refers to a dimensionless constant having value 0.9. 2=1.5406 A° and @ is the diffraction angle
in radians. Broadening B was calculated by taking the full width half maximum of the diffraction
peak corresponding to each plane in the diffraction pattern. In the case of N-doped TNTA, in
addition to XRD, Raman scattering measurements were carried out using Micro Raman
Spectrometer (Renishaw, UK), equipped with a confocal microscope with an “argon ion laser”
operating at 514.5nm. This was carried out to confirm the purity of the N-doped sample. Optical
characterization of the samples was done by UV-Vis diffuse reflectance spectrophotometer
(Shimadzu UV 2401) to obtain the band gap. The reflectance spectra were taken over a range of

800 to 200 nm at a scan rate of 100 nm/s. BaSO, was used as the reference.

3.3. Results and discussions

3.3.1.  Pristine TiO, Nanotube Arrays
3.3.1.1. Mechanistic and morphological analysis

From the reported literature on the synthesis of TNTA in aqueous and organic
electrolytes, anodization of Ti foils in ethylene glycol / H,O / NH4F electrolyte with the
composition 2.5 wt% H,0 and 0.3 to 0.5 wt% NH4F, was found to give smooth walled tubes
with maximum growth rate'®. Hence, in the present study ethylene glycol / H,O / NH,F
electrolyte of composition 2.5 wt% H,O and 0.5 wt% NH4F was chosen and anodization was
carried out as a function of applied potential to delineate the optimum potential range for the
synthesis of smooth walled nanotube arrays. This was followed by studies on the effect of
anodization time, at a selected potential in the optimum potential range, on tube morphology to
arrive at optimum time scale. At the selected potential and time, the effect of electrolyte
composition was studied, first by changing the concentration of H,O at fixed NH4F concentration

of 0.5 wit% and then by changing the NH4F concentration at the observed optimum H,0
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concentration. As the effect of NH,F concentration below 0.5 wt% is reported, *° the effect of
concentration above 0.5 wt% was studied. Figure 3.1 depicts the typical variation of current

density with time which occurs during anodization.
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Figure 3.1: Potentiostatic transient obtained during the anodization process, inset shows the variation in

the current density at the initial stages of nanotube formation

The transient can be explained as the non ideal case of potentiostatic transient where
surface reactions make the deviation from ideal behavior. This deviation explains the formation
of nanotube. The main electrochemical reactions taking place during anodization are formation
of barrier oxide layer on Ti substrate due to reaction with oxygen generated by electrolysis of
water present in the electrolyte, field assisted chemical etching of Ti as well as TiO; by fluoride
ions to form pits on the substrate, attack of fluoride ions as well as H3O" ions on these pits where
the field is very high, and evolution of H; at the Pt electrode. Since anodization was carried out
in organic medium (ethylene glycol containing 0.5 wt% ammonium fluoride and 2.5 wt% of

water) the pH was ~7+0.1.
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Figure 3.2a-d: (a) SEM image of Ti foil before anodization. (b) SEM image of Ti foil after anodization
(reveals the formation of nanotube). (c) and (d) Micrographs showing the closed ends (bottom
end) and cross sectional view of nanotubes respectively.

Figure 3.3: Template pattern of Ti Foil after anodization.

It is reported in the literature that in acidic electrolytes like HF or HCI, the rate of
chemical dissolution is high and the nanotube length is restricted to a few hundreds of
nanometers™. The rate of dissolution is determined by the localized concentrations of H" and F’
ions nearer to the bottom end of the nanotube, where electrochemical reaction proceeds leading

to the continuous growth of the nanotube. Correlating with the current density versus time graph,
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the mechanism of the nanotube formation can be explained as follows. Initially, when Ti metal is
subjected to anodization, a passive oxide layer is formed, according to the reaction:

Ti + 2H,0 —>TiO, + 4H" + 4¢” (2)
The initial sharp decrease in the current density is due to the formation of this barrier oxide layer.
By this reaction, H" ions are generated at the electrolyte / metal oxide interface. At the same
time, in the presence of the H™ ions, the fluoride ions nearer to the substrate will react with TiO
as well as Ti metal to form [TiFs]*” complex according to the reactions:

TiO, + 6NH.F + 4H" —> [TiFe]* + 2H,0 + 6NH," (3)
Ti + 6NH,F —> [TiFg]* + 6NH.," (4)

Both H" and F~ ions enhance the rate of chemical dissolution at the interface resulting in increase
in current density. The simultaneous chemical oxidation and chemical dissolution, assisted by the
field (E= V/d, where V is the applied voltage and d the thickness of the oxide layer), occurring at
the active area, will move the metal oxide/metal interface as well as the electrolyte/metal oxide
more inside the metal substrate. After some time the current density approaches a constant value
signifying steady state / equilibrium between the competitive oxidation and dissolution reactions.
The variation in current density with time is depicted in inset of Figure 3.1. Since the anodization
is carried out at constant potential, the field generated should be uniform throughout, i.e.; the
active area should have equifield surface. The shape acquired by the active area should be
hemispherical in order to satisfy the equifield concept. If the active area would have square or
any other geometry the field will not be uniform and will be maximum at the corners thereby
increasing the chemical dissolution rate at the corners. This will prevent the continuous growth
of nanotubes. The irregularity in the current density observed at the initial stage indicates that the

active area is rough and therefore the field is not equivalent everywhere. At steady state the
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rough surface transforms into an equifield surface (hemispherical shape) because of attainment

of equilibrium between the oxidation and dissolution reactions.

Figure 3.2 (a) and (b) shows the SEM image of the Ti foil before and after anodization
respectively. From the figure it is clear that anodization process has resulted in nanotube
formation. Figure 3.2(c and d) represents the SEM image of the backside (bottom) of the
nanotube arrays and the cross section, respectively. The backside view of the nanotube arrays
reveals that the nanotubes are having closed ends. Figure 3.3 shows the periodically arranged
dimple morphology of Ti substrate after removing the nanotube layers by ultrasonication. The
closed ends of the nanotubes and the patterns observed on the titanium sheets after removing the
nanotube layers reveal that the bottom end of the nanotube is always hemispherical confirming

26579 the nanotube formation is

the equifield mechanism. As illustrated by various researchers,
the result of steady state equilibrium between field assisted chemical dissolution and field

assisted chemical oxidation reactions.

3.3.1.2. Effect of electrochemical parameters in the aspect ratio of the TNTA.

3.3.1.2.1. Effect of Voltage

The surface topography of Ti foils anodized at different potentials varying from 5 to 70V
for 2 hrs, in room temperature is given in Figure 3.4(a-h). When the applied potential was 5V,
formation of nanotubes was not observed. At 10 V, porous structures were formed on the Ti
surface, but no distinct nanotubes were observed. However, formation of distinct nanotubes
having inner diameter ~55nm was observed, from the SEM image, when the applied potential
was 20V. The above observation indicates that there is a minimum required potential for the

formation of self-organized nanotubes. Under the present experimental conditions, the minimum
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required potential for the formation of nanotubes is around 20 V. Gong et al reported 10 V as the
lowest required potential for the formation of nanotubes in aqueous medium containing HF as an
etching agent.'* The difference in the required minimum potential can be attributed to the low
electrical conductivity of the organic electrolyte. In the present study formation of self aligned
nanotube arrays were observed up to 60 V. Figure 3.5 shows the cross sectional FESEM images
of the nanotube arrays grown at different voltages. The variation of inner diameter of the
nanotubes with applied potential is depicted in Figure 3.6a. The increase in tube diameter with
voltage can be attributed to the enhanced chemical dissolution of TiO; at the pore wall. The
variation of tube length with applied potential is shown in Figure 3.6b. When the potential is
increased, rate of chemical dissolution and oxidation increases resulting in nanotube growth.
When the applied potential was 70 V, the current density increased with time and nano-tubes
were not observed on the foil even after two hours of continuous anodization. This is attributed
to the enhanced rate of chemical dissolution at high potentials. It has been shown that the break
down period or the time for loss of passivation decreases with increase in temperature,
electrolyte concentration and the presence of fluoride ions.®® In the present case, with the
increase in voltage, current increased raising the bath temperature leading to enhancement in
chemical dissolution rate. From SEM images, it is seen that smooth walled nanotube arrays, ideal

for specific applications,’ are obtained in the range 30 to 50 V.
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Figure 3.4a-h: FESEM images of nanotube arrays grown at different voltages (a) 5V, (b) 10V, (c) 20V,
(d) 30V, (e) 40V, (f) 50V, (g) 60V and (h) 70V.

Figure 3.5a-d: Cross section of nanotube arrays grown at different voltages (shows the variation in tube
length with the applied voltage). (a) 20V, (b) 30V, (c) 40V and (d) 50V
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Figure 3.6a-b: (a) Variation of inner pore diameter of the nanotubes with voltage, (b) Variation of
nanotube length with applied voltage

3.3.1.2.2. Effect of Anodization Time

The changes in the morphological parameters with anodization time were investigated by
anodizing at 40 V at various time intervals, keeping all the other parameters similar. Variation in
surface morphology with time can be seen from the FESEM images given in Figure 3.7(a-l). In
the initial stages of anodization, the Ti surface transformed to a rough surface which gradually
changed to porous like structure and eventually converted to nanotubular morphology. The
formation of distinct nanotubular structure of ~1 micro meter length, from the porous structure,
occurred at around 20 to 25 minutes. Formation of well separated nanotubes could be discerned
after 1 hour of anodization. From the above observations, it is unambiguous that the
morphological parameters such tube diameter and length can be tuned by adjusting anodization
time, keeping all other parameters same. Compared to anodization in aqueous media, nanotubes
of ~1 micro meter length were obtained in the organic media within 25 minutes. This is because

of the decrease in the chemical dissolution rate at neutral pH. For application in photo catalysis
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Figure 3.7a-1: FESEM images showing the variation of surface morphology of Ti metal with the
anodization time showing the formation of nanotube arrays. (a) 0 minute, (b) 1 minutes, (c) 2
minutes, (d) 3 minutes, (e) 5 minutes, (f) 10 minutes, (g) 15 minutes, (h) 30 minutes, (i) 1 hours,
(1) 2 hours, (K) 4 hours and (I) 6 hours

and solar cells, since the diffusion length plays a major role, tuning the length of the nanotubes
with time and voltage is of paramount importance.
3.3.1.2.3. Effect of Electrolyte Composition

To study the effects of electrolyte composition on tube formation, anodization was

carried out at various water and ammonium fluoride concentrations in ethylene glycol.

3.3.1.2.3.1. Effect of water
Experiments were performed to elucidate the effect of water content keeping the

ammonium fluoride concentration a constant (0.5 wt %). The anodization experiments were
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carried out at 40 V for two hours. Figure 3.8(a-c) depicts the morphology of Ti anodized at water
contents of 2.5, 10 and 20 wt%. An increase in tube diameter with increase in water content was
observed. As the water content increased, number of H* ions per unit area at the electrode
increased resulting in higher chemical dissolution rate and hence changes in current density. This
resulted in the formation of ripple like structure on the wall of the nanotubes. The observed tube
diameters are 77 =7 nm (2.5wt% water), 97 £14 nm (10wt%water) and 152 16 nm
(20wt%water). Formation of ripple like structure on the walls of the nanotubes was observed in
excess of 5 wt% of water and that increased with water content. When the water content was 20
wt%, the system behaved almost like an aqueous medium and the rate of chemical dissolution
increased leading to nanotube arrays having ripples on the tube walls. The above observations
indicate that the water content affect tube wall morphology as well as diameter. When the water
content was low, smooth walled TiO, nanotubes, ideal for specific applications where the

electron transfer efficiency should be higher, could easily be grown.

Figure 3.8a - c: Surface morphology of the anodized Ti foils at different weight percent of water. (a) 2.5
wit%, (b) 10 wt% and (c) 20 wt%

3.3.1.2.3.2. Effect of ammonium fluoride
The concentration of ammonium fluoride was varied from 0 wt% to 5 wt% in the

electrolytic bath keeping the water content at the optimum level (2.5 wt %) determined from the
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experiments described in the previous section. The applied potential and anodization time were
kept at 40V and 2 hours respectively. Figure 3.9(a-e) shows the SEM images of the surface

anodized at different concentrations of NH4F.

Anodization in fluoride free solutions resulted in the formation of compact oxide layer
without nanotubes. When the NH4F concentrations were 0.5, 1, 2 and 5 wt%, nanotube formation
was observed, indicating the need of fluoride ions for the formation of self organized TiO,
nanotubes. Even though nanotube formation was observed at 0.5, 1 and 2 wt % of NH4F,
homogenous nanotubes were observed only at 0.5 wt%. At higher concentrations of NH4F, the
nanotube arrays were covered with grass like structures which might have formed due to the
removal of nanotubes from the substrate. In the case of anodized Ti, where the fluoride ion

concentration was 5 wt%, distinct tubular structures were not observed (Figure 3.9¢).

Figure 3.9a-e: Surface morphology of the anodized Titanium samples at different weight percent of
NH,F. (a) Ti surface anodized without adding NH4F, (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt% and (e) 5
wit% of NH,F.
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No substantial change in tube length or diameter could be discerned with the change in
concentration. The observed diameters are, 77 £ 7nm (0.5 wt% NH4F), 86 £ 9nm (1wt % NH4F)
and 80 + 7nm (2 wt% NH,4F). Based on these results and those reported in the literature®®, NH4F
content in the range 0.2 to 0.5 wt% can be considered as the optimum range for obtaining smooth

walled nanotube arrays.

3.3.1.3. Effect of annealing temperature on crystallinity and morphology:

The as prepared samples, upon XRD analysis, were found to be amorphous and hence
annealed at various temperatures to study evolution of phases as different phases of the material
are preferred for specific applications. The XRD pattern of the as prepared TNTA as given in
Figure 10a shows amorphous nature which is in agreement with the results obtained by Oomman

etal.”

The observed peaks correspond to Ti substrate. In order to study the evolution of phases,
the as prepared nanotube arrays were annealed in air at 400, 500, 600 and 700 °C for 2 hours and
the corresponding XRD patterns were recorded. Figure 3.10b shows the XRD pattern of the
annealed samples. At 400°C, there were peaks corresponding to tetragonal anatase phase of TiO,
in addition to the substrate peak. When the samples were annealed at 500°C, the anatase peaks
got sharpened and intensified indicating increase in anatase phase crystallinity and crystallite
size. The observed low intensity peak (27.4°) corresponding to rutile phase indicates the
beginning of phase transformation. The XRD pattern of the sample annealed at 600° C revealed
the presence of both rutile and anatase phases. At 700°C, anatase and rutile phases were still
present but with higher concentration of rutile phase. The phase transformation behavior

observed here was slightly different from those reported by Oomman et al’

, Where phase
transformations took place at higher temperatures. These changes can be attributed to the

difference in the heating rate and annealing duration.
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Figure 3.10a-b: (a) XRD pattern of the as prepared TiO, nanotubes (shows that the samples are
amorphous). b. XRD pattern of TiO, nanotubes annealed at different temperature

In order to verify the effect of temperature on tube morphology, FESEM analysis of the
nanotube arrays were carried out. Figure 3.11(a-d) and 3.12(a-c) show the surface morphology
and cross sectional views, respectively, of the nanotube arrays annealed at different
temperatures, clearly depicting the effect of calcination temperature on tube morphology. From
the surface topography, it is clear that the samples annealed at 400 and 500 °C, retains their
tubular architecture. Whereas, the samples annealed at 600 and 700°C have tubes with closed
mouth, due to wall thickening. However, the cross sectional view clearly indicate retention of

tubular morphology even up to 700 °C.

The occurrence of anatase to rutile phase transformation at 500 to 600 °C as inferred
from XRD results and can be correlated with the SEM images. Phase transformation from
anatase to rutile requires crystal reorientation and growth and is achieved with increase in
temperature. It has been reported that phase stability, crystal growth and nucleation are
dependent on crystallite size.”® Below 14 nm anatase is the stable phase.” In our study, the

crystallite size of the nanotube arrays annealed at the lowest temperature (400°C) is ~48 nm, and
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therefore is prone to phase transformation. Gouma et al in 2001 investigated the defect
mechanism of phase transformation in vacuum and hydrogen reduced TiO, samples.”* The
anatase to rutile transformation involves the breakup of anatase structure with a volume change
of about 8%. This collapse occurs by the deformation of the oxygen frame work and shifting of
the Ti** ions by rupturing two of the six Ti-O bonds to form new bonds™ and hence the phase
transformation is affected by the presence of hydroxyl ions chemisorbed on the TiO, surface.
Figure 12d illustrates the variation of anatase crystallite size with annealing temperature. The
101 diffraction peak of the anatase phase is considered here for the crystallite size calculation.
While increasing temperature from 600°C to 700°C there is a drastic change in the crystallite size
variation which evidently depicts the increase in crystal growth Kinetic rate in this temperature
range. Hebrard and Nortier investigated the effect of hydroxyl species in the sintering and
crystallite growth of TiO, powders and found that surface diffusion of hydroxyl species is the

most likely rate limiting step of the particle growth in case of anatase TiO, powder.”

Figure 3.11a-d: SEM images showing the surface morphology of annealed TNTA (a) at 400°C (b) at
500°C (c) at 600°C and (d) at 700°C
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Figure3.12a-d: SEM images showing the cross sectional views of annealed TNTA (a) at 400°C (b) at
600°C and (c) at 700°C and (d) Variation of anatase crystallite size with temperature.

The increase in oxygen and titanium ion diffusion rate is due to the presence of hydroxyl
species on the TiO; surface. The presence of surface OH groups was clearly identified by XPS
measurements which will be discussed in the section 3.3.1.4. The diffusion process creates
annihilation of cation and anion vacancies thereby facilitating the crystal growth. An increase in
the crystallite size of anatase phase TiO; will enhance the rutile phase transformation rate and
occurs by consuming the anatase crystallites present at the nanotube walls. As the process
continues, complete transformation occurs leading to the destruction of the tubular morphology

and there by generating thick rutile films.”

Based on the above results, the optimum process parameters for obtaining smooth walled,
homogenous vertically aligned TNTA on Ti foils, at room temperature, are 30 — 50 V
anodization potential, 2 hours anodization time, electrolyte composition of 0.5 wt% NH4F and
2.5 wt% H,0 in ethylene glycol. Anatase TNTA are obtained by annealing the samples at 400

°C.

As transparent TNTA films are required for application in devices like DSSCs, for better
efficiency, the same were also prepared by anodizing Ti thin films deposited on FTO coated

glasses.
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Titanium thin films of good adherence were obtained by RF magnetron sputtering at an
RF power of 300 W and substrate temperature 300°C. The film adherence was checked with
scotch tape test and found to be adherent. The deposition rate and film thickness were found to
be 20 nm/min and ~1 micrometer respectively. Based on the obtained optimum process
parameters for the synthesis of TNTA on Ti foils, anodization of Ti thin films grown on FTO
coated glasses were carried out at 40V in 0.5wt% NH4F + 2.5wt% water + ethylene glycol. The
potentiostatic transients obtained are similar to the one obtained in the case anodization of Ti
foils indicating prevalence of similar nanotube formation mechanism. The FESEM images of the
samples anodized at different time intervals (2, 3 and 4 hours) are given in Figure 3.13a-c. From
figure 3.13 it can be discerned that 2 hours of anodization resulted in comparatively debris free

nanotubular architecture having mean tube diameter of 60+7nm.

Figure 3.13a-c: FESEM image of the samples anodized at 40V by anodizing at different time intervals ie;
(a) 2, (b) 3 and (c) 4 hours.

It is evident from the SEM images that with increase in anodization time precipitates
were formed leading to nanotube collapse. At the end of 4h, scales like features were observed
(Figure 3.13c). From the above it can be said that under the present experimental conditions
transparent TNTA thin films on FTO coated glasses are obtained on anodizing Ti films in

ethylene glycol medium containing 0.5wt% NHjF and 2.5wt% water for duration of 2h. The as
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prepared TNTA on FTO glasses were amorphous and upon annealing at 400°C, these samples

got crystallized to anatase phase as in the case TiO;, nanotubes grown on foils.

3.3.1.4. X-ray photoelectron spectroscopic analysis

The composition and the types of oxygen species (lattice O (Ti**- 0), O (Ti**-0O, i.e
oxygen near an oxygen vacancy), OH and H,0) present in the as prepared as well as annealed
TNTA were studied by using XPS. Based on the results of FESEM and XRD, TNTA and
transparent TNTA films on FTO coated glasses having best morphology were obtained on
anodizing Ti foils and Ti films in ethylene glycol medium containing 0.5wt% NH4F and 2.5wt%
water at 40V for 2h. Hence these samples were chosen for XPS studies. Among annealed
samples those annealed at 400 °C were chosen as they have intact tubular morphology with good
anatase phase crystallinity. Stoichiometric TiO, consists of Ti** and O* ions. It is well
understood that TiO, synthesized by various techniques exhibits nonstoichiometry and it varies
with synthesis technique.” Figure14a shows the high resolution XPS spectra of Ti 2p core levels
of as prepared TNTA on Ti foil. From the spectra, it can be seen that the core level of Ti 2py,
and Ti 2pa, peak positions are at 465. 3 and 459.4 eV, respectively, and is assigned as Ti*" peak,
with a peak separation of 5.9 eV. The peaks are asymmetric indicating the presence of lower
valent Ti ions. In order to distinguish the Ti ions of different valancies peak fitting of the spectra
were performed using XPS fit software. The electron background correction was carried out
using Shirley (nonlinear) background correction method’’ which is commonly accepted and
widely used one among the various background correction methods.””"®" For the background
correction, the energy window chosen was 468.17 to 452.57eV. The background corrected
spectra were fitted by assuming Gaussian profiles for different chemical states. The parameters

which define the XPS core level peaks are peak position or binding energy, full width at half
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maximum (FWHM), peak area and peak intensity. The Ti*" 2p spin orbit components have to
confirm the energy difference of 5.7 eV for Ti 2py, and Ti 2ps, states™ and intensity ratio of 0.5.
The energy difference between the spin orbit components of Ti° is fixed as 6.15 eV.®! By
intricate peak fitting process the spectra have been resolved into eight spin orbit components
resolved at 2ps, binding energies 459.45, 458.38, 457.44, 454.76 eV and their corresponding
2p1> components (465.28, 464.31, 463.04, 460.72 eV) which are assigned as Ti*" (TiO,), Ti**
(TiOOH), Ti** (co-ordinatively unsaturated i.e Ti** adjacent to oxygen vaccancy) and Ti° (Ti),
respectively. The binding energy values agree with the reported values.®®* Although some

8284 'in the present study, the existence of Ti%*

studies show the presence of Ti?* in their analysis
state was not identified. The low intensity peak at 454.76 eV corresponding to Ti® is from the Ti

substrate as the oxide film formed was highly porous and cracked.

Different types of oxygen species (lattice O, oxygen near an oxygen vacancy, OH and
H,0) present are distinguished by the different Ols binding energies. Figurel5a shows the
deconvoluted O 1s spectrum of the as prepared TNTA. The asymmetric peak was deconvoluted
to three components with minimum chi square by the same peak fitting process, where the
window for the peak fitting process was 536 to 526 eV. The peak positions, 530.67 (Ti**-0),
531.16 (Ti**-O i.e. oxygen near an oxygen vacancy) and 532.3 eV (Ti-OH/OH"), agree well with
reported literature values.®? The peak corresponding to the binding energy value of 532.29
reveals the presence of Ti(OH)xOy and is supported by FTIR analysis where, the presence of

hydroxyl group is revealed.

The XPS analyses were also performed at the Ti/TiO, interface. TNTA were peeled off
from the Ti substrate and the XPS analysis was carried out at that region. Figurel4c shows the

deconvoluted XPS spectra at the interface (Ti/TiO,). The presence of Ti** at the metal/oxide
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interface can be attributed to the partial oxidation of Ti metal during electrochemical
anodization. Since peak corresponding to Ti** could not be seen in the deconvoluted Ti 2p
spectra of nanotube arrays, it can be inferred that as one moves from metal / oxide to oxide /
electrolyte interface, the atomic fraction of Ti*" decreases. The trend is reflected in the Ols
spectra too (Figure 3.15c). The amorphous TiO, film grows at the Ti/oxide and oxide/electrolyte
interfaces by the simultaneous inward and outward migration of anions and cations, respectively.
As Ti%" ions migrate towards the film/electrolyte interface, these are oxidized to higher valent
states by the incoming oxide ions and therefore Ti?* ions are not observed at the film surface. In
view of the above and at any point of time, the TiO; films formed will be oxygen deficient and

depict nonstoichiometry.

The as prepared amorphous TiO; nanotubes, upon annealing at 400 °C, were transformed
to anatase phase. Figurel4b shows the deconvoluted Ti2p spectra of annealed nanotube arrays.
The spectra were deconvoluted and resolved into six spin orbit components at 2ps;, binding
energies 459.49, 458.58, 457.44 eV and their corresponding 2p;, components (465.28, 464.09,
463.165) which are assigned as Ti** ( TiO,), Ti** ( TIOOH) and Ti**(coordinatively unsaturated
i.e Ti** adjacent to oxygen vacancy). Peak corresponding to Ti° (substrate) was not observed as
the substrate got oxidized during annealing. However, peak corresponding to Ti** state was
identified as indicative of the presence of oxygen vacancies. Figure 3.15b shows the
deconvoluted oxygen 1s spectra of the annealed TiO,. The peaks observed are located at
530.73(Ti**-0), 531.24(Ti**-0) and 532.10 eV (Ti-OH/OH"). To verify the stoichiometry, the
atomic ratios (concentrations) were calculated from the peak areas by taking into account the

relative sensitivity factors for individual elements, since the area under the curves doesn’t
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directly give the atomic ratio. From the high resolution Ti-2p, O-1s spectra the atom fractions of

Ti and O were calculated using the following equations

Xri = Uri—2p/Sti)/ [Uriz2p/STi) + (o-15/S0)] (5)

Xo = Uo-15s/50)/ [Uri-2p/STi) + o-15/50)] (6)

Table 3.1 shows the fraction of different ‘Ti’ and ‘O’ species present at the surface as well as at

the metal — oxide interface of the as prepared and annealed TiO, nanotubes. An excess of O at

the surface compared to the stoichiometric composition of TiO,, arises due to the presence of

Ti(OH)xOy species like Ti(OH)s, Ti(OH),0 and Ti

(OH)..
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Figure 3.14a-c: Deconvoluted high resolution Ti 2p spectra (a) at the surface, (b) nanotube arrays

annealed at 673K and (c) at the interface (Ti/TiO,), as prepared.
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Figure 3.15a-c: Deconvoluted high resolution O1s spectra (a) at the surface (amorphous TiO,), (b) of

nanotube arrays annealed at 673K and (c) at the metal-oxide interface.

Chemical state Atom fraction at the Atom fraction of Ti at the  Atom fraction of Ti

surface (amorphous) Interface (amorphous) (annealed at 673K)

Ti @) Ti O Ti )

Ti** 0.154 0.360 0.127 0.355 0.221 0.444

Ti(OH).O, 0.065 0.099 0.029 0.098 0.072 0.066

Ti** 0.079 0.241 0.037 0.272 0.024 0.172
Ti** - - 0.058 0.023 - -

Table 3.1: Fraction of Ti species and O species present at the surface and the interface of the as prepared
and annealed TNTA.

The Ti 2p and O1s spectra of as prepared as well as annealed nanotube arrays confirm the
presence of lower valent Ti ions and oxygen vacancies. The oxygen vacancies at the surface

take the form of missing oxide ions in the Ti-O-Ti row (oxygen vacancies i.e. Ti*" - Vo — Ti*")
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leading to the formation of coordinatively 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 thereby playing an important role in the photo-oxidation of organic
species.®> When water molecules come in contact with nanotube surface they are adsorbed at the
bridging oxygen vacancies and dissociated into OH and H. The OH group fills the oxygen
vacancy to form Ti — OH — Ti / Ti-(OH),-Ti bridge.®> The hydrogen atom has two options. It can
either form an identical Ti — OH — Ti bridge, by binding to another Ti — O — Ti bridge or, Ti®*" -
OH by binding to O ions terminating at the surface. As anions are easily polarizable by cations
they terminate at the surface thereby reducing the surface potential and constitute active sites for
reaction with the H atoms to form Ti*" - OH.%® Hydroxylation at the bridging oxygen vacancies
was elucidated by Wendt et al on the basis of results from scanning tunneling microscopic
studies on reduced TiO, (110) surface and density functional theory calculations.®® Hence,
presence of bridging oxygen vacancies is a necessary condition for water dissociation or organic
oxidation and has immense influence on the photocatalytic properties of TiO,. Based on above
observations the expected oxygen species can be enumerated as Ti** - O, Ti** - (OH),, Ti** - O,
Ti*** - OH — Ti**" and Ti*" - OH. In addition, the presence of H,O molecules adsorbed on to the
OH groups by hydrogen bonding cannot be excluded.®® Although the surface bridging oxygen
vacancies are filled by OH groups still there are O1s peaks corresponding to oxygen near oxygen
vacancies and Ti 2ps, peaks corresponding to coordinatively unsaturated Ti** because of
presence of bulk defects.®® The bridging oxygen vacancies modify the electronic structure by
introducing band gap states, ~0.75 eV, below the conduction band and their population increases

in direct proportion with the density of bridging oxygen vacancy.®” This will enhance electronic
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properties like conduction and field emission.®® Hence synthesis of oxygen deficient TNTA is

vital for application in the area of photocatalytic, photo voltaic and electronic devices.

Presence of fluorine was detected both in the case of as prepared (Figure 3.16a) as well as
annealed samples (Figure 3.16c) by XPS analysis. The binding energy value of 685 eV
corresponds to adsorbed fluoride ions. Fluoride ions were also observed at the surface and metal-

oxide interface (figure 3.16b) before and after sputtering for different time periods.

F-1s(Amorphous) Fe1s at metal oxide tinin sputiering —— Surface

: . i —_— i i F-1s (Annealed|
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Figure 3.16a-c: (a) Flourine 1s spectra of amorphous TiO, sample. Reveals the presence of flourine at
different depths. (b) Flourine 1s spectra of amorphous TiO, sample (at the interface). From the
spectra it is evident that the flouride is present at the metal/oxide interface and reveals that
flouride ion is playing an important role in the tubular morphology of Titania and (c) Flourine 1s

spectra of annealed TiO, sample. Even after annealing at 673K the flourine presence is seen.

From these observations, it can be concluded that fluoride ions migrate along with the
oxygen ions to the metal - oxide interface which facilitates the growth of TiO, nanotubes.
Habazaki et al reported that fluoride ions migrate inward at a rate twice that of O% ions,
developing a thin layer of increased fluoride content between the anodic oxide and the metal
substrate.?® The same is also observed by Albu et al.**The observed F 1s binding energy (684.3

eV) corresponds to adsorbed F ions. Peaks corresponding to lattice F* ions (688.5 eV) could not
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be detected. The incorporated fluoride ions are sensitive to annealing and are eliminated at

higher temperatures.®

To study the composition of transparent TNTA films on FTO coated glasses, the X-ray
photoelectron spectra of annealed samples were required as in the case of TNTA on foils. The Ti
2p spectra of transparent TNTA (Figure 3.17a) were deconvoluted to six spin orbit components
(2p3/2 and 2pyy; ) at 459.5, 458.7, 457.44, 465.34, 464.39 and463.15 eV. These are assigned as
Ti*" (TiOy), Ti** (TiIOOH), Ti** (co-ordinatively unsaturated i.e Ti** adjacent to oxygen
vacancy). Different types of oxygen species present are distinguished by different oxygen
binding energies observed for O1s spectra. The asymmetric oxygen 1s spectra (Figure 3.17b)
were deconvoluted and resolved into three components which are positioned at 530.71, 538.18
and 532.06 eV. The peak positions, 530.67 (Ti**-0), 531.16 (Ti**-O i.e. oxygen near an oxygen
vacancy) and 532.3 eV (Ti-OH/OH’), agree well with the results of TNTA on foils. The
nonstoichiometry in the TNTA thin film is similar to that of TNTA on foils and it arises due to
bridging oxygen vacancies, which modify the electronic structure and enhances the electronic

properties.

Intensity(a.u.)
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Figure 3.17a-b: (a) the deconvoluted 2p spectra of Ti and (b) the deconvoluted 1s spectra of O
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3.3.15. FTIR analysis

The FTIR spectra of the pristine TNTA synthesized at 40 V and annealed at 400 °C are
shown in Figure 3.18. The stretching and bending vibrational peaks of OH groups at 3000-3400
cm™ and 1626.15 cm™ in the spectra confirm the presence of hydroxyl species. The broad peak
in the range 400-800 cm™ corresponds to bulk TiO,. These observations are in agreement with

11, 82,90

the reported values and confirm the XPS results.
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Figure 3.18: FTIR spectra of the as prepared sample anodized at 40V for 2 hours

3.3.1.6. UV-Visible spectroscopic analysis

Figure 3.19a and b shows the DRS and absorbance spectra of the pristine TNTA on foils
and on FTO glass, respectively (anodized at 40V for 2 hours and annealed at 400°C). The optical
band gap values are calculated from the Tauc plots obtained from the DRS and absorbance
spectra as explained in chapter 2. The optical band gap, obtained by extending the line, from the
slope of the linear part of the curve, in the Tauc plot (Figure 3.20a), to x = 0 was calculated and

has a value of 3.27. In case of TNTA on FTO glass the band gap calculated turns out to be 2.8
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eV and is represented in Figure 3.20b. The analysis reveals that the material absorbs in the ultra

violet region.
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Figure 3.20a-b: Tauc plot of the (a) pristine TNTA on foils, (b) TNTA on FTO glass

3.3.2. Nitrogen Doped TiO, nanotube arrays.

3.3.2.1. Mechanism and micro-structural analysis

Based on the earlier results, that anodization of Ti foils in ethylene glycol / H,O / NH4F

electrolyte, corresponding to the composition 2.5 wt% H,O and 0.3 to 0.5 wt% NH4F, yielded

smooth walled nanotubes with maximum possible growth rate. Syntheses of N-doped TNTA
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were carried out in same electrolyte composition with different weight percent of urea (0.1, 0.2
and 0.3) as nitrogen precursor. Urea was chosen as a nitrogen source, as electrolysis of aqueous
solutions containing urea decomposes to N, and CO at high anodic potentials.” Since nitrogen
formed at the anode surface will be nascent, before being liberated as N, there exists the
possibility of nitrogen incorporation into the anion lattice of TiO, during the formation of TNTA.
Also one can expect a variation in the amount of nitrogen substituted for oxygen in the anion sub
lattice with nitrogen precursor (urea) concentration. The potentiostatic transient obtained is quite
similar to the conventional one obtained during Ti anodization in the medium without urea. Also
the charge (area under the current density Vs time curve) is not much different from that in
which anodization has been carried out without urea. This implies similar mechanism prevailing
for pristine and N-doped TiO, nanotube formation. Anodization was carried out as a function of
applied potential to delineate the optimum potential range for the synthesis of smooth walled
nanotube arrays. The surface topography of Ti foils anodized at different potentials varying from
20 to 60V for 2 hrs, corresponding to 0.2 wt% urea is shown in Figure 3.21 (a-e). Similar
micrographs were obtained for other urea concentrations. Figure 3.21f shows the cross sectional
FESEM image of the N-doped TNTA. At 10V, porous structures were formed on the Ti surface,
but no distinct nanotubes are observed. However, formation of distinct nanotubes having inner
diameter of ~47 nm is observed, when the applied potential was increased to 20V, from the SEM
image. The above observation indicates that there is a minimum required potential for the
formation of N-doped self-organized nanotubes as in the case of formation of pristine TiO,
nanotubes. Under the present experimental conditions, the minimum required potential for the
formation of N-doped nanotubes is around 20 V. As reported in the case of pristine TNTA,

formations of self aligned nanotube arrays were observed up to a potential of 60 V. A careful
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observation of the SEM pictures shows that the best homogeneous morphology is obtained when
synthesis is carried out at 40 V (similar to the case of pristine TNTA). Figure 3.22 shows the
variation of inner diameter of the nanotubes with applied potential. The increase in tube diameter
with voltage can be attributed to the enhanced chemical dissolution of TiO, at the pore wall. No
significant variations in wall thickness were observed compared to the pristine samples. The

variation in wall thickness with respect to applied voltage is shown in the inset of Figure 3.22.

Figure 3.21a-f: Surface morphology of anatase N-doped TNTA synthesized at (a) 20 V, (b) 30 V, (c) 40
V, (d) 50 V, (e) 60 V and (f) cross section of nanotube arrays.

When the potential is increased, rate of chemical dissolution and oxidation increases
resulting in nanotube growth. When the applied potential was 80 V, the current density increased
with time and nano-tubes were not observed on the foil even after two hours of anodization
attempt. This is similar to the case of pristine TNTA. Here too, the electrolyte temperature

increased with applied potential enhancing the chemical dissolution.
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Figure 3.22: Variation of tube diameter of the N-doped TNTA with voltage. The inset shows the change
in wall thickness with applied voltage.

3.3.2.2. XRD and Micro Raman analyses

Since the best homogeneous tubular morphology is obtained for samples synthesized at
40 V, the same is considered for the characterization studies. As in the case of pristine samples
the as prepared doped samples upon XRD analyses were found to be amorphous, this
transformed to anatase phase on annealing at 400 °C. Figure 3.23a shows the XRD pattern of
annealed N-doped TNTA. The XRD pattern of the annealed pristine TNTA is also shown in the
figure for comparison. Formation of anatase phase was further confirmed by Raman
spectroscopy. Raman spectra corresponding N-doped TNTA synthesized at different conditions
and annealed at 400 °C show an intense peak at 145 cm™ corresponding to the Eg mode of
anatase phase. For The weak bands at 199(Eg), 395(Big), 516(A14+B1g) and 636 (Eg) are in
agreement with the modes exhibited by anatase phase. Figure 3.23b shows the Raman spectra of
the N-doped TNTA. The Raman spectra of the pristine sample, synthesized under similar
conditions, are also included for comparison. The band positions are in concurrence with the

previous results.®**® The strongest peak at 145 cm™ arising from the external vibrations of the
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anatase crystal structure, indicates that long range order pertaining to anatase crystallinity has
evolved in the annealed N-doped TNTA. Compared to the pristine one, the highly intense Eg
mode (145 cm™) of the doped TNTA shows a red shift (inset of Figure 3.23 b). This can be

ascribed to the change in force constant due to nitrogen doping.
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Figure 3.23a-b: (a) XRD pattern of N-doped and pristine TNTA. (b) Visible micro Raman spectra of the
N-doped and pristine TiO,

3.3.2.3. XPS investigations.

As in the case of pristine TNTA, to study the composition as well as nitrogen
incorporation to the crystal, XPS studies were carried out. Figure 3.24a-d shows the
deconvoluted Ti 2p spectra of TNTA synthesized at different wt% of urea and annealed at 400
°C. The spectrum of the pristine TiO, is also included for comparison. The peaks are
deconvoluted into four different peaks. The region shows four doublets: the peaks at 459.4,
458.0, 456.9 and 455.6 eV correspond to the 2p3/2 region suggesting Ti (+4)-O, Ti (+3)-O, Ti
(+3)-N or Ti (+3)-OH and Ti (+2)-O, respectively. The other peaks at higher binding energies
corresponding to the 2pl1/2 core level of the respective states. The O 1s spectra of the

corresponding samples are shown in Figure 25 a-d. The deconvoluted peaks positioned at 530.5,
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530.9 and 531.9 eV correspond to O-Ti (+3), O-Ti(+4) and HO-Ti(+3,+4), respectively, in

agreement with the reported values.®*®

The high resolution N-1s spectra of the samples synthesized at different wt% of urea are
shown in figures 3.26a (0.1 wt %), 3.26b (0.2 wt %) and 3.26¢ (0.3 wt %). The data for the
analysis are required at a sputter depth arrived after 3 minutes of sputtering (10 nm/min) for all
the samples. This was done to obtain a reasonable intensity for nitrogen signal. The high
resolution N-1s spectra consist essentially of three peaks viz. one high intensity asymmetric peak
around 396.8 eV and two low intensity peaks at 400.2 and 403.1 eV respectively. The high
intensity asymmetric peak has been deconvoluted to high and low intensity peaks at 396.8 eV
and 397.6 eV, respectively. The different N-1s BE values represent different electron density
around nitrogen suggesting various N coordination environments in the lattice. Based on the
references given in the introduction, the N-1s peak at 400.2 can be assigned to N;. The peak
observed at 403.1 eV is assigned to surface adsorbed NOy species.*®** ** The two deconvoluted
peaks in the range 396 — 398 eV (396.8 and 397.6 eV) can be ascribed to substitutional nitrogen
in the oxide lattice. The structure of anatase TiO, consists of corner and edge sharing (TiOg)
octahedra. If the number of oxygen atoms substituted by nitrogen atoms in each octahedron is
same (nitrogen substitution is uniformly distributed throughout), one would expect a single N-1s
BE value corresponding to No (N-Ti-O) species. If the number of N ions in the co-ordination
sphere around Ti varies, the observed N-1s values will lie in a range leading to N-1s peak
broadening and asymmetry. In such a situation, the asymmetric peak on deconvolution shows up
different BE values. In addition, when two oxygen atoms are substituted by nitrogen atoms one

oXxygen vacancy is generated.
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Figure 3.24a-d: High resolution Ti 2p x-ray photoelectron spectra (a) pristine TNTA (b) N doped TNTA
anodized 0.1 wt % of urea containing electrolyte(c) 0.2 wt % of urea containing electrolyte
and(d) 0.3 wt % of urea containing electrolyte
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Figure 3.25a-d: High resolution O 1s x-ray photoelectron spectra (a) pristine TNTA (b) N doped TNTA
anodized 0.1 wt % of urea containing electrolyte, (c) 0.2 wt % of urea containing electrolyte and

(d) 0.3 wt % of urea containing electrolyte
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Figure 3.26a-c: High resolution N 1s X-ray photoelectron spectra (a) TiO1g5Ng115 (B) TiO1813Ng14 (C)
Tiol.84N0.121

This will distort the coordination octahedra having vacancies, as neighboring anions relax
towards the vacancy, adding small changes to N-1s BE values. Since the electrochemical doping
is achieved at ~298 K, equilibrium cannot be expected and therefore there exist the possibility of
variation in the number of oxygen atoms substituted by nitrogen atoms in various coordination
octahedra present in the lattice. Hence the reason for observing, on deconvolution, N-1s BE
values at 396.8 and 397.6 eV, corresponds to substitutional nitrogen in the oxide ion lattice. The

atom fractions of Ti, O and N are calculated using the following equations

Xri = Uric2p/St)/ [Urie2p/STi) + Uo-15/S0) + Un-1s/SW)] (7)
Xo = (o-1s/S0)/ [Uri—2p/S1i) + (o-1s/S0) + Un-1s/Sn)]  (8)

Xy = (Un-1s/Sn)/ [Uriz2p/Si) + o-1s/S0) + Un-1s/Sx)]  (9)
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In-15 IS the peak area of the N-1s peak corresponding to O-Ti-N, Iti.p is the sum of the areas of
the Tiyp deconvoluted peaks (Figure 3.25 (a-d)) and lo.1s is the area of the O-1s peak (26(a-d))
corresponding to bonded oxygen and Sti, So and Sy corresponding atomic sensitivity factors.
Based on the calculated atom fractions, and taking into account the fraction of Ti** ions, the
chemical formula of N-doped TiO; is represented as TiO1.g5No 115, T101.813No.14 and TiO1.84No.121
for the samples synthesized at 0.1, 0.2 and 0.3 wt% of urea in the electrolyte, respectively. The

corresponding atom percent of nitrogen are about 3.88, 4.74 and 4.12, respectively.

3.3.2.4. Diffuse reflectance measurements

Figure 3.27a and b shows the Tauc plots of different nitrogen doped samples. Tauc plot
of the pristine TNTA is also included for comparison. The optical band gap, obtained by
extending the line, from the slope of the linear part of the curve, to x = 0 was calculated and are
3.27. 3.22 2.75 and 2.77 eV for pristine TiO,, TiO185No115, TiO1813No14 and TiO1.84No 121,
respectively. In the case of TiOjg13No14, the Tauc plot show an extra linear part of which

intercept at x=0 shows transition state situated at a difference of 2.59 eV.
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Figure 3.27: Diffuse Reflectance spectra of pristine as well as N-doped TiO,
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This shows that due to nitrogen doping certain interband electronic states have been generated.
In the case of N- doped samples, the band gaps have been shifted to lower values than that of the
pristine TiO,. The observed shifts in the band gap energy for TiO185Ng115, TiO1.813No14 and
Ti01.84Ng.121 With respect to that of pristine TiO, are 0.05, 0.52 and 0.5 eV, respectively. The
extra state introduced in the case of TiO; g13No 14 IS located 0.68eV above the valence band.

3.4. Conclusion

Self aligned TNTA were synthesized on Ti substrates by electrochemical anodization
technique using fluoride ion containing organic electrolyte. Highly ordered nanotubes of about
few micrometer lengths were obtained in neutral pH within 1 hour of anodization duration. The
potentiostatic transients qualitatively revealed the mechanism of nanotube formation. From the
potentiostatic transients, correlating with reported results, it can be said that field assisted
chemical oxidation of Ti and field assisted chemical dissolution of TiO;, and Ti by fluoride ions
played a key role in nanotube formation. To understand the mechanism qualitatively, anodization
of Ti foils were carried out as a function of voltage, time and electrolyte composition. Desired
aspect ratio and wall morphology, depending upon the application, can be achieved by varying
the electrochemical parameters. The as prepared amorphous nanotube arrays transformed to
anatase phase on annealing at 400 °C. Anatase to rutile phase transformation was observed with
increase in temperature. Although the tubular surface morphology was found to be destroyed at
600 °C and above, the cross sectional SEM micrographs revealed retention of tubular
morphology up to a temperature of 700°C. The presence of different surface and subsurface
defect states arising from the bridging oxygen vacancies were confirmed from XPS and FTIR
measurements. The defect state detection by XPS analysis supports the enhanced photo catalytic

activity of TNTA. Existence of fluoride ions at various depths confirms their migration from
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surface to interface during anodization. The band gap of the annealed TNTA measured by

diffuse reflectance analysis was found to be 3.27 eV.

TiO, nanotube thin films were synthesized by electrochemical anodization of Ti films
deposited on conducting glasses by magnetron sputtering. The crystallinity of the annealed TiO,
nanotube thin films was confirmed from XRD studies. The nonstoichiometry of the TNTA films
due to bridging hydroxyl groups were proved by X-ray photoelectron spectroscopy. The band
gap of the annealed TNTA measured by diffuse reflectance analysis was 3.36 eV indicating

absorption capabilities in the ultra violet region.

N-doped TNTA corresponding to the compositions TiOjg5No115, TiO1813No.14 and
TiO184Ng121 Were synthesized in single step anodization in electrolyte containing different
weight percent of urea. XRD and micro Raman analysis revealed the anatase phase crystallinity
of the N-doped TNTA annealed at 400 °C. The XPS analysis confirmed nitrogen incorporation
into TiO, matrix both in substitutional and interstitial form out of which major contribution
arises from the substitutional states. A considerable shift in the band gap of the material was
observed for the nitrogen doped samples and in the case of TiO; g13Ng.14, iNntroduction of an extra

interband electronic state was observed.
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Chapter 4

Photovoltaic, Field Emission and Surface Wetting Characteristics of Pristine

and N-doped TiO, Nanotube Arrays

One dimensional nano-architectures of TiO,, such as nano-tubes, nano-wires, nano-rods
and nano-fibers with tailored geometry and surface complexity, in thin film form, are being
investigated for various functional applications in energy, environment and electronics, where
the advantages of tailored geometry combined with the intrinsic properties of nano-crystalline
TiO; can be fully exploited. In applications like photovoltaics, large area electron field emission
and smart surfaces where alignment, high aspect ratio, thin edges, surface roughness with long
trapped air columns and directional electron transport properties are expected to play a major
role in enhancing the efficiency of devices fabricated using the one dimensional nano-
architectures, vertically aligned nanotube arrays are of great interest. The fabrication of Dye
sensitized solar cells using TiO, nanotube arrays and their photovoltaic characteristics as well
as electron field emission properties and wetting - dewetting characteristics of pristine and N-

doped TiO, nanotube arrays are the highlights of this chapter.
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General Introduction

Dye sensitized solar cells (DSSCs), large area field emitters and super hydrophobic —
super hydrophilic coatings are three areas in which self organized TiO, nanotube arrays (TNTA)
are expected to play a major role. In the case of DSSCs; the vectorial electron transport
properties of TNTA, because of the vertical alignment, enhances the electrode — electrical
contact thereby decreasing the contact resistance. The large surface area of the nanotube arrays
provide high surface area dye adsorption enhancing light harvesting and dye to electrode charge
transfer. In addition, the filling of electrolyte in the intra and inter tubular spaces enhances the
electrolyte — dye charge transfer, all contributing to the enhancement of overall cell efficiency.
For large area field emitters; the directional electron transport, high aspect ratio and thin walls of
the TNTA enhance electron emission from the tube tips. In addition, suitable anion doping of
TiO, modifies the electronic energy band structure thereby shifting the Fermi level towards
vacuum, which enhances electron tunneling leading to overall device efficiency. The increased
pressure of trapped air inside the small diameter nanotubes as well as in the inter tubular spaces,
of the closely packed high aspect ratio vertically aligned TNTA, render the nanotube array
coated surfaces super / near super hydrophobic. While the small wall thickness, in the quantum
confinement regime, will enhance photo induced surface restructuring enabling quick conversion
to super hydrophilicity. Hence TNTA coatings can be used to make surfaces that are able to
switch between super hydrophobic and super hydrophilic regimes and have potential application

in micro-fluidic devices, smart membranes and sensors.

The present chapter deals with application studies of TNTA in the above three areas, and
is divided in to three sections. Section one deals with fabrication of dye sensitized solar cells,

using vertically aligned anatase TNTA grown on Ti foils and on transparent FTO coated glasses
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as described in chapter 3, along with their photovoltaic characteristics. Section two discusses the
studies on electron field emission properties of pristine and N-doped anatase TNTA grown on Ti
foils. Section three pertains to studies on wetting - dewetting properties of pristine and N-doped

TNTA.

4.1. Photovoltaic Studies

4.1.1. Introduction

Different forms of TiO, nano architectures have been used as electrodes in third
generation solar cells (dye sensitized solar cells, DSSCs) which includes quantum well,
nanorods, nanowires, nanotubes and nanoparticles.'®> Among these one dimensional
nanostructures, vertically aligned nanotube arrays offer distinct advantages such as high surface
area for dye adsorption thereby enhancing light harvesting, readily accessible space for
intercalation of redox electrolyte and easy electron transfer from the dye to the electrode and
electrode to the electrical contact due to their vectorial nature.’ However, the DSSCs fabricated
using vertically aligned TNTA on Ti foils, as semiconducting electrodes’® are limited by the
need for illumination from the counter electrode side which reduces light intensity. In order to
resolve this issue, several research groups synthesized transparent TNTA films by anodizing Ti
thin films,**! especially those deposited on FTO coated conducting glasses. In this case, the Ti
films deposited on ITO/ FTO coated glasses are anodized to obtain TNTA thin films. The
preparation method is challenging as the deposited Ti thin films are anodized at high positive
potentials, which can lead to detachment of Ti film and degradation of the ITO/FTO coatings,
thereby reducing the overall conductivity. Several reports discuss these issues and their effect on

the photovoltaic performance.***°
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The photovoltaic characteristics of DSSCs fabricated using TNTA thin films on

conducting glasses as well as TNTA on Ti foils were investigated and compared in this section.

4.1.2. Experimental:

4.1.2.1. Solar Cell Fabrication and testing

Vertically aligned TNTA were synthesized by anodizing Ti foils and Ti thin films
deposited on FTO coated glasses at 40 V in ethylene glycol containing 0.5 wt% NH4F and 2.5
wt% H,0 for 2 h at room temperature as described in chapter 3. The TNTA were then annealed
at 400 °C to obtain anatase phase. The anatase TNTA were soaked in 0.5 mM Ruthenium |
pyridyl, N-719, dye® (solaronix, Switzerland, which absorbs light in the wavelength up to 750
nm) in 3:1 volume ratio of acetonitrile and ethanol, for 12 hours. The dye adsorbed TNTA were
then washed thoroughly with ethanol to remove the excess dye. The dye adsorbed film was then
sealed with the Pt counter electrode using surlyn thermoplastic seal (Solaronix, Switzerland) of
thickness 25 micrometers leaving a window area of 16 mm?. The Pt counter electrode was
fabricated by spin coating 3 mM aqueous H,PtClg followed by annealing at 400 °C for 10 mins.
The iodolyte electrolyte (Solaronix, Switzerland) was injected into the cell through a small hole
provided in the Pt counter electrode and the hole was sealed with a transparent tape. The device
was tested under red LED light (LXHL-ND98 Red Luxeon) of 1.6 and 0.66 mW/cm? intensities.
The photovoltaic characteristics of the device were obtained by applying an external potential
bias to the cell and measuring the generated current using a potentiostat (Autolab

PGSTAT302N).
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4.1.3. Results and Discussions:

4.1.3.1. Photovoltaic studies

Solar cells were fabricated using anatase TNTA on Ti foils and on FTO coated glasses.
The lengths of TNTA were 6.7 and 1.2 micrometer, for arrays grown on foils and conducting
glasses, respectively. The efficiency 7 of the DSSC fabricated using TNTA films on Ti foils and

FTO coated glasses were calculated, from the 1-V characteristics, using the equation

n= ]sc:.ocFF 1)
int

where Jg is the short circuit current density, V. the open circuit potential, FF the fill factor and

Pint is the incident light intensity in mW/cm?. The fill factor is calculated by the equation

FF= fmax )

ISCVOC
where Iy is the short circuit current and Ppax the maximum power obtained from the I-V plot.

The incident photon to current conversion efficiency (IPCE) was calculated using the equation

1239
IPCE= === ?3)

where 4 is the wavelength of the light energy used ( A = 625nm). For DSSCs fabricated using
TNTA on foils, the incident light was probed from the counter electrode side (back side
illumination) whereas, for those fabricated using transparent TNTA on FTO coated glasses, the
incident light was probed from the working electrode side (front side illumination). Figure 4.1
shows the photocurrent-voltage characteristics of the fabricated DSSCs under red light
illumination. Table 4.1 shows photovoltaic characteristics calculated from the I-V curves. The
efficiency of the DSSC fabricated using TNTA on foils and FTO glasses, though matches with

14, 15

the results published in the early stages of DSSC studies, are low compared to the results
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published in a recent study by Oommen et al.** The fill factor (FF), which is defined as the ratio
of maximum power (Pmax) to the product of the short circuit current (lsc) and the open circuit

potential (Vo), reflects the quality of the solar cell. The reduced efficiency can be ascribed to
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Figure 4.1a - b: The photocurrent-voltage characteristics of the TNTA on foils and thin films under red
light illumination of different intensities.

Material Film Light intensity Jse (Alcm?) Ve (V) Maximum FF n IPCE(%)
thickness (mwicm?) Power (%)
(um) (Prmax)

TNTA on Ti foil 6.9 0.66 929x10° | 0.32 | 1.21x10° | 0.26 | 1.2 28.7
1.6 112.0x10° | 0.36 | 1.57x10° | 0.24 | 0.65 | 138

TNTA on FTO 1.2 0.66 37.3x10° | 0.34 6.5x10° | 0.033 | 0.07 | 115
Glass 16 58.8x10° | 0402 | 2.56x107 | 0.076 | 0.11 | 7.2
Commercial 10 0.66 1.85x 10* | .550 5.5x 10 06 | 9.2 55
Tio; I‘;ZSFTO 16 379x10° | 596 | 11.6x10° | 058 | 7.8 | 4457

Table 4.1: The photovoltaic characteristics calculated from the 1-V curves

the low FF value obtained in the present case. The very low efficiencies / FF values, obtained in
the present study, can be attributed to the non optimized fabrication techniques, improper
adsorption of the dye on to the TNTA, limited tube length in the case of TNTA on FTO coated

glasses and inferior quality of the fabricated Pt counter electrode. In addition, reduction in the
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conductivity of the FTO coating due to its degradation by excess anodization and heat treatment
at 400 °C for improving the TiO, crystallinity cannot be ignored. Also no scattering layer was

introduced to increase the efficiency of the DSSC.

To ascertain the above said limitations of the cells, DSSCs were fabricated using TiO;
coated FTO glasses and Pt counter electrodes procured from Solaronix, Switzerland, with the
same dye and electrolyte employed before. The 1-V characteristics of the cell fabricated using
electrodes procured from Solaronix is given in Figure 4.2. Efficiencies of 9.2 and 7.8% were
obtained at light intensities of 0.66 and 1.6 mW/cm?, respectively. The difference in efficiency
compared to those obtained from DSSCs based on TNTA electrodes indicates the inferior quality
of the TNTA and Pt electrodes. This was further ascertained from the preliminary
electrochemical impedance spectroscopic (EIS) studies. The impedance spectra obtained for the
cells fabricated using indigenously made TNTA and Pt counter electrodes as well electrodes
procured from Solaronix, under 0.66 and 1.6mW/cm? light intensities as well as in dark are
given in Figure 4.3. From the figure it clear that the impedance of the cells fabricated, using
TNTA and Pt counter electrodes made in house, are very high implying their inferior quality for
application in DSSCs. Further studies are required to fabricate high efficiency DSSCs with

TNTA electrodes with improved fabrication and assembly procedures.
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Figure 4.2: The photocurrent-voltage characteristics of the cell fabricated using electrodes procured from
Solaronix under red light illumination, red line corresponds to the light intensity of 1.6 mW/cm?
and blue corresponds to the light intensity of 0.66mW/cm?.
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Figure 4.3a-d: Electrochemical Impedance spectra of (a) of the cell fabricated using electrodes procured
from Solaronix in dark; (b) of the cell fabricated using electrodes procured from Solaronix under
light illumination at different intensities, (c) and (d) of the cells fabricated using TNTA on foils
and thin films.
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4.2.Field Emission Studies of pristine and N-doped TiO, nanotube arrays
4.2.1. Introduction

Vertically aligned one dimensional nanostructures of semiconducting oxides are of much
interest because of their possible application as efficient point electron sources in electron filed
emitters. Generally carbon nanotube and nanowires has been widely explored due to its small tip
radius of curvature, high aspect ratio and mechanical toughness. However, residual oxygen
which is always present in the vacuum chamber can oxidize them causing reduction in the
efficiency. Since properties of TiO, are not affected by the residual oxygen in the vacuum

chamber, use of vertically aligned TiO, nanostructures is an alternative.

Field emission (FE) properties of TiO- are rarely investigated'’ prior to 2004, in spite of
its low work function (4.5 eV) compared to other popular FE materials such as ZnO (5.3 eV),
ZnS (7.0 eV) etc.'® However, successful syntheses of self aligned quasi one dimensional TiO,
nano-architectures with enhanced electrical properties, in thin film form, have attracted attention
in investigating the FE properties of TiO,. Field emission properties of aligned single crystalline
TiO, nanowires grown on Ti, Si and Au doped TiO,/Si substrates as well as that of self-aligned
TNTA are reported in the literature.®?* Enhancement in FE properties on N doping are also
reported®* 2°. The study by Liu et al ** is the only report on enhancement of FE properties of self-

12 after

aligned TNTA on N-doping prior to 2010. The FE enhancement observed by Liu et a
annealing the self aligned TNTA in ammonia atmosphere at 550 °C for 5 h was explained on the
basis of introduction of donor states below the conduction band minimum (CBM), due to the
presence of oxygen vacancies, and isolated localized N 2p state above the O- 2p dominant

valence band. Both these effects induced by the partial substitution of oxygen atoms by nitrogen

atoms in the anion sub-lattice. The chemical state of nitrogen in the doped sample was ascribed
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to N-Ti-O from the results of XPS. The N-1s BE obtained by them is 399.8 eV. Careful analyses
of the XPS data, based on the results obtained by several researchers, reveal that the N-1s BE of
399.8 eV obtained by Liu et al corresponds to any one of the species viz. surface adsorbed Ny,
surface adsorbed NO, bulk interstial NO?, interstitial Ny, interstitial N and interstitial NH.
Detailed XPS analyses of single crystals of TiO, (110) annealed in ammonia atmosphere, by
Diwald et al ?°, showed an N-1s BE of 399.6 eV and has been assigned to interstitial NH. A

recent XPS study, by Palgrave, Payne and Egdell ¥

on TiO; (110) annealed in ammonia
atmosphere at 550, 600 and 675 °C, and spectra acquired at 90° and 10° take off angles showed
the presence of an N-1s peak at 399.8 eV. They have ascribed the N-1s peak to interstitial
trapped nitrogen, N;. Their study also concluded that the presence of N; has little effect on the
band gap of TiO, and the observed band gap narrowing is almost entirely due to substitutional
nitrogen in the anion sub-lattice, No. In addition, several other researchers who have studied N-
doping by annealing TiO; single crystals in ammonia atmosphere in the temperature range 300 to
700 °C, have identified the N-1s peaks obtained in the range ~399 to ~400 eV as belonging to

interstitial nitrogen, N;. 2232

In view of the above, the assignment of N-1s BE value of 399.8 eV, obtained by Liu et al
from the XPS studies of vertically aligned TNTA annealed in ammonia atmosphere at 550 °C for
5 h, to substitutional nitrogen in the oxide ion lattice (N-Ti-O), and the explanation given for

enhancement in electron FE on N-doping warrants further investigation.

The FE enhancement on N-doping can be explained clearly if one can synthesize N-
doped TiO; corresponding to different N concentrations in the oxide ion lattice and study the

electron FE variation with the N concentration. In the present study, the FE properties of pristine
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and N-doped TNTA corresponding to different concentrations of nitrogen in the oxide ion lattice

are investigated.

4.2.2. Experimental

Pristine and N-doped anatase phase TNTA grown on Ti foils (size 10 mm x 20 mm) at 40
V for 2 h, as described in chapter 3, was mounted on a copper plate using silver paste. A flat cut
mirror polished molybdenum rod of 3.0 mm diameter was used as the anode. The whole unit was
housed in a vacuum chamber and pumped to 2 x 107 mbar. The positive terminal of a high
voltage source (2 kV) has been connected to the anode and the other terminal to the copper plate.
The gap between the anode and cathode was kept at 50 um. The FE current was derived
indirectly by measuring the voltage drop across the 500 kQ resistor while applying the voltage to
the anode in steps of 20V from 20V to 1650 V. The measured emission area was 0.07 cm?. The
schematic of the experimental set up is represented in Figure 2.8 of chapter 2.
4.2.3. Results and Discussions

Pristine and N-doped anatase phase TNTA grown on Ti foils at 40 V for 2 h and annealed
at 400 °C, which has the best surface morphology as described in chapter 3, was chosen for the
FE studies. The morphologies, crystal structure and composition of the samples used are given in
the chapter 3. The nitrogen concentrations (as nitrogen substituting oxygen in the anion sub-
lattice) of the doped samples, calculated from the XPS results, used for FE studies, are detailed

in chapter 3 and are 3.88, 4.12 and 4.74 at% .

The variation in emission current density with field, obtained from the FE experiments,
for TiO,.; and N-doped TNTA are shown in figure 4.4. From the plot, it is apparent that for TiO,.
s nanotube arrays the electron emission is insignificant and is detected only beyond 20 V / pum.

The N-doped samples exhibited an exponential-like behaviour which was found to be
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reproducible. For the N-doped TNTA, the electron emission was detected at much lower turn on
fields (the field at which the current first increases from the background) viz., 12.5, 10.4 and 7.1
V [ um at 3.88, 4.12 and 4.74 at% of nitrogen doping, respectively. The corresponding current
densities are greater than 33 pA / cm? The lower turn on values indicate that N-doping plays a
significant role in enhancing the FE properties. The emission field corresponding to 1 mA / cm?
for the N-doped TNTA of 3.88, 4.12 and 4.74 at% of nitrogen are 11.76, 14.61 and 20.43 V /
um, respectively. The electron FE current of the N-doped TNTA of 4.74 at% nitrogen was

studied at 28 V / um for 280 minutes and found to be stable.
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Figure 4.4: FE characteristics (current density Vs field plot) of the pristine as well as N-doped TNTA.

Liu et al obtained a turn-on field of 11.2 VV / um with current density of 10 pA / cm? for 9
at% nitrogen incorporated into TNTA. Though Liu et al did not observe N-1s BE values
corresponding to substitutional nitrogen, (in the range 396 to 398 eV) they obtained enhancement
in FE values. The enhancement can be attributed to oxygen vacancies generated on annealing of

TNTA in NH3 atmosphere as well as due to nitrogen incorporation into the interstitial locations.
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At a temperature > 550 °C, NHs is decomposed releasing H,. This reducing atmosphere can
cause partial reduction of TiO,%". In addition the results by Palgrave?” suggest that the presence
of interstitial nitrogen has little effect on the electronic structure modification / band gap
alteration in TiO,. The generation of oxygen vacancies on annealing in NH3; atmosphere is seen
from the O-1s spectra of annealed samples, obtained by Liu et al. The O-1s BE obtained by them
at 530 and 532 eV can be assigned to Ti*-O and Ti-(OH),-Ti bridge / (Ti(OH),0y,
respectively®>. The oxygen vacancies modify the electronic structure by introducing band gap
states, ~0.75 eV, below the conduction band minimum (CBM) and their population increases in

direct proportion with the defect density®*. This will enhance electronic FE.

The FE properties can be analyzed by the Fowler-Nordheim (F-N) tunneling model®*®

given by the equation

J o AP -BP
lnE2 = In p + 5 E

(4)

where j is the current density, E is the applied electric field, @ is the work function and f is the
field enhancement factor associated with the magnitude of the electric field at the emitting
surface and is given by S = Ejoca / E, Where Ejoca is the local electric field at the emitting
surface.®” A and B are constants with values of 1.54 x 10° (A eV / V% and 6.83 x 10° (V m™
eV, respectively. The work function @ of TiO, is 4.5 eV.*® Assuming the change in work
function, on creating intrinsic oxygen deficiency and N-doping, to be negligible, the field
enhancement factor B can be calculated from the F-N plot, ie; (In(j/E?)) against (1/E). The F-N
plots of N-doped TNTA, (In(j/E?) vs 1/E), corresponding to the j-E characteristics obtained in
this study (figure 4), above the turn-on field, are given in figure 4.5. The F-N plots show

deviation from linearity signifying the semiconducting nature of N-doped TNTA.
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The F-N plots for the 4.12 and 4.74 at% nitrogen doped samples can be divided in to
three regions, two regions of linear behavior separated by an intermediate region of higher slope.
In the case of sample with 3.88 at% N-doping, the intermediate region is still visible but not as
clear as in the former cases, the data points here can reasonably be fit into a straight line. It is
clearly seen that the intermediate region diminishes with decrease in nitrogen content. Different
slopes are related to different states where electron can only be emitted beyond their critical
fields.*® From the slope of the fitted straight lines the enhancement factor B can be calculated.
The enhancement factor S, of the N-doped samples is calculated from the respective slopes of the
linear sections at low field value which is claimed to be FN effective.*® The effective work
function, @e, defined as @ = @/ is then calculated from 2. The calculated B and @gs values
are given in Table 4.2. From Table 4.2 it is clear that the enhancement factor increases with
increase in the nitrogen content. Also the effective work function decreases with increase in
nitrogen doping. From the above observations, it can be concluded that the enhancement in the
FE is due to the nitrogen doping. A comparison of emission field corresponding to emission
current density of 1 mA / cm? obtained by various groups for different TiO, nano-architectures is

given in reference.”

The enhancement in the FE property of the N-doped TiO, compared to the pristine one is
ascribed to modification in the electronic structure resulting from N-doping. It is well known that
titanium dioxide is oxygen deficient and in TiO,.; oxygen vacancies form localized donor states
0.75 — 1.18 eV below the CBM.*** When oxygen vacancies are formed by the removal of
neutral oxygen atoms from the anion sub-lattice, the excess electrons left over in the crystal
lattice are redistributed among the nearest-neighbor Ti ions. This will increase the electron cloud

density on the Ti ions (Ti 3d orbital) by reducing the valance state from Ti** to lower states

133



Chapter 4

(Ti**). The populated localized donor states below the CBM, originated from the Ti 3d orbits,
increase with increasing oxygen vacancies, and can even overlap with the conduction band in the
case of highly oxygen deficient anatase TiO, thereby shifting the Fermi level to higher

energy. %%

In the case of TiO2.3yNyy, compared to TiO».5, there are additional oxygen vacancies due
to N-doping. This increases the band width of the localized donor states and the energy gap
between the localized donor states and CBM reduce to values below 0.75 eV (0.75 - A). It has
been shown from experimental results and first-principle calculations that substitution of oxygen
by nitrogen atoms in TiO, can create an isolated localized N-2p state above the O-2p dominant

valence band maximum (VBM).***°

From photo electrochemical studies, it has been shown that the localized N-2p state is
located at ~0.75 eV above the VBM.* The presence of localized donor states located at (0.75- A)
eV below the CBM and N-2p state at ~0.75 eV above the VBM will shift the Fermi level to
higher energies as compared to TiO,. Hence, compared to TiO,.5, the Fermi level in TiOz.3yNay
will be more close to the CBM. Since electron emission from a material to vacuum under the
influence of an electric field take place by tunneling of electrons lying below the Fermi level

52,53

through the potential barrier,”>° the rise in the position of the Fermi level will augment the FE

properties consequent to lowering of work function.
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Figure 4.5: F-N plot of N-doped TNTA.
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Sample Turn on field slope Enhancement factor Effective work
(V/um) () function (desr) €V
Undoped 20.25 -299.88 217.39 0.124
TiO,
TiOl_g5N0,115 10 -99.02 (hlgh f|9|d)
-65.47 (low field) 995.76 0.045
TiO184Ng.121 9.21 -33.29 (high field)
-64.50 (low field) 1010 0.045
TiO1813No 14 6.54 -14.85 (high field)
-24.17 (low field) 2696.00 0.023

Table 4.2: The F-N slope, enhancement factor (B) and effective work function (®gs) Of pristine and N-
doped TNTA thin films, calculated from the electron FE curves.

The F-N theory is strictly valid for metals when it was first derived in 1928.%° For
semiconductors, the theory of FE was deduced by R. Stratton in 1955.>* An earlier publication by
N. Morgulis have reported the effect of weak field penetration on electron emission from
conduction band and the approximate estimate for the emission from the valence band.>® Later a
theoretical analysis of FE by Baskin et al was also published.*® For large area FE, because of the
high density of individual FE sites, the local field F at the tip of the individual emission sites is
determined by its shape and size. In the case of one dimensional nanostructured semiconductors
like vertically aligned nano-wires and nanotubes etc., the local field at the tip is greater than the
applied field (E) and can be related to Ey (local field) by the following equation

E = BEy ®)
where the parameter f is called the "field enhancement factor" and is basically determined by the
aspect ratio of the nanotube. It has been reported in the literature as well as observed in the
present study that the F-N plots of vertically aligned one dimensional nano-structured
semiconductors show non linear behavior which can be attributed to different factors. The

aligned nanostructures have a strong local electric field at their tips due to their orientation
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parallel to the electric field direction. The effective work function, in these type of materials,
depends on the applied electric field and surface states leading to non linear behavior. Taking
this into consideration, the J-V relationship, according to the F-N theory which is applicable

strictly for metals, is modified for semiconductors as given in the following:

_AB2E? | -BFP1 | (—awS-awP)
J= ¢ B E 2kT (6)

where J is the emission current density, A and B are constant, ¢ is the work function, g is the
field enhancement factor, E is the electric field, 4% is the increase of surface barrier potential
for semiconductor nanostructures due to surface states and 4W” is the decrease of surface barrier
potential owing to field penetration.*® > In the present case, because of the large surface area of
vertically aligned TiO, nanotubes, the density of surface states will be high and the electrons
from the conduction band are trapped in the surface states raising the surface potential barrier. At
low fields the surface potential barrier dominates FE whereas at high electric fields the surface
potential barrier will decrease because of field penetration. Hence, linear regions with different
slopes are expected in the F-N plot. In the present study three regions could be observed. The
low field region corresponds to surface states dominated FE. In the high field region, the field
penetration breaks down the surface potential barrier increasing FE. In the intermediate region
both these mechanisms compete resulting in a different slope. In each region, the F-N plot varies
linearly and the corresponding slopes reflect the “B” value in that region. The effective work

function corresponding to each region is related to the corresponding enhancement factor 3.

From these studies it is clear that the electron FE of TiO, can be enhanced by
substitutional N-doping, as it results in creation of interband electronic states below the CBM
and above VBM thereby raising the Fermi level with consequent decline in work function.
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4.3. Wetting properties

4.3.1. Introduction

Surface wetting is an important property of materials and plays an important role in
nature and technology. The surface on which water droplets remain as almost perfect spheres
(contact angles > 150°) and rolls off without leaving any residue are termed as superhydrophobic
and the surfaces on which water droplets spreads completely (contact angles < 5-10°) are termed
superhydrophilic.>® Since the discovery of photo-induced hydrophobic to hydrophilic conversion
in TiO, layers / thin film surfaces by Wang and co-workers in 1997%°, TiO, coatings/thin films
have attracted wide attention as photo-functional materials for self-cleaning, antifogging,
antibacterial and stain-proofing agents.®®®* It has also been observed from contact angle
measurements of water droplets on TiO; thin film surfaces that the reversible hydrophobic <
hydrophilic conversion can be achieved by keeping the irradiated samples in the dark®*®. The
surfaces that are able to switch between superhydrophobic and superhydrophilic states are of

7

importance®® because of their potential application to enhance rapid water motion,®” improve

micro-fluidic devices®® and create smart membranes® and sensors.”

Based on the experimental results, research groups across the world have proposed
different mechanisms for the photoinduced superhydrophilicity of TiO,. Among those, the three
major ones are generation of surface oxygen vacancies, reconstruction of surface Ti-OH bond
and photocatalytic organic decomposition on TiO, surface.” The mechanism for the photo
induced hydrophobic < hydrophilic conversion was first proposed by Wang et al.®® In this
mechanism, the photo-generated holes diffuse to the surface and create surface oxygen
vacancies. The created surface oxygen vacancies cause reduction of Ti** to Ti** and this Ti**

facilitates dissociative chemisorption of molecular water at the oxygen vacancies leading to the
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generation of surface hydroxyl groups. The generation of surface Ti-OH groups results in
structural changes of the TiO, surface such that the intrinsically hydrophobic surface is
converted to hydrophilic.”>™* The reverse happens, as though slowly, when kept in dark due to

dehydration process. The overall process can be represented as’

02,hv=EBG
e —

=Ti-O-T= =Ti-OH HO-T= @)

dark

Sakai et al proposed another mechanism for Ti-OH generation in 2003, where the Ti-O bond is
lengthened and weakened by the diffused holes. The adsorption of water causes the bond rupture.
A proton is separated and a new OH group is built resulting in singly co-ordinated two OH
groups. A different mechanism for photo induced hydrophilicity proposes the migration of
photo-generated holes and electrons to the surface followed by destruction of very small amount

of hydrocarbons, responsible for the hydrophobicity, present on the surface, by the reaction”®

Hydrocarbons + O, ——— minerals (such as CO, and H,0) (8).
hvz=3.2eV

Once the hydrophobic organics are removed, the surface turns hydrophilic. The slow
reconversion to hydrophobic surface, when kept in the dark is explained on the basis of re-
contamination of the hydrophilic surfaces by air-borne hydrophobic organics.®* The ability of
TiO, surfaces to photocatalytically degrade water and air pollutants coupled with its
superhydrophilicity forms the basis for making self cleaning surfaces. To date there are only few
reports on synthesis, characterization and reversible hydrophobic <> hydrophilic switching

behavior of TiO, thin films.%%628%77-7

Recently, in 2009, Takahashi and Yui® analyzed the surface OH groups on the rutile
TiO, surface by Polarization Modulation Infrared External Reflection Spectroscopy (PM-IER)

under atmospheric conditions and proposed a mechanism for the surface wetting of TiO,. Even
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though they could locate the surface hydroxyl groups on (110) and (100) surface (bridging
oxygen sites) of rutile TiO,, they didn’t observe any increase in the surface hydroxyl groups after
UV irradiation. They proposed that the observed hydrophilicity is not due to the generation of
surface T-OH species but to the enhancement in hydrogen bonding between the water molecules
/ water molecules and OH species on TiO; surface due to the presence of intermediates such as
hydrogen peroxide (H,O,) and hydronium ions (HsO") produced by photo generated holes and /

electrons.

Studies on photo induced hydrophilicity as well as reversible hydrophobic <> hydrophilic
switching behaviour of TNTA were carried out by Patric Schmuki’s group.?® They have
observed that the surface wetting properties of nanotube arrays is a strong function of tube
diameter® and can be altered using organic monolayer coating coupled to UV irradiation.®®
Recently Kontos et al systematically correlated the morphological characteristics of
electrochemically synthesized TNTA with UV-induced superhydrophilicity®. They have
modeled the wetting and UV-induced superhydrophilicity by combining the Cassie-Baxter mode
with Wenzel mode. Recently another report detailing synthesis as well as visible light assisted
reversible hydrophobic <> hydrophilic switching behaviour of N-doped TiO, thin films has been

reported™®.

The present section discusses photo-induced hydrophobic to superhydrophilic conversion
of vertically aligned pristine and substitutional N-doped TNTA, correlation between morphology
and photo-induced hydrophilicity as well as their reversible hydrophobic <« hydrophilic
switching behaviour. The reversible hydrophobic to hydrophilic properties exhibited upon UV

and sun light irradiation were studied and compared. Following the study by Kontos et al®* the
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photo-induced superhydrophilicity was modeled by combining the Cassie-Baxter model with

Wenzel model.

4.3.2. Experimental

Contact angle experiments were carried out on pristine and N-doped TNTA synthesized
according to the procedures as explained in chapter 2, in an ambient environment, using a
contact angle meter equipped with CCD camera (Holmarc, HO-IAD-CAM-01, India). An
ultraviolet lamp (Philips, TUV, 8W) was employed as the UV light source. The intensity of the
light incident on the film was 1.4 mW/cm?. The intensity of the sunlight was 44 mW/ cm?.
Before contact angle measurements, the TNTA were stored in a vacuum desicator under dark.
The sessile drop method was used for the contact angle measurements. Distilled water was used
as the water source and the volume of the water droplets dispensed was approximately 2-3 pl.

From the acquired images, the contact angles were measured using Image J software.
4.3.3. Results and Discussions

The FESEM images of the N-doped TNTA are given in figure 4.6(a-e). The inset in each
micrograph shows the corresponding water contact angle. Figure 4.6f is the cross sectional
micrograph of the N-doped TNTA revealing the tubular structure. The tube parameters evaluated
from the FESEM images (figure 4a-e) using image analysis software is given in table 4.3. The
water contact angles obtained, before light irradiation, for vertically aligned pristine and N-doped
anatase TNTA are ~140 and ~125°, respectively. These are high compared to those reported in
the literature for pristine TNTA.2%® It can be seen from Table 4.3 that the aspect ratio of the

nanotubes especially the tube diameter varies with the synthesis voltage.
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No Applied Voltage Diameter Wall thickness Height Intertubular ~ surface

V) (D) nm (W) nm (h) nm distance density

onm  p (/um?)
1 20 47.7 4.23 2.39 13.67 193
2 30 71.45 4.9 2.69 22.26 93
3 40 97.41 7.9 6.8 29.8 62
4 50 105.88 8.46 8.3 38.5 50
5 60 128.68 10.8 13 31.76 30

Table 4.3: The tube parameters evaluated from the FESEM images using image analysis software.

Surface density ‘p’ is the number of nanotubes per square micrometer of the anodized Ti surface

Figure 4.7 depicts the change in contact angle of N-doped TNTA with tube diameter. In

the case of N-doped TNTA, with tube diameters in the range 45 to 100 nm, the observed contact

angles are around 125°. For arrays comprising of tube diameters of ~106 and ~130 nm, the

observed contact angles are ~92 and ~53°, respectively (Figure 4.6). The relatively high contact

angle values despite the presence of very large porosity can be due to the cushion effect provided

by air trapped in the vertically aligned nanotubes, which prevent the water droplet from

penetrating into the tube. As tube diameter increases a decrease in cushion effect is expected and

hence the reason for the low contact angle values observed in the case of nanotube arrays

consisting of nanotubes of ~106 and ~ 130 nm diameters (nanotube arrays synthesized at 50 and

60 V, respectively). In addition, the formation of precipitates on the top surface, observed in

samples synthesized at 50 and 60 V plays a role (Figure 4.8).
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Figure 4.6a-e: The surface topography of the N-doped samples synthesized at (a) 20, (b) 30, (c) 40, (d)
50 and (e) 60 V and annealed at 400 °C for 2 h. inset shows image which reveals the water contact angle
with increase in diameter and (f) Typical cross sectional FESEM image of the annealed sample.
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Figure 4.7: The variation in contact angle with tube diameter for N-doped TiO..
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Figure 4.8: The FESEM micrographs of the samples anodized at 50 and 60 V (reveals the formation
precipitates on the surface)

According to the Cassie and Baxter relation,® &

the contact angle can be calculated using the
equation:
Cos ©° = f,Cos O — f, )

where ©%* is the real contact angle, O is the contact angle on surface of the smooth anatase TiO;
(70°)°, £, is the fraction of the surface area made up of solid TiO,. This fraction corresponds to
the TiO, surface area containing the nanotubes with respect to the total surface area of the
sample including inter-tube voids and circular openings, f, refers to surface fraction occupied by
air and is equal to (1-f5).

From the nanotube parameters obtained from FESEM images, fs values were calculated using the

equation:®

_ 2nao(ow+D)
fs = V3(D + 20 +x)2

(10)

where @, D and x are average tube wall thicknesses, inner diameters and spacing between tubes,

respectively. The factor f; can also be calculated using the expression®*
D D
fe = mp[G + @?- (37 (11)
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where p is the tube density (number of tubes/unit area) obtained from FESEM images and *f; is
the fraction of the surface area made up of solid TiO; obtained from tube density (eqn. 11) . The
fs and *fs values were obtained for the samples of different tube diameters (samples synthesized
at different voltages), by using equations 10 and 11. The measured contact angles and contact
angles calculated using the Cassie and Baxter relation (egn. 9) employing the fs and *f; values are

given in table 4.4.

Applied CA measured fs *fs CA calculated using  CA calculated using
Voltage(V) (degree) fs *fs
20 131 0.1634 0.1280 137.217 142.341
30 121 0.1266 0.1066 142.560 145.749
40 125.3 0.1479 0.1584 139.396 137.904
50 92 0.1299 0.1582 142.055 137.930
60 53 0.1648 0.1433 137.025 140.054

Table 4.4: The measured contact angles and those obtained from the Cassie and Baxter relation using the
fs and *f; values. Contact angles was calculated using the equation Cos 6* = f; Cos O - f, Where
©* is the real (measured) contact angle, f; is the fraction of the surface area made up of solid and is
calculated from the equation, f; = 2z w(w + D) / 3¥% (D + 2w +x)? where *f,  calculated using the
equation*f, = zp [((D/2) + w)* — (DI2)*]

The measured and calculated contact angle values for nanotube arrays of tube diameters
48, 71 and 97 are in good agreement. The deviation in contact angle values for arrays consisting
of large diameter nanotubes (106 and 130 nm) can be due to the presence of precipitate on the

surface (Figure 4.8) and reduction in air cushion effect because of large pore size.

Since in the present study, the nanotube arrays were synthesized in an organic medium,
contamination of surfaces by organics is suspected even though the nanotube arrays were

annealed in air at 400 °C for 2h. Hence, the samples were irradiated with high energy UV light (A
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= 250 nm, 1.4 mW/cm? for 10 h to remove the adsorbed organics responsible for
hydrophobicity, if at all present in trace level. After 10 h of irradiation, the TNTA of different
tube diameters showed superhydrophilicity (contact angle < 5°). The irradiated superhydrophilic
samples were then stored in dark, in a vacuum desicator for weeks, intermittently taking out
samples to measure the water contact angle. The investigations revealed that the initial
hydrophobic state of the N-doped samples was recovered after 30 days. Whereas for the pristine
samples, recovery of hydrophobic state was attained within 16 days. For further studies pristine
and N-doped TNTA synthesized at 40 V and annealed in air at 400 °C for 2 h were chosen. The
rationale behind the selection of samples synthesized at 40 V is that, out of all the samples
synthesized at various voltages, the samples synthesized at 40V have the maximum surface
uniformity and homogeneity in terms of tube diameter, inter tube spacing and tube wall

thickness.

The images of water droplets and variation in contact angle with time left in dark, after
10 hours of UV irradiation, for pristine and N-doped TNTA are shown in Figure 4.9 and 4.10.
The recovery rate calculated from the plots, for the pristine and doped samples are 0.144 and
0.053° per day, respectively. The variation of water contact angles of the pristine and doped
samples were measured with irradiation time till all the samples reached the superhydrophilic
state. Figure 4.11 shows the change in contact angle with UV irradiation time. From figure 4.11
it is clear that both pristine and N-doped samples attained superhydrophilic state in 15 minutes.
The contact angle decay depicts two distinct regimes viz. hydrophobic and hydrophilic. In the
hydrophobic regime the variation is almost linear and change in contact angle is minimum,
whereas it is exponential in the hydrophilic region. The change in contact angle in the

hydrophobic regime is much less pronounced and its variation remains almost linear.
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Figure 4.9: Images of water droplets, on pristine and N-doped TNTA, showing increase in contact angle
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Figure 4.10: Increase in contact angle with time left in dark (after UV irradiation for 10h), for pristine

and doped samples.

Thereafter it is not considered for kinetics study. The kinetics of the contact angle decay in the

hydrophilic regime can be fitted using an exponential expression.®*%®

0 =0, ek (12)
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The value of the kinetic constant, k, for the contact angle decay under UV irradiation obtained
for pristine and N-doped samples, from the plots (figure 4.11), are 0.57° min™ and 0.67° min™

respectively.
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Figure 4.11: The variation of contact angle with UV irradiation time for pristine and N-doped TiO,.

After attaining the superhydrophilic state, the samples were kept under dark condition
and contact angles were measured intermittently to study the recovery to the initial hydrophobic
state. The contact angles slowly increased with time, and the pristine and N-doped TNTA
regained its hydrophobic state within 2 and 4 days, respectively. The increase in contact angle
with time kept under dark can be fitted to an exponential function:

O = 0O, + Ae Fkrect (13)
as shown in Figure 4.12. The value of the kinetic recovery constant, k¢, obtained from the plot,
for the pristine and N-doped samples are 1.07 x 10° and 1.01 x 10 min™, respectively. The
reversible hydrophobic < superhydrophilic transition was studied several times to establish the
reversible hydrophobic < superhydrophilic switching capability of pristine and N-doped

samples. The observed switching pattern is given in Figure 4.13.
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Figure 4.12: The increase in contact angle with time kept under dark after 15 minutes of UV irradiation
for pristine and N-doped TiO..
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Figure 4.13: The reversible hydrophobic <> super hydrophilic switching capability of pristine and N-
doped samples under UV/ dark

Since the results of diffuse reflectance spectroscopic studies (chapter 3) indicated visible light
absorption by N-doped samples, the sun light induced hydrophobic — superhydrophilic

transitions and reversible hydrophobic <> superhydrophilic switching behavior of N-doped
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samples were studied. The N-doped sample attained superhydrophilic nature in 90 minutes of
sun light irradiation and recovered its initial hydrophobicity in two and a half days, when kept in
dark. Figure 4.14 depicts the variation of water contact angle with time of sun light irradiation
and increase in contact angle with time left in dark (after sun light irradiation for 90 minutes),
respectively. The contact angle decay under sun light and recovery with time kept under dark can
be fitted with exponential functions

O = O, e ksunt (14)

O = 0, + Ae kdarikt (15)
respectively. The value of the kinetic decay constant (ksyn) and recovery constant (Kqark) Obtained
from the plots are 0.06 and 1.01 x 10°® min™, respectively. Figure 4.15 shows the reversible
hydrophobic <> superhydrophilic switching behaviour on exposure to sunlight / dark. The
reversible hydrophobic to superhydrophilic switching behaviour, upon sun light irradiation
followed by storage in the dark, indicate their potential use as visible light active smart
membranes. The mechanism behind the hydrophobic < superhydrophilic switching can be
explained on the basis of the various mechanisms given in the literature. As mentioned in the
introduction, no single mechanism is capable of explaining all the experimental results. Hence, a
combination of mechanisms (photocatalytic decomposition of adsorbed organics and photo

induced surface reconstruction) are considered.®*%
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Figure 4.14: (a) the variation of water contact angle with time of sun light irradiation and (b) increase in

contact angle with time left in dark (after sun light irradiation for 90 minutes).
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Figure 4.15: The reversible hydrophobic «<» super hydrophilic switching behavior of N-doped TiO, on

exposure to sunlight / dark.

In the case of stoichiometric TiO, and TiO, with negligible oxide ion vacancies, it is

quite appropriate to state that, the photo generated holes after migrating to the surface take part
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in the destruction of adsorbed organics and reaction with oxide ions generating surface O% ion
vacancies. The generated oxygen vacancies at the surface take the form of missing oxide ions in
the bridging oxygen row (bridging oxygen vacancies i.e. Ti - Vo — Ti) leading to the formation of
coordinatively unsaturated Ti** ions. These Ti*" ions constitute distorted coordination geometry
because of adjacent oxide ion vacancies. These have a tendency to form additional coordination
and therefore, the oxygen vacancies act as adsorption sites for water molecules. The water
molecules adsorbed at the bridging oxygen vacancies are dissociated into OH and H. The OH
group fills the oxygen vacancy to form Ti — OH — Ti / Ti-OH HO-Ti' The surface reconstruction
along with increase in number of the surface OH groups enhances hydrophilicity. In short, upon
irradiation with photons of suitable wave-length, the adsorbed organics are photocatalytically
destroyed and TiO, surface structure gets reconstructed with increased number of hydroxyl

groups, resulting in hydrophobic to superhydrophilic conversion.

In the case of TiO, having considerable oxide ion vacancies, for example reduced TiO;
and N-doped TiO,, water dissociatively chemisorbs in the bridging oxygen vacancies creating
hydroxyls, as described above. Hydroxylation at the bridging oxygen vacancies was elucidated
by Wendt et al from the results of scanning tunneling microscopic studies and density functional
theory calculations carried out,”™ on reduced rutile TiO, (110) surfaces which were not subjected
to photo irradiation. That means, in case of reduced or suitably doped TiO,, the surface is already
hydroxylated, and upon irradiating with photons of suitable wave length, the resulting increase in
number of hydroxyl groups and surface reconstruction due to the photo generated holes may not
be the major contributing factor towards the hydrophobic to hydrophilic conversion. A recent
study by Takahashi and Yui on the analysis of OH groups on TiO, single crystal surfaces (110),

(100) and (001) with polarization modulation infrared external reflection spectroscopy (PM-IER)
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did not detect any remarkable increase in the number of surface OH groups to account for the
increase in observed hydrophilicity.?® Based on their results of PM-IER studies on (110), (100)
and (001) surface before, during and after UV irradiation, they explained the photo induced
hydrophilicity owing due to the generation of intermediates such as hydrogen peroxide (H205)
and oxonium ions (HsO"), by the photo generated holes and / or electrons, which enhance
hydrogen bonding between adsorbed water molecules, leading to an increase in the amount of

adsorbed water and enhancement of wettability.®

In view of the above discussions, it can be stated that, photocatalytic destruction of
adsorbed organics and the surface reconstruction due to the generation of bridging hydroxyl
groups, and enhancement of hydrogen bonding between the adsorbed water molecules due to the
generation of intermediates such as H,O, and H3O" by the photo generated electrons/holes

contribute to the hydrophobic to hydrophilic conversion.

Based on the results of present investigation, it is inferred that in the case of pristine and
N- doped TNTA a combination of the above mentioned mechanisms play a vital role. It is well
understood that, compared to pristine TiO, N-doped TiO, samples have higher oxygen vacancy
fraction and hence greater fraction of surface OH group. This was confirmed from the analysis of
the O-1s peak of pristine and N-doped TiO,, obtained from the X-ray photoelectron
spectroscopic studies (Table 4.5). Because of the presence of more number of surface OH
groups, the enhancement in hydrogen bonding between adsorbed water molecules and the
surface hydroxyl groups as well as the bonding between the adsorbed molecules, due the
photogenerated intermediates (H,O, and H3O"), play a role in the enhancement of wettability and

therefore a low contact angle.
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Element  Chemical environment  Binding Energy  Doped TiO, Pristine TiO,
of each element (eV) Atom fraction Atom fraction
o) O-Ti(+4) 530.5 0.126 0.090
O-Ti (+3) 530.9 0.354 0.430
HO-Ti(+3,+4) 531.9 0.152 0.113
Ti Ti (+4)-0 459.4 0.204 0.254
Ti (+3)-0 458.0 0.081 0.062
Ti (+3)-OH 456.9 0.032 0.018
Ti (+2)-0 455.6 0.012 0.007

Table 4.5: Atomic fractions of each element in different oxidation states

The plots (Figure 4.11 and Figure 4.14a) representing the contact angle variation with light
irradiation, for the pristine as well as N-doped samples, consist of two regimes viz. a
hydrophobic to hydrophilic and a hydrophilic to superhydrophilic regimes. The first regime can
be ascribed to the effect of surface reconstruction because of the generation of bridging hydroxyl
groups, and enhancement of hydrogen bonding between the adsorbed water molecules. In this
regime the variation of water contact angle with irradiation time is very slow. The second regime
can be ascribed to the effect of photocatalytic organic decontamination (air born pollutants). In
the case of N-doped TNTA because of the presence of more number of surface hydroxyl (Ti-
OH) groups due to doping generated oxygen vacancies, the major contribution towards initial
hydrophilicity can be considered to be from enhancement of hydrogen bonding between the
adsorbed water molecules / water molecules and surface OH groups. The recovery of the initial
hydrophobic state when kept in dark is due to the adsorption of air borne organics and desorption

of intermediate species / molecular water.
4.4. Conclusion

In summary, the solar cell performance of the TNTA on Ti foils and FTO coated glasses
were investigated. The deterioration of the FTO film upon anodization resulted in the incomplete

anodization of Ti thin film and therefore limited length of the nanotubes (~1 micron). In
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addition, the annealing of anodized samples at 400 °C deteriorated the film transmittance. A low
fill factor due to improper dye attachment was also observed. These shortcomings limited the
photovoltaic performance of the TNTA on FTO glass. Whereas in the case of TNTA on Ti foils,
the low fill factor, inferior quality of the Pt counter electrode and reduction in light intensity due
to illumination from the counter electrode side contributed to the inferior photovoltaic
performance. Once all these limitation are overcome, it is expected that TNTA will be a

promising candidate material for the third generation solar cells.

The enhancement in electron FE of TNTA with N-doping and variation of electron
emission with concentration of substitutional nitrogen was studied. The emission current was
found to be stable over a duration extending to 5 hours. Systematic variation in electron emission
with increase in N-doping confirms the role played by substitutional nitrogen in FE
enhancement. The enhancement of FE properties on N-doping arises due to the presence of
localized donor states, with higher band width, located at energy levels close to CBM compared
to that of TiO, and N-2p state above the VBM leading to a shift in Fermi level to higher energies

compared to TiO,.

Nearly superhydrophobic pristine (contact angle = ~140°) and N-doped TNTA (contact
angle = ~125°) were synthesized electrochemically. The hydrophobic to superhydrophilic
conversion of the N-doped nanotube arrays of different tube diameters under UV as well as sun
light were studied and compared with pristine TNTA synthesized under similar conditions. The
doped nanotube array surfaces were more hydrophilic. The hydrophobic to super hydrophilic
conversion was found to be faster for doped samples. Whereas, the time taken for reverting to the
initial hydrophobic state when left in dark was less for pristine TiO, samples. The results confirm

the superiority of N-doped TiO, over pristine TiO, for use as antifogging / self cleaning coatings.
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Chapter 5

Synthesis of Pristine, N and C co-doped TiO, nanotube powders by Rapid

Break down Anodization Technique and their characterization

Self aligned nanotube arrays are advantageous because of their vectorial electron
conduction compared to nanotube powders. However, in certain applications like hydrogen
generation by photolysis of water, destruction of organics and microbes in water, powders are
advantageous as these can be suspended in the media facilitating better light harvesting
capability and superior reaction kinetics. In addition, the powders can be doctor bladed / screen
printed on to suitable substrates for various applications. The present chapter discusses
electrochemical synthesis of pristine and doped TiO, nanotubes in the powder form and their

subsequent characterization.
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5.1. Introduction

Nanostructured TiO, is an important candidate material for fabricating functional devices
for various applications in energy and environment. Hence its production in a cost effective,
tunable and easily controllable manner is of scientific and technological interest. Classical
methods to produce nanoporous and nanoparticulates of TiO, include sol-gel and hydrothermal
synthesis. As detailed in chapter 3 and the references mentioned therein, electrochemical
anodization is an excellent technique to synthesize self aligned TiO, nanotubes. These self
aligned nanostructures have limitations in photocatalytic applications such as organic
degradation and hydrogen generation where large area exposure is needed for light absorption
and reactant adsorption. Therefore, nanotubes in the powder form, which can be dispersed in the
medium containing the reactants, are generally preferred. It is a common practice to synthesize
self aligned TiO, nanotubes by anodizing Ti in fluoride ion containing electrolytic medium.
Extending this synthesis method in chloride ion containing medium, Hahn et al synthesized
nanotube powders of TiO, and WOj in sodium per chlorate and perchloric acid media.® In 2009,
Fahim and Sekino synthesized nanotubes of TiO, in powder form by electrochemical anodization
technique using Ti foils in perchloric acid and sodium chloride / sodium phosphate media and
this electrochemical approach was termed as rapid break down anodization technique.’ They
obtained X-ray amorphous TiO, nanotube powders, which on heating crystallized into anatase
phase in a temperature range 300 — 500 °C. Heating beyond 500 °C resulted in anatase to rutile

phase transformation.

It has been reported recently that the visible light activity of TiO, can be enhanced by
nitrogen doping which is already explained in chapter 3. The enhancement in photocatalytic

activity can be further improved by C and N co-doping.>> Chen et al reported that TiO, shows an
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efficient photocatalytic activity by substitutional doping of carbon and nitrogen in the oxygen
lattice. The carbonaceous species formed at the TiO, surface during C-doping are potential sites

for adsorption of organic molecules.

The present study describes the synthesis of high surface area TiO, nanotube powders,
having wall thickness, pore diameter as well as particle size less than those reported by Fahim
and Sekino?. In this study anatase - TiO, nanotube powders were obtained in as prepared state.
Anodization was carried out at 10 and 20 V in perchloric acid medium at room temperature.
Structure, morphology and optical properties of the as prepared and annealed samples as well as
the annealing temperature limit for maintaining the tubular morphology and phase purity were
investigated. Further, synthesis of C and N- co-doped anatase TiO, nanotube powders were
carried out by anodizing Ti foil in a highly oxidative electrolyte (0.1 M HCIO,) containing urea

as C and N source.

5.2. Experimental details

5.2.1 Synthesis of TiO, nanotube powders

Preparation of electrodes (Ti and Pt) was carried out according to the procedures
mentioned in chapter 3. Reagent grade perchloric acid was chosen as the electrolyte. The
titanium foils and the platinum cathode were connected to electrical leads by means of crocodile
clips and dipped into the electrolyte solution (0.1 M perchloric acid). Two anodization
experiments, one at room temperature (10 and 20V) and the other at ~ 2 °C (20V) were carried
out. The variation of current with time, during anodization, was recorded using a computer
controlled digital multimeter. Anodization was continued until the Ti foil completely

transformed into TiO, powder. The white powders obtained after anodization at 10 V (26 °C),
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20 V (26 °C) and 20 V (2 °C) were named as NP1, NP2 and NP3, respectively. These powders
were washed several times with de-ionized water, centrifuged and dried overnight at 50 °C in a
Petri dish. The samples were then annealed at 400, 500, 600 and 700 °C, at a heating rate of 3°
per minute, for two hours and then cooled slowly. For the synthesis of C and N co-doped TiO,
nanotube powders Ti foils are anodized in 0.1 M perchloric acid containing 3.75 wt% urea.
These powders were washed several times with double distilled water, centrifuged and kept in a
Petri dish over night for drying. The undoped and doped TiO, samples were analyzed using

different microscopic and solid state characterization techniques.

5.2.2. Characterization

Field Emission Scanning Electron Microscopic, XRD, micro Raman, Diffuse reflectance,
XPS analyses of the pristine and doped TiO; nanotube powders were carried out as described in
chapter 2. The surface areas of the samples were measured by Brunauer Emmet Teller (BET)
adsorption method (Sorptomatic 1990, Thermo Electron Corporation, US), using nitrogen gas as
an adsorbate. The transmission electron microscopic (TEM) analyses of the samples were carried
out TEM equipment, make Philips, Netherlands. The samples for TEM studies were prepared by
placing a drop of nanotube powder suspension in methanol on a carbon coated copper grid and
allowing it to dry. The crystal structure of the nanotube powders were obtained from Selected
Area Electron Diffraction (SAED) pattern. The photoluminescence (PL) measurements were
carried out using the Jobin Yvon-Spex make Spectrofluorometer (Fluorolog version-3; Model
FL3-11) with 450 W high pressure xenon arc lamp as an excitation source. PL excitation and
emission spectra were acquired at room temperature for a spectral resolution of 0.2 nm and slit

width of 0.25 mm.
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5.3. Results and Discussions

5.3.1. Synthesis and characterization of Pristine TiO, nanotube powders
5.3.1.1. Potentiostatic transient and nanotube formation

The variation of current with time during the electrochemical processes is shown in Figure
5.1. During initial stages of anodization, formation of a white layer of titanium dioxide was
observed on the surface of the Ti metal, which started breaking down into the electrolytic

solution as white powders. The anodization reaction can be represented as

2Ti + 2H,0 —>  2TiO, + 4e + 4H" 1)
The rate of oxide formation is faster in the initial stage. The initial white TiO, layer formed on
the metal surface started dissolving because of electrochemical etching by chlorine species
giving rise to the formation of pits. The subsequent inward migration of oxide ions resulted in
the formation of a thick porous layer of TiO, leading to reduction in current. In addition, the
chlorine species etched the Ti metal causing dissolution of Ti as [TiCl]*. The electrochemical
etching of Ti metal facilitated the easy breakdown of the oxide layer. Because of the high
mechanical stress existing between the metal and metal oxide interface, originating from
mismatch in crystal volume, a small disturbance is good enough to remove the metal oxide layer.
This disturbance was provided by chemical reactions in the electrolyte, strong bubbling in the
solution due to hydrogen evolution at the cathode and local turbulence arising from magnetic
stirring of the solution. The periodic release of oxide layer continued until the complete
conversion of Ti metal to TiO,. The current — time profile of the room temperature anodization
performed at 10 and 20 V (Figure 5.1) are similar except for the current magnitude and time
duration at each stage. The differences can be attributed to the change in kinetics with applied

potential. During room temperature anodization at 20 V, the electrolyte bath temperature
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increased by ~15-18 °C whereas, the rise in temperature was only ~3 °C at 10 V. The relatively
large rise in temperature, at 20 V, led to increase in current. In addition, the breakdown of
titanium oxide layer started within minutes of anodization exposing fresh metal surface, whereas

the onset as well as rate of oxide layer breakdown was slow at 10 V.
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Figure 5.1: Variation of current with time during anodization
In the case where applied voltage and electrolyte temperature were 20 V and ~2 °C,
respectively, the current increased slowly and then decreased very slowly until the Ti metal was
completely oxidized to TiO,. The slow change in current with time is because of the slow
reaction kinetics at low temperature. The surface area of the sample calculated from BET

adsorption plot is 155 g/m>.

5.3.1.2. Field emission scanning electron microscopic studies
The FESEM images of the TiO, powder samples NP1, NP2 and NP3 are shown in Figure
5.2. The images reveal clusters of nanotubes of high aspect ratio. The SEM images indicate that

changes in the experimental conditions did not change the morphology but the growth rate.
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Figure 5.2a-c: FESEM images of the TiO, nanotube powders synthesized at different conditions (a) 10V
and ~26 °C (NP1) (b) 20V and ~26 °C (NP2) and (c) 20V ~2 °C (NP3)

The growth rate diminished with decrease in temperature as well as applied potential. The outer
diameter of the nanotube was about 18 nm and the length was approximately 5 to 10 um.
Though the tube walls appear smooth with nanoparticles sitting on it, a close observation of the
micrograph reveals that the walls consist of nanograins. The diameter of the tube increases in the
order NP1 (10 V, 26 °C) < NP3 (20 V, 2 °C) < NP2 (20 V, 26 °C). Figures 5.3 and 5.4 show the
typical FESEM images of the nanotube powders annealed at different temperatures. An increase
in particulate like morphology was seen after annealing and the particle size increased with
increase in annealing temperature. The nanograins / nanoparticles that constitute the nanotube

walls became conspicuous on annealing.

Figure 5.3a—c: FESEM images of NP1 samples annealed at different temperatures. (a) 400 °c, (b) 500 °c,
(c) 600 °c
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Figure 5.4a—c: FESEM images of NP1, NP2 and NP3 samples annealed at 700 °C.

The SEM images of the samples (NP1) annealed at 400 °C and 500 °C reveals that the
overall morphology of the samples is retained, although the nanograins which constitute the tube
walls are clearly visible (Figure 5.3a and 5.3b). The SEM image of the samples (NP1) annealed
at 600 °C shows that the nanotubes start to disintegrate to particles resulting in a morphology
having both nanotubes and nanoparticles (Figure 5.3c). Similar features are seen in the case of
NP2 and NP3 samples annealed at 400, 500 and 600 °C. Figure 4 depicts the SEM images of the
samples (NP1, NP2, NP3) annealed at 700 °C. An increase in disintegration of tubular
morphology in the ascending order NP1 < NP2 < NP3 is discernible.
5.3.1.3. Transmission electron Microscopic studies
The TEM image of the as prepared sample (NP1) revealing the tubular microstructure of the
powders is shown in figure 5.5a. The tubes are of uniform width measuring about 15 to 18 nm in
diameter. The inner diameter of the tubes varies from 5 to 8 nm and the wall thickness is about 5
nm. Similar images were obtained for NP2 and NP3 samples. Figure 5.5b shows the SAED
pattern of sample NP1, the different (hkl) planes were identified as (101), (103), (105), (204) and
(116) of anatase phase. TEM studies were also carried out for the annealed samples of nanotube
powders synthesized at 10V (NP1). The tubular nature as observed in the case of as prepared

samples were not clearly seen in the case of annealed samples.
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Figure 5.5a-b: (a) TEM image of the TiO, nanotube powders synthesized at 10V (~26° C). (b) SAED
pattern of NP1 (as prepared)

Figure 5.6a—b: TEM images (a) NP1 annealed at 600 °C (b) NP1 annealed at 700 °C (shows complete
destruction of tubular morphology). Figure 6b: SAED pattern of the NP1 annealed at 700 °C

The TEM image of sample annealed at 600 °C (Figure 5.6a) shows linear array of
nanograins indicating tube collapse. At 700 °C, the tubular morphology is completely lost
resulting in the formation of nanograins distributed in random, as shown in Figure 5.6b. The

results obtained from the TEM results are in agreement with the SEM observations. The SAED
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pattern (Figure 5.6c) of the sample annealed at 700 °C reveals that the sample is comprised of
rutile phase in agreement with the XRD results given below.
5.3.1.4. Powder X-ray diffraction studies

The crystalline nature of the as prepared samples is further confirmed by XRD. Figure
5.7 depict the XRD pattern of the as prepared samples. The pattern matches well with that of
anatase phase. The presence of broad peaks indicates that the crystallite size is in the nanometer
regime. The crystallite size calculated for the samples NP1, NP2 and NP3, using Scherer
formula, are 10, 13 and 12 nm, respectively. The microscopic and XRD studies confirm the
formation of anatase phase of nanotube powders by electrochemical synthesis, without any
additional post annealing requirement. The XRD patterns of the as prepared and annealed NP1

samples are shown in Figure 5.8. From the XRD patterns, it is clear that the anatase phase is

B A A- Anatase

Intensity

20(degree)

Figure 5.7: XRD pattern of the as prepared samples (NP1, NP2 and NP3)

stable up to a temperature of 500 °C. XRD pattern of the sample annealed at 600 °C shows the
presence of both rutile and anatase phases. At 700 °C complete transformation to rutile phase

occurs. Figure 5.9 shows the variation of crystallite size with annealing temperature.
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Figure 5.8: XRD patterns of NP1 samples (as prepared and annealed at various temperatures)
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Figure 5.9: Variation of crystallite size, of the NP1 samples, with annealing temperature.

The curve represents a linear change in crystallite size until a temperature of 500 °C. Beyond this
a sharp increase in crystallite size is observed. The rapid atomic diffusion accompanying phase
transformation and grain growth are the underlying reasons for this sharp rise. It is further

evident from the FESEM, TEM and XRD results that the anatase phase stability lasts only up to
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500 °C. These results indicate that from application point of view where the anatase-TiO; is more

efficient, the sample should preferably be annealed below 500 °C.

5.3.1.5. Raman Spectroscopy analysis

Figure 5.10 shows the Raman spectra of the as prepared TiO, nanotube powders. The
crystal structure of anatase-TiO- is tetragonal (space group D% (14:/amd)) with two TiO,
formula molecular units in the primitive cell giving rise to six Raman active phonons in the
vibrational spectra: three Eg (144, 197 and 639 cm™), two B1g (399 and 519 cm™) and one Asg
(513 cm™). For rutile TiO, there are four active modes: 144 cm™(B,g), 448 cm™ (Eg), 613 cm™
(A1) and 827 cm™ (ng).‘s'8 Four peaks appear at around 149, 396, 517 and 638 cm™ and these
peaks are assigned to Eq, Big, B1g/A1g and Eg modes, respectively. The intense low frequency
band at 149 cm™ arises from the O — Ti - O bending vibrations and is a characteristic feature of
the anatase phase of TiO,. All the four peaks correspond to the Raman active phonon modes of
tetragonal anatase phase of TiO-.° It can be seen that the intense Raman peak corresponding to
the Eq mode of TiO, (144cm™ for standard bulk samples) has shifted towards higher wave
number and the FWHM is high compared to those of standard microcrystalline samples. The
shift and broadening of the Raman peaks observed in this study suggest the presence of size
effects and can be attributed to the optical phonon confinement effect in agreement with the
literature where quantum confinement effect in TiO, nanoparticles giving rise to blue shift is
reported.>*® The broadening of Raman line can be attributed to gross structural disorder in
nanocrystalline phase. The peak positions and FWHM of the Raman peaks of the as prepared
samples (NP1, NP2 and NP3), obtained by fitting to Lorenzian, are shown in Table 5.1. In
addition to the shift and broadening an asymmetry is seen on the peak (149 cm™) which can be

attributed to the contribution from the less intense Raman peak at 197 cm'l(Eg). No other peaks
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corresponding to rutile or any other TiO, polymorphs are seen in the spectra, which is in good

agreement with XRD results.
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Figure 5.10: Raman spectra of the as prepared samples (NP1, NP2 and NP3).

Sample Eg (cm™) B.g (cm™)  A.g+B.g(cm™) Eg (cm™)
10V (26 K)Y NP1 153.05(30.59)  401.83(40.06) 514.51(86.18)  639.68(111.59)
20V (26 K) /NP2  149.11(23.04) 398.95(31.23) 516.13(10.59)  639.49(76.04)
20V (2K)/NP3  153.12(38.97) 401.74(40.98) 516.62(38.97)  639.34(52.32)

Table 5.1: The wave number and the FWHM (in parentheses) of Raman spectra of the samples

5.3.1.6. Photoluminescence studies

The photoluminescence spectroscopy is a useful technique to reveal the efficiency of
charge carrier trapping and transfer in semiconducting materials.** Figure 5.11 shows the PL
spectra of the as prepared and annealed NP1 samples. Broad, asymmetric PL bands, tailing
towards low photon energies and peaking around 3.1 eV and 3.0 eV are observed for NP1 as
well as NP1 annealed at 400 °C and 500 °C and for NP1 annealed at 600 °C and 700 °C,

respectively. The band gaps of the samples evaluated from the peak positions of the PL spectra
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as fitted to Gaussian are 3.12, 3.13, 3.13, 3.02, and 3.01 for NP1, NP1 annealed at 400 °C, 500
°C, 600 °C and 700 °C respectively. The spectra on deconvolution revealed the presence of three
main PL bands. The bands around 3.1 eV (in the case of NP1, NP1 annealed at 400 °C and 500

°C) and 3.0 eV (NP1 annealed at 600 °C and 700 °C) are attributed to the indirect transitions.

For TiO;, nanotubes, because of high surface to volume ratio, substantial number of Ti
ions are exposed at the surface. As evident from FTIR studies, sufficient numbers of these atoms
exist as O-Ti-OH. The presence of Ti-OH bonds distort the TiOg octahedra and introduce
localized energy states within the band gap. These charge-carrier trapping surface states with
different energy levels become luminescent centers. The PL bands observed around 2.85 eV and
the flat bands around 2.65 eV (440 to 480 nm) with several sharp peaks can be ascribed to
luminescence from these surface states that are present on the distorted TiOg octahedra (excitons
trapped at shallow-trap and medium-trap surface states). It is seen from the spectra that the PL
intensity increases as the sample is annealed at 400 °C and then starts decreasing on annealing at
500°C. The temperature dependence of the PL data may be attributed to the different structural
phases and microstructures of the annealed samples. The rise in PL intensity (at 400 °C) can be
attributed to annealing of defects and thereby causing scattering elimination if scattering centers
are present in the as prepared sample. The rise in intensity is also accompanied with the
reduction in the FWHM signifying reduction in disorder. Further increase in annealing
temperature to 500 °C causes reduction in spectral intensity. The PL spectra of the as prepared
and annealed samples (400 and 500 °C) are very similar except for the small difference in
intensity. Whereas the spectra of the samples annealed at 600 and 700 °C are different and are
accompanied with enhanced broadening, decrease in spectral symmetry and intensity. This is

because the as prepared and 400 and 500 °C annealed samples are of anatase phase whereas the
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600 °C annealed sample is a mixture of anatase and rutile phases and the sample annealed at 700

°C is completely

——as prepared
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Figure 5.11: Photoluminescence spectra of the annealed samples of NP1

rutile. The presence of rutile phase enhances the broadening and reduces the PL intensity
because of its poorer photo-reactivity compared to anatase. The observed gradual red shift
indicates anatase to rutile phase transformation in agreement with the XRD and SAED results.
The red shift observed in the case of NP1 annealed at 600 °C (mixture of rutile and anatase) is
induced by charge transfer from anatase to rutile. As the conduction band energy level of anatase
is higher than that of rutile some electrons in the anatase particles that are excited from the
valence band to the conduction band transfer to the conduction band of rutile, and the photo-

induced electrons and holes recombine to give luminescence.
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5.3.1.7. Optical Characterization

The optical absorption studies were carried out by taking the diffuse reflectance spectra
of the powder samples. The optical band gap, obtained by extending the line, from the slope of
the linear part of the Tauc plot, to x = 0, is 3.07, 3.05 and 2.95 eV for NP1, NP2 and NP3,
respectively. Whereas the band gap reported in the literature for anatase TiO; is 3.2 eV. The
reflectance spectra and the Tauc plot of the as prepared samples are depicted in Figures 5.12a
and 5.12b respectively. Similar plots were obtained for NP1 samples annealed at different
temperatures and the band gap values evaluated from the plots are given in Table 5.2. In the case
of NP1 samples annealed at different temperatures, there is a declining trend in band gap with
increase in annealing temperature. This reflects anatase to rutile phase transformation. The lower
band gap of the rutile phase makes the absorption edge appear around visible region. The
decrease in band gap values of the nanotubes compared to those reported can be attributed to the
presence of oxygen vacancies. The broad peak in the PL spectra also gives evidence of oxygen
vacancies, which creates a decrease in the band to band transition energy. Band gaps obtained
from both PL and DRS studies are given in table 5.2. The mechanism of absorption of light in
semiconducting materials involves the use of photon energy to excite the electrons from valence
band to the conduction band. In the present case, the absorption is in the visible range close to

UV. Therefore, the TiO, nanotubes could find active use in photocatalytic applications.
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Figure 5.12a-b: (a) Diffuse reflectance spectra of the as prepared samples (NP1, NP2 and NP3), (b) Tauc
plot of the as prepared samples (NP1, NP2 and NP3). The band gaps are 3.07, 3.05 and 2.95 for
NP1, NP2 and NP3 samples respectively.

Sample Details Band gap (Eg) calculated from Band gap (Eg) calculated from
PL(eV) DRS(eV)
NP1 3.12 3.07
NP2 - 3.05
NP3 - 2.95
annealedNP1(400 °C) 3.13 2.85
annealedNP1(500 °C) 3.13 291
annealedNP1(600 °C) 3.02 2.87
annealedNP1(700 °C) 3.01 2.88

Table 5.2: Band gap of the TiO, nanotubes obtained from photo luminescent and diffuse reflectance
studies

5.3.1.8. Fourier transform infrared spectroscopic analysis

The FTIR spectra of the as prepared sample NP1 as well as the annealed NP1 samples are
shown in Figure 5.13. The spectra show strong absorption bands at 3200-3600 and 1630 cm™, for
the as prepared samples. These are attributable to the stretching mode of the OH group and the
deformation mode of the molecular water, respectively. This characteristic mode reveals that

there are chemisorbed as well as physisorbed hydroxyl species on the surface of TiO,
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nanotubes.™® The same features were present in the FTIR spectra of the samples annealed at 400

and 500 °C.
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Figure 5.13: FTIR spectra of the NP1 samples annealed at various temperatures

However, in the case of samples annealed at 600 and 700 °C the characteristic vibrational modes
corresponding to the OH groups were absent. There is an additional broad band over the range of
400-800 cm™ that corresponds to the characteristic peak of TiOg octahedra.’*'* As the annealing
temperature increases this band becomes sharper suggesting that the Ti-OH bonds converts to a
strong network of Ti-O-Ti in TiO, framework. The present data obtained agrees well with the

reported values.*?*°
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5.3.2. Synthesis and characterization of N & C co-doped TiO, nanotube
powders
5.3.2.1. Synthesis

The current density variation with time during anodization of Ti foil in 0.1 M HCIO,4 and
0.1 M HCIO4 + urea is shown in Figure 5.14. The observed transients are similar confirming

similar mechanism as described in earlier section.
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Figure 5.14: Potentiostatic transients during anodization.

5.3.2.2. Scanning and Transmission Electron Microscopic Analysis

The morphology of the samples synthesized in urea containing electrolyte were
investigated by FESEM and TEM. The micrographs obtained are given in Figure 5.15. The
nanotubular morphology observed in the case of samples synthesized in electrolyte without urea
could not be seen in the case of samples synthesized in urea containing electrolyte.
Disintegration of tubular morphology could be discerned from the SEM (Figure 5.15a) and TEM

images (Figure 5.15b).
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Figure 5.15a-b: (a) FESEM images of doped TiO, nanotube powders, (b) TEM images of doped TiO,

nanotube powders

5.3.2.3. X-ray photoelectron spectroscopic studies

Since urea was used as a precursor for doping C and / N- doping was expected. Hence the
N1s and Cls high resolution photoelectron spectra of the doped samples were taken and
analyzed in detail. Figure 5.16 shows the N 1s spectrum corresponding to doped TiO,. The
deconvoluted N 1s spectrum shows peaks at 404.62, 402.76, 401.10 and 399.79 eV. In the
present study, no peaks were observed, at ~397 eV, corresponding to N-Ti-O, indicating absence
of oxygen substitution by nitrogen in the oxygen sub-lattice. The peak at 399.79 eV is assigned
to the interstitial nitrogen ie; Ti-O-N type of chemical linkage. Figure 5.17 shows the C 1s
deconvoluted spectrum of doped TiO,. The deconvoluted Cls spectra reveal five peaks
positioned at 289.25, 286.53, 284.96, 281.79 and 280 eV. The peak at 284.96 eV indicates
presence of adventitious carbon. The peaks corresponding to 281.79 and 280 eV can be assigned
to carbon in the oxygen sub-lattice (C-Ti-O). The peaks at 289.53 and 286.53 eV belong to Ti
(CO3); and Ti (CO3),, because the carbon atom diffuses through the Ti matrix and substitute the

Ti or occupies the interstices in the lattice.'® The above results indicate formation of C and N- co
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doped TiO, nanotubes, where nitrogen occupies the interstitial position resulting in the formation

of Ti-O-N bond species and carbon substitutes oxygen in the oxygen sub-lattice.
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Figure 5.16: High resolution N 1s spectra of the doped TiO, sample.
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Figure 5.17: High resolution C 1s spectra of the doped TiO, sample.

5.3.2.4. X-ray Diffraction Studies

The XRD pattern of the sample is given in Figure 5.18. The XRD pattern of the pristine
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sample is also shown for comparison. The pattern matches well with that of anatase phase. No
peaks corresponding to rutile TiO, are observed. The presences of broad peaks indicate that the
crystallite sizes are in the nanometer regime. No changes in d spacing (101), could be observed.
Thus doping does not change the crystallinity of the TiO, and is consistent with the earlier
reports.>* The crystallite sizes of the pristine and doped samples were calculated from the
Scherrer formula. 1t was observed that the crystallite size of TiO; has increased from 10 to 13 nm
when the doping was carried out. This change is also reflected in the BET surface area of the

doped samples. The surface area decreased with doping (155 m?/g to 124 m%/g).
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Figure 5.18: XRD patterns of undoped and doped TiO, nanotubes

5.3.2.5. Optical Characterization

The diffuse reflectance spectra of the powders are shown in Figure 5.19a. The reflectance
spectra of the undoped samples are also shown for comparison. From the reflectance spectra of
the samples (Figure 5.19a), it is clear that there is a small red shift in the absorbance of the doped

TiO, sample. Figure 5.19b represents the variation of (F*E)"? against E. The observed band gap
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from the Tauc plot (Figure 5.19b) for pristine and doped TiO, samples are 3.1 eV and 3.06 eV,

respectively. The observed is very small red shift and lies within the error within limit.
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Figure 5.19a-b: (a) Diffuse Reflectance plots of the undoped and doped TiO, nanotubes, (b) Tauc plot of
the undoped and doped TiO, nanotubes

Figure 5.20a shows the PL spectra of the doped samples (PL spectra of the pristine
samples are given for comparison). The spectra on deconvolution revealed the presence of three
main PL bands. The main peak around 3.10 eV for doped TiO, samples is attributed to the
indirect transition. The PL bands observed around 2.80 eV and 2.19 eV can be ascribed to
luminescence arising from the surface states that are present on the distorted TiOg octahedra
(excitons trapped at shallow-trap and medium-trap surface states). The rise in PL intensity in the
case of doped TiO, can be attributed to the higher density of defects. These defects state can act
as the electron-hole recombination centres, thereby reducing the photocatalytic efficiency. Figure
5.20b shows the Raman spectra of pristine (shown for comparison) as well as doped TiO,. In the
case of doped TiO,, in addition to the 7 bands, a band at 859.91 cm™ is observed. Compared to

the peak positions of pristine TiO,, the peaks of doped TiO, are shifted to higher wave numbers.
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Figure 5.20a-b: (a) Photoluminescence spectra of the undoped and doped TiO, nanotubes, (b) micro
Raman spectra of the undoped and doped TiO; nanotubes.

The Raman features at 149.71, 204.1, 515.67 and 630.33 can be attributed to the Eg4, Eg, B1g and
Eq vibrational modes of anatase phase, respectively. An additional peak at 859.91cm™ is assigned
to the By mode of rutile and can be attributed to the presence of rutile phase in the doped
samples. So the sample contains a very low percent of rutile phase which could not be resolved
in X-ray diffraction pattern. Similar observations are reported by Okato et al., where interstitial

N- doping hindered the growth of anatase phase, giving rise to evolution of rutile phase.*’

From the results of diffuse reflectance and PL studies, it is clear that there is no significant
difference between the band structures of pristine and doped TiO,, even though presence of
substitutional carbon and interstitial nitrogen could be discerned from the XPS results. Hence, an
enhancement in photocatalytic properties cannot be expected. In turn, deterioration in
photocatalytic property is possible due to the generation of defect states, arising upon doping,
which acts as electron-hole recombination centres. Indeed, this has been observed and is

presented in the succeeding chapter.
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5.4. Conclusion

High aspect ratio anatase phase TiO, nanotube powders were synthesized by employing
rapid breakdown anodization technique. The method is simple, cost effective and easy. The
yields of the TiO, nanotube powders were high as compared with other synthesis techniques.
Even though potentiostatic anodization was employed, the transient was completely different
from the expected one. This may be attributed to the periodic release of the TiO, formed on
surface. Change in the applied potential and temperature did not have much effect on the sample
morphology. However, the growth rate variation was noticed while changing experimental
condition. The asprepared powders were confirmed to have tubular morphology with ~8 nm
inner diameter and ~5 nm wall thickness as revealed from FESEM and TEM analysis. The
SAED, XRD and Raman spectral studies revealed that these nanotubes are polycrystalline and is
of anatase phase having crystallite size varying from 9 to 13 nm. The morphology and phase
changes of the samples annealed at different temperatures, revealed by various techniques,
enabled fixing of annealing temperature to confine to a specific morphology and phase,
depending on the type of application. The photoluminescence of the nanotube powders have
shown a temperature dependence that can be attributed to the change in crystallinity and
microstructure which occurs with variation in annealing temperature. The as prepared samples
showed good optical properties, where the band gaps varied from 2.95 to 3.07 eV. Compared to
TNTA, even though self organized property of the material was lost in the present case, the
nanotubes were of smaller diameter and wall thickness, and exhibited quantum confinement
effects. While the TNTA are amorphous, as is the case in the asprepared condition, the nanotube
powders consist of anatase phase. Simultaneous C and N-doping was attempted using urea in the

electrolyte as precursor for C and N. XPS analysis revealed the incorporation of nitrogen into the
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TiO, matrix as interstitials and carbon substituting oxygen in the anion sub-lattice. XRD and
TEM analysis revealed the samples to be of anatase phase and 12 nm — 14 nm crystallite sizes.
Diffuse reflectance measurements revealed very small red shift of 0.04 eV in the band gap of

doped TiO, indicating no significant reduction in the band gap.
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Chapter 6

Photocatalytic Hydrogen generation and dye degradation studies using

Pristine and C and N co-doped TiO, nanotube powders

Various nano-architectures of TiO,, with tailored geometry having high surface area are
being studied for various functional applications in energy and environment. In applications like
green-energy hydrogen generation by splitting of water and photocatalytic decomposition of
organic pollutants in water, suspensions of large surface area particles like nanotubes are
preferred as the configuration has better light harvesting capability and hence superior
efficiency. The present chapter deals with the studies on hydrogen generation by photo assisted
water splitting using Pt loaded TiO, nanotubes suspended in water-organic mixture and photo-
assisted destruction of organics in water by pristine and C and N co-doped TiO, nanotube

powder suspensions in water.
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6.1. Introduction

Presently, the major source of energy for industrial and economic purposes is fossil fuels.
Depletion of fossil fuel reserves and pollution caused by combustion of fossil fuels is a major
concern. Hydrogen, an effective energy carrier, is considered as a possible alternative to reduce
the strong dependence on fossil fuels and environmental pollution. When H, becomes the
primary energy carrier the hydrocarbon economy (oil economy) will be replaced by hydrogen
economy. Currently 95% of the H, production is from steam reforming of natural gas, which has
an indirect dependence on fossil fuels. Hydrogen generation by photo splitting of water, being an
environmentally friendly and economically viable process, is being considered as the best
alternative. The first report on photocatalytic splitting of water on TiO; electrode by Fujishima
and Honda created a new paradigm in energy conversion and environmental remediation using
solar photons.® Currently, various research groups are working on H, generation by water
splitting using solar energy. The principle behind photolysis of water using TiO; is that, when
TiO, is in contact with water the photo excited conduction band electrons can reduce water, to
generate hydrogen, if the conduction band level is more negative with respect to the H*/H,
reduction potential. Compared to bulk, nano-structured TiO, have enhanced photocatalytic
properties due to quantum confinement and heightened reactivity associated with their molecular
electronic structure and phenomenal increase in surface to volume ratio. When the size of the
particles become comparable with the de-Broglie wave length of the charge carriers, which lies
between 5 and 25 nm for oxide semiconductors like TiO,, the wave function of charge carriers
get spread over the entire particle do not need to diffuse anymore to accomplish reactions with
species present at the surface, thereby increasing the quantum vyield>.  However, the
photocatalytic efficiency of TiO, is limited due to the high recombination rate of photo generated

electron - hole pairs. To resolve this issue and enhance the photocatalytic activity, methods like
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deposition of noble metals and their oxide particles and chemical surface modification have been
proposed®™. Noble metals like Pt, Au, and Pd have been reported to be very effective in
enhancing the photocatalytic efficiency, when loaded onto TiO,™. Since the Fermi levels of the
noble metals are lower than the TiO, conduction band, when loaded onto TiO,, the photo excited
TiO, electrons move to the noble metal Fermi levels leaving the holes in the valence band®,
reducing the electron — hole recombination and thereby enhancing the photocatalytic efficiency.
As the number of electrons on the noble metal particles increases, the Fermi level shifts more
and more close to the conduction band of the TiO, causing more energy levels for electron
transfer. The Fermi level of the TiO,-noble metal composite photocatalyst should be more
negative than the H, evolution level (Eny 120)™ ™ to enable effective transfer of the accumulated
electrons to the protons adsorbed on the noble metal-TiO, interfaces and noble metal surfaces.
Among the noble metals, Pt is found to be more effective and acts as a catalyst for the hydrogen
evolution, by reducing the activation energy for water reduction.'® Various techniques such as
evaporation, irradiation, thermal decomposition and chemical reduction have been adopted for Pt
loading.*"?° Chemical reduction technique has advantages over other techniques in terms of high

yield and narrow particle size distribution etc.?

Heterogeneous photocatalysis in which the photo generated holes and electrons are
involved have found interest to solve environmental pollution. When a TiO, photocatalyst
absorbs a photon with energy equal to or greater than its band-gap an electron/hole pair is
generated. The generated free electron and free hole ““walk randomly" towards the surface of the
photocatalyst. The electrons react with surface adsorbed oxygen molecule to form superoxide ion
(O2) and the holes react with adsorbed hydroxyl groups (OH") to produce ‘OH radicals. These

species then coupled to form H,O, These intermediate species along with the holes were found
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to play a major role in photocatalytic destruction of organics. Generally heterogeneous

2224 in which

photocatalytic degradation mechanism follows Langmuir Hinshelwood mechanism
the rate of reaction ‘r’ is proportional to the surface coverage, 0,, of the reactants. In a

bimolecular reaction, rate of reaction can be expressed as

_ _ kK Kpasap
r= keA GB - (1+K4a4)(1+Kgap) (1)

where Kk is the actual rate constant, K, and Kg are the adsorption constants of the reactants A and
B and aa and ag are either activities in the liquid phase or partial pressures in the gas phase.
Generally one of the reactants is taken in excess or kept constant and therefore the equation

reduces to

r=k6,0p = k' = X Ka%_ @)

(1+K4ay)
In the liquid phase the activities can be approximated to concentration and the equation assumes
the form

_ k'KaCy
o (1+KACA)

(3)

Where £’ (k’= kék) is the pseudo rate constant and Ca the concentration of the reactant. When C
becomes very less ie; dilute solutions (< 10° M) , 6 will approximately equal to Ka Ca and

therefore the pseudo rate constant becomes apparent rate constant ‘Kapp’.

The present chapter discusses the heterogeneous photocatalytic efficiency of the TiO,
nanotube powders synthesized by rapid breakdown anodization technique, with respect to
hydrogen generation by water splitting and destruction of organic pollutants in water. The studies
concentrate on the utilization of photo generated electrons and holes for the reactions. The
chapter is divided into two sections. The first section deals with photocatalytic hydrogen

generation studies using pristine and Pt loaded TiO, nanotube powders. The H, generation
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efficiency with respect to different weight percent of Pt loading is discussed. The second part of
the chapter emphasizes the dye destruction capability of the pristine and N and C co-doped TiO,
nanotube powders under sun light illumination. Rhodamine 6G dye is taken as a model pollutant

and the visible light degradation kinetics is elucidated.

6.2. Experimental

6.2.1. Preparation of Platinum supported TiO, Nanotubes

Anatase TiO, nanotube powders were synthesized and characterized according to the
procedure described in chapter 5, by potentiostatic rapid breakdown anodization technique. The
Pt/TiO, photocatalyst was prepared by adding excess of NaBH, to a colloidal suspension of 0.20
g TiO, nanotube powder in about 80 ml of aqueous H,PtClg of varying concentrations (0, 25, 50,
75, 100, 150 and 200 ppm of Pt), under stirring. After the chemical reduction, the Pt loaded
suspension was centrifuged and washed repeatedly with distilled water and ethanol, followed by
drying at 50°C for 6 hours. The weight percentage of Pt deposited on TiO, was estimated
assuming complete reduction of H,PtClg. The as prepared photocatalyst’s color varied from
white to black with increase in Pt loading. The pH of the H,PtClg solution, TiO, dispersed
H,PtCls solution and solution after NaBH,4 reduction was monitored using a pH meter. The Pt
concentrations in the H,PtClg solution before and after NaBH, reduction were measured using an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).
6.2.2. Characterization of Platinum Supported Titania Nanotubes

Surface area of the as prepared TiO, nanotubes was measured by BET adsorption

method using surface area analyzer. The chemisorbed surface area (CSA) of both as prepared
TiO, nanotubes and Pt loaded nanotubes were measured by pulse chemisorption technique using
a temperature programmed desorption reduction oxidation (TPDRO) equipment. For
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chemisorption surface area measurement, the sample was weighed, carefully placed in the quartz
reactor of the TPDRO equipment and degassed at 120° C in a flowing argon-8 volume%
hydrogen mixture to remove any sorbed gases and moisture. Further heat treatment was carried
out, in the same environment, at 400°C to remove chemisorbed reducible species. This will
ensure that the loaded Pt is in pure elemental form. The system was then brought back to room
temperature. Pulse chemisorption measurement was carried out by introducing known amount of
pure hydrogen to the reactor containing the sample and measuring the residual hydrogen coming
out after chemisorption. Chemisorption surface area was estimated from the amount of
chemisorbed hydrogen, mass of the sample and Pt loading. The morphological analyses of the
samples were carried out by FESEM and TEM imaging. The composition of the samples was
analyzed by EDAX attached to the FESEM equipment. The crystalline phases of the as prepared
and Pt loaded samples were identified using XRD. Photoluminescence studies were recorded
using a Micro Raman Spectrometer (Renishaw, UK), equipped with a confocal microscope with
an “argon ion laser” operating at 514.5 nm at a power level of 200 mW.
6.2.3. Photocatalytic hydrogen generation

The photocatalytic hydrogen generation experiments were performed in a 150 ml quartz
flask at ambient temperature. Schematic of the experimental set-up is shown in chapter 2. A 120
W lamp (A = 380 nm), positioned 50 mm away from the reactor, was used as the UV light
source. In a typical experiment, 20 mg of the photocatalyst (Pt/TiO,) was suspended in a
mixture of 80 ml ethanol and water, (ethanol to water ratio of 1:3) and irradiated from the bottom
of the reactor. Before the commencement of the experiment, the catalyst in the quartz flask was
dispersed well by placing inside an ultrasonic bath, for ten minutes. The quartz flask was then

connected to the experimental set-up and argon gas was bubbled through the reaction mixture for
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15 minutes to remove dissolved oxygen and to ensure that the reaction system is under anaerobic
condition. Argon flow was stopped and the quartz vessel was isolated from the gas flow line by
closing the inlet and outlet valves. After this, the quartz vessel was isolated and irradiated with
UV light for 30 minutes. After the 30 minutes irradiation, the gas generated over the reaction
mixture was carried to the polymer electrolyte membrane based H, meter (PEMHM) for H,
analysis® . Any H, generated produces a peak and the amount of H, generated was estimated
from the peak area. The measurements were carried out repeatedly. The experiment was
conducted in the absence of the photocatalyst and no H, generation was observed with
photoirradiation. The sensor was calibrated prior to the measurements using standard Ar + H,
gas mixtures. A second set of measurements were carried out using a 64 W UV source, with an
incident photon wavelength of 254 nm. The set-up was made by positioning four 16 W UV
lamps around the reacting vessel, at a vessel to lamp distance of 50 mm. The reactor temperature
was maintained at 298 + 2 K by means of a cooling fan. The H; generation efficiency was then
calculated and compared.

6.2.4. Photocatalytic dye degradation studies.

A known mass of Rhodamine 6G dye was dissolved in double distilled water and
subjected to visible light irradiation in a beaker with TiO, nanotube powder loading of 0.6g/L.
The photocatalytic reaction was carried out using both, pristine and C and N-doped TiO,. The
experiments were performed for 3 h (from 10 AM to 1 PM) at room temperature under normal
day sunlight (44 mW/cm? light intensity). Prior to these experiments, the suspension was
magnetically stirred for 10 minutes. At different time intervals aliquots were taken out with the
help of a micropipette. The absorption spectra were recorded and the rate of decolourization was

observed in terms of change in intensity at Amax (526 nm) of Rhodamine 6G dye. The absorption
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spectra were collected by scanning from 200 nm to 900 nm at a scan rate of 200 nm/min. The
intensity change of the absorption spectrum before and after sun light irradiation indicates the
degradation of dye. The concentration of dye was quantified by a calibration procedure based on

Beer-Lambert’s law.

6.3. Results and Discussion
6.3.1. Photocatalytic Hydrogen Generation

6.3.1.1. Preparation of platinum supported photo catalyst

Rapid addition of excess NaBH, in to the TiO, nanotube suspension in H,PtClg solution
resulted in color change due to Pt precipitation. It was observed that the color of the suspension,
after reduction, varied from pale grey to black with increase in H,PtClg concentration, indicating

increased Pt loading with H,PtCls concentration. The probable reactions are?!
NaBH, + H,PtCl; + 3H,0 — Pt + H3B0; + 5HCl + NaCl + 2H, (4)

NaBH, + H,0 — H, + boron hydrolysis products (5)
The pH of the pure H,PtClg solutions corresponding to various concentrations of Pt varied
from 2.5 to 3.5. The pH increased slightly after dispersing TiO, nanotubes in the solution. When
the reducing agent was added, the solution became alkaline. The pH of the solution measured

after each stage is given in Table 6.1.
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Percentage of | Concentration of Pt in pH of the solution
No | Pt loading in | the solution (ppm).
TiO, (200mg) Before After Before reduction After
TiO, nanotube | TiO, nanotube
powder powder
1 1.25 20 <0.5 3.42 2.73 9.65
2 2.5 47 1.3 3.39 2.8 9.63
3 3.75 93 <0.5 2.94 2.44 9.57
4 5 120 0.6 2.88 2.35 9.61
5 7.5 180 1.7 2.8 2.28 9.44
6 10 270 2.6 2.79 2.26 9.66

Table 6.1: Platinum concentration and pH of the solution before and after reduction

6.3.1.2. Microstructure and phase analysis of Pt loaded TiO,

Figure 6.1a shows the FESEM image of the TiO, after Pt loading. Even though the Pt
nanoparticles deposited on the TiO, nanotubes are not visible in the SEM image, partial
destruction of the tubular morphology is quite evident. A similar observation was made by Baiju
et al?” in the case of TiO, nanotubes synthesized by hydrothermal method, for Pt loadings above
1 mol%. Even though the tubular structure gets destructed, the alignment of the TiO, particles

along the tube length is maintained.

TEM images of 1.25 and 5 wt% Pt loaded TiO, are shown in figures 6.1b and 6.1c. The
Pt particles in the electron micrograph appear as black dots as the electron density of Pt is high
compared to that of TiO,. From Figure 1b it is clear that, for 1.25 wt% loading, the Pt particles
are of very fine nature and well dispersed. Figure 6.2a shows the histogram of the particle size
distribution. The sample population is 130. The mean diameter calculated by the image analysis
is 1.978 £ 0.349 nm. Similar results are obtained for 2.5 wt % Pt loaded samples. The presence

of Pt was also confirmed by energy dispersive X-ray spectrometry (not shown). At 5 wt% Pt
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loading, clustering of Pt nanoparticles is observed (Figure 6.1c). The average Pt cluster size
calculated from the image analysis is 74 £ 23 nm. The particle size distribution is shown in

Figure 6.2b.

Figure 6.1a-c: (a) FESEM image of the Pt loaded TiO,. (b) TEM image of the Pt nanoparticles dispersed
in the TiO, matrix (1.25 wt% loading). (¢) TEM image of 5 wt% Pt loaded TiO, (reveals
clustering of platinum nanoparticles at high loading)
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Figure 6.2a-b: (a) Platinum particle size distribution for 1.25 wt% Pt loaded TiO, (obtained by image
analysis of the TEM image) and (b) Platinum particle size distribution for 5 wt% Pt loaded TiO,
(obtained by image analysis of the TEM image)

The crystal structure of the photocatalysts prepared at various conditions was revealed by
XRD. Figure 6.3 shows the XRD patterns of 0.0, 2.5 and 5.0 wt% Pt loaded TiO, samples. The

pattern reveals that the photocatalyst in which Pt loading is low (<2.5 wt %) is of anatase phase.
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The XRD pattern of 5 wt% Pt loaded TiO, shows the presence of rutile and anatase phases,
indicating phase transformation during Pt deposition. The phase transformation observed is akin
to structural transformation, stimulated by changes in surface environment in ZnS, reported by
Gilbert et al”®. The broad XRD pattern of the anatase TiO, particles obtained in the study
indicate that the crystallites are of fine size and have substantial lattice strain. The strain and
associated distortion in crystal structure will be higher at the surface. Binding of Pt nanoparticles

onto the TiO, surface relieves the strain resulting in phase transformation.

- A —TiO, without Pt loading
—— TiO,, with 2.5 wt% Pt loading
B R —TiO, with 5 wt% Pt loading
A

Intensity(a.u.)

20 30 40 50 60 70 80
20 (degree)

Figure 6.3: XRD pattern of as prepared TiO, and Pt loaded TiO, samples (Pt loading > 5 wt% reveal

anatase to rutile phase transformation)

6.3.1.3. Surface area measurements

Surface area of the as prepared TiO, nanotubes powder estimated by BET adsorption
isotherm method was found to be 155 g/m?. The high specific surface area of the nanotube
powders points towards the availability of large number of adsorption sites on the nanotube
powder. The mean chemisorption surface area (CSA) of as prepared as well as Pt/TiO, samples

measured by TPDRO technique and dispersion of Pt are summarized in Table 6.2. From Table
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6.2 it is clear that the CSA of the catalyst decreases with increase in Pt loading in the range of
1.25 to 10 wt%. The reduction in active surface area is caused by the agglomeration of the Pt

nanoparticles observed at higher loadings and as revealed by the TEM imaging.

Weight percentage of Chemisorbed Surface Degree of
No Platinum in TiO, area (m?/g) dispersion (%)
1 0 - -
2 1.25 259.3 94.37
3 2.5 157.4 57.30
4 5 148.7 54.11
5 7.5 116.7 42.46
6 10 82.6 30.03

Table 6.2: Variation of the active surface area and degree of dispersion of the platinum with loading
6.3.1.4. Photoluminescence studies

In order to reveal the charge carrier trapping, transfer and the fate of the electron - hole
pair in TiO, because of Pt loading, PL studies of as prepared and Pt loaded samples were carried
out. The PL emission spectra mainly results from the recombination of the free carriers.” The
spectra were examined in the range of 1.8 eV to 3.5 eV. Figure 6.4 shows the PL spectra of the
as prepared as well as the Pt loaded samples. It can be observed that the emission intensity
decrease with Pt loading. This can be ascribed to the transfer of photo generated electron from
TiO, to Pt metal. It also reveals the good contact between Pt nanoparticles and TiO,.%° All the
samples show five peaks at about 2.25, 2.53, 2.75, 2.95 and 3.18 eV which correspond to wave
length of 551, 490, 451, 420 and 390 nm, respectively. Among these, the peak at 390 nm
corresponds to the band gap of TiO, and the 2.95 eV emission peak to the lowest indirect I';p —
X1a transition.®* All other low energy peaks correspond to the defects and nonstoichiometry in
Ti0O,. These defects and nonstoichiometry are generated due to the presence of oxygen vacancies

in the case of anatase phase, and intrinsic defects in the case of rutile phase.*
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Asprepared Ti02
— L.25% Pt loaded TiO,
2.5% Pt loaded Ti02
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Figure 6.4: Photoluminescence spectra of the as prepared and Pt loaded TiO, samples

The PL property of the Pt loaded TiO; can be correlated with the photocatalytic activity.
Pt particles on the TiO, surface acts as sinks for the photogenerated conduction band electrons
and forms a barrier facilitating interfacial electron migration thereby enhancing electron - hole
separation. The electron migration continues until the Fermi levels are aligned.®® The resultant
Fermi level of the TiO, — Pt composite will be closer to the TiO, conduction band. When there
are no electron sinks on the TiO, surface, the photo excited electrons are de-excited through
recombination centers as seen from the PL spectra of as prepared TiO,. This effect is also

reflected in the hydrogen generation rate of as prepared TiO, nanotubes.

6.3.1.5. Photocatalytic hydrogen generation

The typical signal of H, produced by photo dissociation of ethanol - water mixture, using
120 W UV lamp emitting photons of ~380 nm wavelength, obtained from PEMHS which can
measure H, comfortably down to 10 ppm, is shown in Figure 6.5. When the experiment was

carried out in the absence of the photocatalyst (Pt/TiO;) no H, generation could be observed and
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the H, concentration measured by the hydrogen sensor remained at the background level. The
experiments performed using asprepared TiO, nanotubes (photocatalyst without Pt loading) did
not show any significant hydrogen generation (< 80 p mol / hr / g of TiO;). This can be
attributed to the fast recombination of electrons and holes. Photo induced H, generation was high
at Pt loading of 1 to 2.5wt%, but decreased with further increase in platinum loading. This can be
due to various reasons. From the TEM images it is clear that at low Pt loading, the Pt
nanoparticle size gets restricted to ~2 nm with narrow size distribution and is homogeneously
distributed. Hence, the available surface area is high. Since reduction of proton to hydrogen on Pt
is a surface reaction, H, generation increases with increase in CSA. If the active sites for H,
generation are located at the Pt-TiO, interface rather than on isolated Pt and/or TiO,
nanoparticles, a decrease in H; generation rate at higher Pt loading can be expected as higher Pt
loading beyond a certain concentration leads to agglomeration of Pt nanoparticles resulting in
interface area shrinkage. This will manifest as sharp drop in H, generation rate, as observed in
the present study (Figure 6.6). In addition, the reduced size of Pt particles brings its Fermi level
at optimal level with respect to conduction band location of TiO, facilitating enhanced electron
harvesting. Because of the presence of discrete energy levels in Pt nanoparticles, the shift in
energy level of accommodated electrons will be higher for smaller size nanoparticles and
therefore, the Fermi level of the Pt-TiO, composite will be more close to the TiO, conduction
band. This will increase the reductive power of the electrons leading to enhanced photocatalytic

activity.>*
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Figure 6.5: Signal obtained from the hydrogen sensor revealing hydrogen generation from ethanol -

water system by photocatalysis

Figure 6.6 shows the variation of CSA and Hj, production (at 120 W, A = 380 nm) with
Pt loading. The hydrogen CSA of Pt/TiO,, measured using TPDRO technique shows a maximum
value at 1.25 wt% Pt and a decrease thereafter. The highest photocatalytic activity observed (at
120 W, A =387 nm) was for 1.25 and 2.5 wt% Pt loaded TiO, samples and are 777.3 and 927.9 u
moles / h / g of Pt/TiO,, respectively. Experiments carried out under similar conditions with 1.25
and 5 wt% of Pt loaded TiO, photo-catalysts, using 64 W UV source radiating photons of 254
nm wavelength, resulted in H, generation of 0.030 and 0.010 moles / hr / g of Pt/TiO,,

respectively.

The turn over frequency (TOF) of the Pt surface area was calculated from the results of

H, generation studies carried out at 120 W (A = 380 nm) radiation using the formula

TOF = rate of H, generation (mols s™) / moles of surface Pt atoms present (6)
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The number of moles of surface Pt atoms was calculated from the dispersion of Pt obtained from
TPDRO studies. Taking into account the complete reduction of HPtCls, as confirmed by
ICPOES measurements, the calculated TOF values of Pt/TiO, corresponding to 1.25, 2.5, 3.75,
5, 7.5 and 10 wt% Pt loadings are 0.0035, 0.0035, 0.0011, 6.644 x 10, 7.99 x 10™ and 15.27 x

107 s, respectively.

The decrease in TOF values with increase in Pt loading indicates changes in chemical
environment of Pt atom. The Pt dispersion can also be calculated from the size of the Pt
nanoparticles obtained from the TEM studies. The Pt particle size obtained for the 1.25 wt% Pt
loading is 1.99 nm and the calculated dispersion value is 57%. The TOF value obtained using
this dispersion is 0.0059 s™. For photocatalytic H, generation the TOF value also depends on
incident light energy. Hence, TOF value for H, generation from 1.25 wt% Pt loaded sample
suspensions irradiated using 64 W (A = 254 nm) source was calculated and found to be 13.69 s™.
A table depicting the hydrogen generation rates obtained by various groups using different photo

catalysts is given in the reference® and is represented in Table 6.3.

In the present study, a phase transition from anatase to rutile was observed at higher Pt
loadings (>5 wt %) as revealed by XRD patterns. Anatase and rutile phases differ by the
distortion in the octahedra and by the assembly pattern of the octahedral structures.®® Each Ti*
ion is surrounded by an octahedron of six O ions. In the rutile structure, each octahedron is
surrounded with 10 neighboring octahedra (two edge sharing octahedra and eight corner sharing
octahedra), while in anatase structure, each octahedron is in contact with eight neighbors (four
sharing an edge and four sharing a corner).*® Due to this difference, these coordinations differ in
their structures (lattice parameters), electrical and optical properties.>” *® Also the crystalline

structure determines the luminescence center for the material. The luminescence center changes
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from oxygen vacancies to intrinsic defects, when the phase is changed from anatase to rutile.** Pt
on the TiO; inhibits the electron/hole recombination at oxygen vacancies of anatase whereas it
has little control on the recombination at the intrinsic defect in rutile.*! In these studies, the photo
activity of low Pt loaded TiO, (anatase phase) was high compared to that of high Pt loaded TiO,
(which is a mixture of anatase and rutile phases). From the above, it can be said that the decrease
in H, production with increase in Pt loading is because of the synergetic effect of decrease in
CSA and phase change of TiO,. In all the hydrogen generation measurements, it was observed
that the amount hydrogen produced for a given time of irradiation did not vary when repeated,
using the same Pt/TiO, — ethanol/water system (Figure 6.7). Figure 6.7 shows the plot of the

hydrogen signal obtained from the sensor.
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Figure 6.6: Variation of chemisorptions surface area as well as hydrogen generation rate with Pt loading

203



Chapter 6

No | Photocatalyst Preparation Sacrificial agent Hydrogen Reference
method generation rate
pmol h*
g™ catalyst

1 10 mol% CuO-TiO,, | Wet 1:1 methanol/water | 675 ¥
TiO,: anatase impregnation
nanoparticle

2 1.2 wt% Cu-TiO,, Incipient- 1:1.4methanol/wate | 2400 %0
TiO,: anatase wetness r
nanoparticle

3 1.5 wt% CuO-TiO, | Single step sol- | 1:10 1800 o
1 wt% PdO-TiO, gel methanol/water 2100
2 wt% Au-TiO, 2800
0.6 Wt% Pt-TiO, 6900 2
TiO,: mesoporous
nanoparticle

4 1.0 wt% Pt-TiO, Photo deposition | 1:10 6000 3
TiO,: mesoporous methanol/water
nanoparticle

5 Eosin-1.0 wt% CuO- | Wet 1:5.7 540 “
TiO, impregnation diethanolamine/H2
TiO,: P25 o)

6 7 wt% CuO-TiO, Wet 1:19 4300 ®
TiO,: P25 impregnation methanol/water

7 0.3 wt% Pt-TiO, Dry 1:40 25,560 e
19.2 [7] impregnation methanol/water
TiO,: P25

8 0.5 wt% Pt-TiO, Wet 1:30 ethanol 27,750 47
TiO,: P25 impregnation solution

9 9.1 mol% CuO-TiO, | Wet 1:9 methanol/water | 18,500 3
TiO,: P25 impregnation

10 1.25wt% Pt- TiO, Chemical 1:3 ethanol/water 33,000 Present
TiO, nanotube reduction study
powders

Table 6.3: Represent the hydrogen generation rates obtained by various groups using different photo
catalysts as given in reference.*®
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Figure 6.7: Signal from the hydrogen sensor revealing the constant hydrogen generation rate (see text).
The time scale corresponding to each peak is the duration of irradiation (20 minutes) and

measurement.

The first peak corresponds to the amount of hydrogen generated during the first irradiation, for
30 minutes. The second and third peaks correspond to the amount of hydrogen generated for the
subsequent irradiations of 30 minutes duration, after a ~20 min break, using the same Pt/TiO, —

ethanol/water system.

6.3.2. Photocatalytic degradation studies of Rhodamine 6G using pristine and C&N
doped TiO; nanotube powders
6.3.2.1. UV Visible absorption studies
The Rhodamine 6G dye has a Xanthene group. The main absorption band of R6G in
visible region appears at 526 nm (Amax). It corresponds to a transition moment largely parallel to
the long axis of the molecule which in turn is because of = — n* transition. A shoulder at 499 nm
is also observed which indicates the presence of dimerized species. The band at 526 nm is

attributed to the monomeric entity.”® At high concentrations, R6G exists as a dimer. The
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absorption spectrum obtained at low concentrations (Figure 6.8) with Amax located at 526 nm

indicates that the molecule exists as monomer.
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Figure 6.8: Absorption spectra of Rhodamine 6 G solution at a concentration of 55.54 p mol / litre.

The concentration of the dye solution used for photodegradation studies was quantified
by calibration based on Beer-Lambert’s law and was found out to be 55.54 pmole / I. During the
calibration process, the peak position was fixed at 526 nm which is the Amax Of R 6G. The
photodegradation experiments were carried out using pristine and C and N co-doped TiO,. The
concentration of degraded dye solutions collected after different time intervals was quantified by
the same calibration method. The absorption spectrum of R 6G during the course of reaction,
when doped TiO, was used as photocatalyst, is given in Figure 6.9. The plots in Figure 6.10a and
6.10b show time dependent concentration change of R6G during irradiation in the presence of
pure and doped TiO, respectively. Experiments performed under sun light without the addition

of photocatalyst did not show any significant change in concentration (Figure 6.10c).

206



Chapter 6

0.50
0 minutes

0.45 — 5 minutes

0.40 § ——— 10 minutes
—_ 15 minutes
g 0.35 1 20 minutes
$0.30 —30 mfnutes
§ 40 minutes
£ 0.25 ——— 50 minutes
20.20 H — 70 minutes
< B — 90 minutes

L —— 150 minutes

0.10 -

0.05 -

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 6.9: Absorption spectra of Rhodamine 6G during the course of the reaction when doped TiO, was

used as the photocatalyst.
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Figure 6.10a-c: Variation of Rhodamine 6 G concentration with time using (a) pure TiO, nanotubes, (b)
doped TiO, nanotubes and (c) without the TiO,

The degradation of R 6G is visible from the plot in terms of decrease in intensity of the
absorbance spectrum. Photocatalytic degradation can happen in two different manners either

4952 or photosensitized oxidation.>**° In photocatalytic oxidation, TiO,

photocatalytic oxidation
is irradiated and excited in a near UV energy creating electron-hole pairs, whereas, dyes are
excited by visible light and thereby electron injection into TiO, conduction band, in

photosensitized oxidation. In general it is difficult to tell which will dominate. It is reported that
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under visible light, photosensitizing mechanism will help to improve the overall efficiency of the
dye degradation.®®®* The mechanism of photocatalytic degradation can be explained as follows.
There are mainly two species responsible for decomposition of organic molecules namely holes,
h*w, and hydroxyl radical. The higher oxidation potential of the holes, generated by
photoexcitation, allows direct oxidation of the dye to reactive intermediates. Based on the two

62,63

main reports on the photocatalytic dye degradation kinetics of different dyes™ ", the general

photocatalytic dye destruction can be represented by the following equations:

TiO, + hv— TiO, (ecg + hip) (7
The electron and hole generated can also recombine and the equation can be represented as
ecg + hiyp — heat (8)
The hydroxyl radical is generated by the decomposition of surface adsorbed water and / or
hydroxide species:
hig +S —H,0 > H* + S — OH (9)
hiz+S—0H - S—OH (10)

The hydroxyl radical can also be formed by the electron pathway

e”+0,- 05 (11)

0; +e” +2H* - H,0, (12)
0; +2H* - 0, + H,O0, (13)
H,0,+ e~ - OH + OH™ (14)

Mobile species (dyes and hydroxyl radical) can be absorbed on the substrate and these can be
represented as
S+DeS—D (15)
S+ O0H & S—0H (16)
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Dye adsorbed on the substrate reacts with holes and hydroxyl radicals and undergoes degradation

and the equation can be represented as:

Hole reaction

S—D+hfz > S —D° - end species (17)
D + hi{z » Dt — end species (18)
Hydroxyl reaction
S—D+S—0H - S+S—D'° - end species (19)
D+S—0H - S+ D'° - end species (20)
S—D+OH - S—D'° - end species (21)
D + OH - D'° - end species (22)

Since the hydroxyl radical is a strong nonselective oxidant (E° = 3.06 eV) which decomposes the

64, 65

organic molecules, it is expected that the hydroxyl radical plays the major role.

6.3.2.2. Kinetic study

Figure 6.11a and 6.11b depict kinetics of photodegradation of Rhodamine 6G solution of
initial concentration 55.4 micromoles in presence of pure and doped TiO,. It is reported in
several literatures that the photocatalytic degradation of various dyes by TiO, follows Langmuir

224860626566 \nhen the concentration of the dye is in the

Hinshelwood (LH) kinetics mode
millimolar range, LH kinetic equation simplifies to an apparent first order equation*®®®%!. The
photocatalytic degradation of the Rhodamine dye, therefore, in both the cases follows pseudo

first order kinetics.
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Figure 6.11a-b: In (Co/C) vs time graph, showing kinetics of photodegradation using (a) undoped TiO,
nanotubes (b) doped TiO, nanotubes.

The rate expression for pseudo first order reactions is
(23)
where Cq is the initial concentration, C is the concentration at any time t and k is the rate
constant. The plot of In (Co/C) versus time gives a straight line, the slope of which gives the rate
of the reaction. The correlation constant for the fitted line was calculated to be R, = 0.88 and R;
=0.98 for pure and doped TiO, respectively. The corresponding rate constants were calculated to
be 4.99 x 10° s (2.99 x 10 min™) and 3.99 x 10° s%(2.4 x 10 min™) respectively.

The photo assisted decolourization of Rhodamine 6G using pure and doped TiO, was
also studied. The dye destruction efficiency efficiency was calculated using the equation

Dye destruction ef ficiency = (C"T_C) x 100% (24)

where Cy is the initial concentration and C is the concentration after photoirradiation. Figure 6.12

shows the plot of dye destruction efficiency of pure and doped TiO; as a function of time.
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Figure 6.12: Plot of decolourization efficiency of pure and doped TiO, as a function of time.

The decolourization efficiency was approximately 40% in 150 minutes for pure and 42% in 240
minutes for doped TiO,. In the present study, with doped samples, it was observed that a slight
decrease in the photocatalytic activity occurs. This can be attributed to the charge recombination

centers expected to be generated due to doping.

6.4. Conclusion

Pt/TiO, photocatalyst was synthesized by depositing Pt nanoparticles, by chemical
reduction of H,PtCls solution using NaBH,, on to TiO;, nanotubes obtained by rapid break down
anodization technique. The highest photocatalytic activity was observed at 1.25 and 2.5 wt% of
Pt loading. An anatase to rutile phase transformation was observed at > 5 wt% Pt loadings, which
can be ascribed to the significant removal of lattice strain due to binding of platinum particles
onto the TiO, surface. Also increased Pt loading resulted in clustering of Pt nanoparticles thereby
reducing the chemically active surface area leading to reduced hydrogen generation. The
photoluminescence characteristics of Pt loaded TiO, samples were investigated and the spectral

features were correlated with the photocatalytic hydrogen generation properties of different Pt
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loaded samples. From these results the critical role of particle size of Pt and resultant
enhancement of CSA in the photocatalytic hydrogen generation was clearly established. For
incident light of 254 nm wave length and 1.25 wt% Pt on TiO,, the hydrogen generation rate
obtained were 0.030 moles / hour / g of Pt/TiO,. The photocatalysts are promising candidates for

fuel cells, photocatalysis, solar cells and sensors.

Photodegradation studies of Rhodamine 6G were carried out using the pristine and
doped samples and their photocatalytic effect were compared. From these results it is clear that
both pure and doped samples show almost similar photocatalytic property. Kinetic study
revealed that photodegradation reaction follows pseudo first order kinetics. The dye destruction
efficiencies of pristine and doped samples were 40% in 150 minutes and 42% in 240 minutes,
respectively, even though there is a slight decrease in the band gap of doped TiO,. This can be
attributed to generation of recombination centres on doping. Further studies are required to

confirm it.
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Chapter 7

Summary and Scope for Future Research

The thesis encompasses synthesis, characterization and selected applications of pristine
and doped TiO, nanotube arrays and powders. The applications were selected based on the
characteristics of the synthesized TiO, nanoarchitectures, that will enhance the efficiency of
respective devices fabricated using them. For selected application studies such as dye sensitized
solar cells, large area field emitters and near superhydrophobic < superhydrophilic switching
surfaces, vertically aligned TiO, nanotube arrays are preferred because of their high aspect
ratio, directional electron transport properties and surface roughness with long trapped air
columns. Whereas, in applications like green-energy hydrogen generation by water photolysis
and photocatalytic destruction of organic pollutants in water, suspensions of large surface area
particles like nanotubes are preferred as the configuration has large number of reactant
adsorption sites and better light harvesting capability. Synthesis of C and N-doped TiO,
nanoarchitectures were also carried out as these were found to modify the electronic energy
band structure resulting in photon absorption in the visible region, which constitutes 45% of

solar radiation spectrum. Major results of the present investigations are summarized below.
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7.1. Conclusions

7.1.1. Synthesis and Characterization of Pristine and N-doped TNTA by
Potentiostatic Anodization

The electrochemical process parameters such as applied voltage, time of anodization and
electrolyte composition for the synthesis of smooth walled high aspect ratio TiO, nanotube
arrays (TNTA) were optimized with the support of current density versus time plots obtained
during anodization and subsequent FESEM analysis of the anodized samples. The optimized
process parameters, for synthesis of nanotube arrays on Ti foils are 30 to 50 V applied potential,
anodization time of 2 to 3 hours and electrolyte composition of 0.25 to 0.5 wt% of NH;F + 2to 3
wt% of H,O in ethylene glycol, and those for transparent nanotube arrays upon FTO coated glass
are same electrolyte composition, 40 V applied potential and anodization for 2 hours. The as
prepared nanotube arrays were amorphous in nature and on annealing at 400 °C yielded anatase
phase. With increase in annealing temperature, the nanotube arrays underwent phase
transformation from anatase to rutile and at 800 °C complete phase transformation occurred
leading to the formation of thick rutile TiO, layers. The tubular structure of TiO, nanotube arrays
is retained up to 700 °C. A compositional analysis by XPS revealed the presence of surface and
subsurface defect states such as bridging oxygen vacancies (Ti - Vo — Ti), Ti — OH — Ti / Ti-
(OH),-Ti bridge and surface terminating Ti - OH. The water molecules and organic species
present in the ambient are adsorbed in the bridging oxygen vacancies and undergo dissociation
and oxidation, respectively, upon light irradiation and therefore has immense influence on
photocatalytic activity. The band gap calculated from the results of diffuse reflectance

spectroscopy was around 3.3 eV implying absorption in the near UV region.
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N-doped TNTA were fabricated by single step anodization technique using urea in
different weight percentage as a nitrogen precursor in ethylene glycol medium containing 0.5
wt% ammonium fluoride and 2.5wt% of water. The XPS analysis confirmed nitrogen
incorporation in TiO, matrix both in substitutional and interstitial forms, of which major
contribution arises from the substitutional states. The calculated compositions are TiO; gsNo.115
(3.88 at% of N), TiO1813No.14 (4.12 at% of N) and TiO1.84Ng 121 4.74at% of N) for 0.1, 0.2 and
0.3 wt % of urea in the electrolyte, respectively. The as prepared samples were amorphous in
nature and upon annealing at 400 °C, it transformed to anatase phase. The optical band gap
values were found to shift to lower values with N-doping. The band gap values obtained are
3.22, 2.75 and 2.77 eV for TiO1.g5No.115, TiO13813No.14 and TiO1.84Ng 121, respectively. In the case
of TiO1 813No 14, introduction of interband state could be discerned from the absorption spectrum.
The observed shifts in the band gap energy for TiO1.g5No 115, TiO1.813N0.14 and TiO7.g4No 121 from
that of the pristine TiO; are 0.05, 0.52 and 0.5 eV, respectively. The extra state introduced in the

case of TiO1.813No 14 is located 0.68 eV above the valence band.

7.1.2. Photovoltaic, Field Emission and Surface Wetting Characteristics of Pristine
and N-doped TNTA

Selected application studies such as dye sensitized solar cell (DSSC) studies using
pristine TNTA on Ti foil and FTO coated glasses, field emission and photoinduced surface
wetting-dewetting properties of pristine and N-doped TNTA on foil were carried out.

The photovoltaic performance of DSSCs fabricated using pristine TNTA on Ti foil and
FTO coated glasses were found to be inferior to those reported in literature, which could be
attributed to the non optimized process parameters. The drawbacks were identified as improper

dye attachment to the TNTA, low conductivity of the in-house made Pt counter electrode, limited

217



Chapter 7

length of the TiO, nanotubes on FTO glass, decrease in conductivity of the FTO glass due to
excess anodization as well as high temperature annealing and the counter electrode side light
illumination for the DSSCs fabricated using TNTA on foils. All the above mentioned issues
resulted in low fill factor (FF) values which resulted in the poor efficiency of the fabricated
DSSCs. This was further confirmed by the higher Vo, ls, FF, efficiency and IPCE values
obtained for the DSSC fabricated in-house using commercially available TiO, and Pt coated
conducting glasses. In addition, the high electrochemical impedance obtained for the cells

fabricated using TNTA confirmed the identified shortcomings.

The field emission (FE) properties of pristine and N-doped anatase TNTA corresponding
to different concentrations of nitrogen were studied to understand their potential for application
in large area electron field emitters. An enhancement in FE was observed with N-doping. The FE
was found to increase with increase in the nitrogen concentration in the anion sublattice. From
the Fowler Nordheim (FN) plot, the turn on fields obtained for 3.88, 4.12 and 4.74 at% of N-
doping were 12.5, 10.4 and 7.1 VV / um, respectively. The low turn on values of doped TNTA
compared to pristine ones indicate that N-doping plays a very significant role in enhancing the
FE properties. The enhancement of FE properties on N-doping can also be ascribed to the
presence of localized donor states, with higher band width, located at energy levels close to
CBM compared to that of TiO, and N-2p state above the VBM, leading to a shift in Fermi level
to higher energies and consequent reduction in work function. The nonlinearity in the FN plot of
the N-doped TNTA revealed different mechanisms for field emission at high and low fields. In
the present study, three regions were observed and identified in the FN plot, a low field region,
an intermediate region and a high field region. The low field region corresponds to surface states

dominated FE. In the high field region, the field penetration breaks down the surface potential
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barrier increasing FE. In the intermediate region both mechanisms compete resulting in a
different slope.

The hydrophobic <> hydrophilic switching behavior of pristine and N-doped anatase
TNTA was studied, under UV and sun light illumination, to understand their potential for
application as smart membranes. Surface wetting investigations on pristine and N-doped anatase
TNTA revealed near superhydrophobic nature of pristine and N-doped TNTA, in which the N-
doped ones were found to be more hydrophilic. The photo induced near superhydrophobic <
superhydrophilic switching was observed for both pristine and doped TNTA under UV (1.4
mW/cm?) / dark conditions. In the case of N-doped samples, in addition to UV light, the
switching behavior was observed under sun light (10mW/cm?). The kinetic analyses of contact
angle decay with photo irradiation time as well as the recovery with time in dark carried out for
the pristine and N-doped TNTA revealed faster near superhydrophobic to superhydrophilic
conversion rate and slow reverse process rate for N-doped TNTA. The near superhydrophobic to
superhydrophilic conversion rate for the N-doped TNTA, under sun light was less pronounced
compared to that under UV light and the recovery to the initial hydrophobic state was fast. The
visible light induced super hydrophilicity of N-doped TNTA indicates their potential use as

visible light active smart membranes.

7.1.3. Synthesis and Characterization of Pristine and N and C co-doped TiO,

nanotube powders by Rapid Break down Anodization Technique.

High surface area anatase TiO, nanotube powders were synthesized by anodizing Ti foils
in 0.1M perchloric acid. FESEM and TEM analysis confirmed the tubular architecture. The as
prepared TiO, nanotubes were of ~8 nm inner diameter, ~5 nm wall thickness, 5 to 10 um tube

length and 9 to 13 nm crystallite size, as revealed by XRD and TEM analysis. Destruction of
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tubular morphology and phase transformation from anatase to rutile were observed for the TiO,
nanotubes when annealed above 500°C. The asprepared samples showed good optical properties
where the band gaps varied from 2.95 to 3.07 eV as revealed by PL and diffuse reflectance
spectroscopic measurements. The BET surface area of the samples was 155 m?/g. An effort to
synthesize C and N-doped TiO, nanotube powders using urea as the precursor in the electrolyte
resulted in the destruction of tubular structure. XRD and micro Raman analysis showed anatase
phase crystallinity as in the case of pristine TiO, nanotube powders. XPS studies showed
presence of interstitial N-doping and substitutional C-doping. Peaks corresponding to
substitutional nitrogen (~397 eV) could not be observed. Diffuse reflectance spectroscopy did

not show any appreciable change in the band gap with doping.

7.1.4. Photocatalytic Hydrogen generation and dye degradation studies using
Pristine and C and N co-doped TiO, nanotube powders

Hydrogen generation by water photolysis using Pt loaded TiO, nanotube powders were
studied to understand their potential as efficient catalyst for green energy based hydrogen
generation. Sodium borohydride reduction of chloroplatinic acid in which TiO, powders are
dispersed was employed for synthesizing Pt loaded TiO,. Platinum was loaded in different
amounts varying from 1 to 10 wt%. An anatase to rutile phase transformation was observed at
higher Pt loadings (> 5wt %). The highest H, generations under near UV light (~380 nm and 120
W) was observed at 1.25 and 2.5 wt% of Pt loadings and the respective quantities liberated are
777.3 and 927.9 u moles of H, / h / g of Pt-TiO, respectively. Also, increased Pt loading resulted
in clustering of Pt nanoparticles thereby reducing the chemically active surface area leading to
reduced hydrogen production. The photoluminescence characteristics of Pt loaded TiO, samples

revealed photo-generated electron transfer from TiO, to Pt. From the results of this study the
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critical role of particle size of Pt and resultant enhancement of CSA in the photocatalytic
hydrogen generation was clearly established. This was further confirmed by turn over frequency
calculation. An enhancement in the H, generation rate was observed with increase in incident
light frequency. For incident light of 254 nm wave length (64 W) and 1.25 wt% Pt loading, the
hydrogen generation rate obtained was 0.030 moles / hour / g of Pt/TiO..

Photocatalytic dye degradation studies using pristine as well as N and C co-doped TiO,
nanotube powders were investigated taking Rhodamine 6 G (R6G) as a model pollutant under
sun light illumination. The change in concentration of R6G with irradiation time was quantified
by UV-visible absorption studies and it was observed that the pristine as well as N and C co-
doped TiO, nanotube powders showed similar photocatalytic activity. Degradation of the dye in
presence of TiO; followed apparent first order kinetics based on L-H mechanism and the rate
constant calculated were 4.99 x 10 s™ (2.99 x 10° min™) and 3.99 x 10° s%(2.4 x 10°° min™) for
pristine and doped TiO, nanotube powders, respectively. The slight decrease in dye destruction
efficiency of the doped TiO; can be ascribed to the generation of charge recombination centres

on doping.

7.2. Scope for Future Research

Fabrication of various nano-architectures of TiO,, their characterization and application
in specific areas based on their morphology and associated characteristics, is quite time
consuming. Only a beginning has been made to synthesize selected quasi one dimensional nano-
architectures of high surface area, such as vertically aligned nanotube arrays and nanotube tube
powders and study their applications in chosen areas where the specific architectures are
expected to enhance the efficiencies of devices fabricated using these nanoscale materials. The

selected studies pertain to the basic aspects of applications of TNTA and TiO, nanotube powders
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in areas such as photo-voltaic, field emission, self cleaning surfaces, photo-induced H;
generation by water splitting and destruction of organic pollutants. Much work is needed to
optimize the properties of the quasi one dimensional TiO, nano-architectures to enhance the
efficiencies pertaining to above mentioned applications. It is hoped that the present thesis would
form the foundation of the future research work in this direction.

7.2.1. Recommendations

a. The TNTA fabricated on FTO coated glasses in the present investigations posed difficulties
in DSSC applications because of their limited tube length, less transparency and decrease in
conductivity after anodization followed by annealing. Preliminary results obtained in the
fabrication and photovoltaic studies are inconclusive. Therefore careful fabrication steps are
needed to get high aspect ratio anatase TNTA on FTO glasses. Since N-doped TNTA have better
electrical and optical properties, compared to the pristine ones, it is worthwhile to fabricate
DSSCs using transparent N-doped TNTA on conducting glasses and study their photovoltaic
characteristics. In addition, synthesis of increased surface area nanotube arrays, by modifying the
inner and outer surface morphologies of individual nanotubes (creating ripples and ridges) by
tuning the electrochemical parameters and studies on their effect in DSSC’s performance is
worth pursuing.

b. Substitutional N- doped TNTA was fabricated by anodizing Ti in urea containing
electrolytes. These studies can be broadened to fabricate other anion (C, B, S and F) doped
TNTA by employing suitable precursor in the electrolyte. Co-doping (like C&N, C&S, F&N and
B&N) of the TNTA can be tried out by modifying or varying the precursor in the electrolyte

medium. Careful compositional analysis can shed light on the effect of doped elements in the
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electronic energy band structure of TiO,. The effect of doping and co-doping on the
photocatalytic, field emission and antifogging characteristics can also be investigated.

C. Present studies indicated enhancement in FE on N-doping as well as aspect ratio tuning by
varying the applied voltage. More detailed investigations on the effect of tube length, diameter
and wall thickness of the N-doped TNTA on the FE, can be explored which could provide a
rational basis for the development of large area field emitters employing quasi one dimensional

nano architectures of TiO,

d. High surface area anatase TiO, nanotube powders in high yield, synthesized using rapid
break down anodization technique in this study, will provide the basis for the fabrication of
DSSCs, by coating the nanotube powders onto suitable transparent conducting substrates like
FTO/ ITO coated glasses by spin coating, dip coating and doctor blading technique. The
thickness of the TiO, coating can be tuned to obtain efficient DSSC device.

€. Platinum loaded nanotube powders when used as photocatalysts for hydrogen generation by
photolysis of water, under UV light, gave generation rates as high as 0.03 moles of H, /g of
catalyst in one hour. It is worthwhile to carry out the studies with more cost effective metal and
metal oxide, such as Ag, Cu, Cu,O, loaded TiO, nanotubes to make the process more cost
effective. Hydrogen generation studies of the catalysts under sun light is another area worth

pursuing.
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