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ABSTRACT

Semiconductor photocatalysis attracted much attention during the last
two three decades due to their low environmental impact. Among
various semiconductors, titania (TiO,) paves more attention due to its
non-toxicity, low cost, stability and better catalytic activity. However,
due to its large band gap, the spectral response is in the UV region
which constitutes only 4-5% of the sun light. Of the three common
polymorphs of TiO,, anatase is a widely accepted catalyst mostly
towards photocatalytic applications. However, it is transformed into
rutile at a temperature range of 400-500 °C. In order for TiO; to be
utilized in wider areas, it is necessary that anatase can be stable at
higher temperatures. In the present work, a co-doping technique is used
for the modification of TiO, to improve its overall material properties
including spectral response and photocatalytic activity. This thesis
work achieved the improvement in high temperature stability of
anatase TiO, and higher photocatalytic activity of TiO, by using
various non-metal modifiers. Using the visible region of the
electromagnetic spectrum, the prepared catalysts were successfully
employed for the removal of a dye, methylene blue which can be

considered as a model contaminant in this thesis.

In the first part of the present thesis, as prepared TiO,samples were
modified using non-metallic and low cost precursors such as thiourea,
thiosemicarbazide, sulfanilic acid, cysteine, ammonium fluoride are
studied. Modifiers are selected in such a way that they contain non-

metallic element as dopant nitrogen, sulfur and fluorine. All these



modifiers were improved the anatase phase stability and photocatalytic
activity of TiO,. The high temperature treatment of modified TiO;
resulted in high crystallinity, higher amount of hydroxyl radical on the
surface of TiO, and higher surface area, which are the important
factors that contributed to photocatalytic activity of anatase TiO,.
Therefore using this chemical modification process achieved a dual
aim i.e. high temperature anatase stability and higher photocatalytic
activity. The thermal stability of N, F-codoped TiO, sample exhibit
100% anatase phase even at temperature of 1000°C and displayed
better photocatalytic property than that of undoped TiO, at the same

temperature.

Second major aim of this thesis work is to achieve selectivity in the
photocatalytic activity of TiO,. Generally photocatalytic degradation
by TiO, follows free radical mechanism and which follows complete
mineralization of pollutant non-selectively. This non-selectivity / poor
selectivity limit its application to differentiate between highly toxic
contaminants and the compounds to be recovered, in an effluent. In
this thesis, high temperature stable nanocrystalline TiO, for the
selective photocatalytic degradation of ionic dyes from an aqueous
mixture of methyl orange (MO) and methylene blue (MB) under UV
light (Ref. M. S. Beegam, S. G. Ullattil, P. Periyat, Solar Energy, 2018,
160, 10) were synthesized. TiO, samples (TNF500 & TNF700)
selectively degraded cationic methylene blue (MB) over anionic
methyl orange (MO) from an aqueous mixture of MB and MO dye.

The selective photocatalysis was well accounted by surface charge



obtained from zeta potential measurements as well as the presence of
(001) facets as obtained from TEM analysis of TNF samples.

Tuning of the photocatalytic selectivity of N, F codoped sample by
adding various concentrations of Mn ion (Ref. M. S. Beegam, S. B.
Narendranath and P. Periyat, Solar Energy, 2017, 158, 774-781) was
also achieved. The selective photocatalysis was tested by measuring
the rate of degradation of aqueous dye mixture of methyl orange (MO)
and methylene blue (MB), and the rate of selective degradation of the
dye mixture was tuned by varying the surface charge on the TiO,. The
surface charge was probed with zeta ({) potential measurements. The
C-potential measurement showed that the selectivity of dye degradation

depends on the surface charge present on TiO, nanomaterial.
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1.1. Introduction to nanomaterials, nanoscience and

nanotechnology

Nanomaterials are cornerstones of nanoscience and nanotechnology.
Nanoscience and technology is an interdisciplinary area of research
and development activity that has been growing explosively worldwide

in the past few years.

The term nanotechnology comes from the combination of two words:
the Greek numerical prefix ‘nanos’ means dwarf referring to one
billionth of a meter and the word technology.! The concept
nanotechnology was introduced by Richard Feynman in his pioneering
lecture “There s plenty of the room at the bottom” held at California
institute of technology in 1959. Invention of scanning tunneling
microscope (STM) in 1981 had excelled the popularization of
nanotechnology and provides better understanding about atoms and
bonds. Theory behind the role of individual atom in nanotechnology
was successfully conceptualized after the development of STM in

1989.

A basic definition has been given to nanotechnology is that: it is the
engineering of functional systems at the molecular scale or the ability
to construct objects from the bottom up. The field of nanotechnology is
rapidly growing and faces numerous challenges to its further growth
and development. Nanotechnology promises the possibility of creating
nanostructures having properties including superconductivity and
magnetism. Another very important aspect of nanotechnology is the

miniaturization of current and new instruments, sensors and machines



that will greatly impact the world we live in. Examples of possible
miniaturization are computers with infinitely great power that compute
algorithms to mimic human brains, biosensors that warn us at the early
stage of the onset of disease and preferably at the molecular level and
target specific drugs that automatically attack the diseased cells on site,
nanorobots that can repair internal damage and remove chemical toxins

in human bodies, nanoscaled electronics that constantly monitor our

local

environment.

The evolution and future

nanotechnology has been summarized in Figure 1.1.
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Figure 1.1: Development of nanotechnology over the years2

1.1.1.

What are nanomaterials?

Nanomaterials are single or multi-phased polycrystalline particles of

organic or inorganic materials having a size of few nanometers,



typically in the range of 1-100 nm.” A nanometer is one billionth of a
meter - approximately 100,000 times smaller than the diameter of a
human hair. Nanomaterials are of interest because at the nanometer
scale unique optical, electrical, magnetic, and other properties emerge.
These emerged properties have the potential for great impacts in

electronics, medicine, and other fields.

Two general methods exist concerning the controlled synthesis and
arrangement of nanoparticles: top-down and bottom-up methods
(Figure 1.2). Top-down methods involve the creation of nanoscale
objects/devices from larger ones, or the physical manipulation of
nanoscale objects with larger ones. On the other hand, bottom-up
synthesis (assembly techniques) rely on smaller interactions between
nanomaterials to guide their self-assembly. Using chemical bottom up
approach, different nanocrystals having properties such as narrow size
distribution, desired particle size over the largest possible range, good
crystallinity, high luminescent quantum yield, controllable surface
functionalization, efc. can be obtained on a gram scale and handled like
ordinary chemical substances. However, top-down techniques are
currently more common, time consuming, expensive, not for practical
scale up and commercialization. The bottom-up methods are desirable
because they are more easily scalable, and thus cheaper than top-down
options. The bottom-up techniques once properly mastered, allow for
the economic scale up of nanomaterial synthesis and nanodevice

production.
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Figure 1.2. Schematic representation of the preparative methods of

nanoparticles

Nanomaterials often can be distinguished from bulk materials by the

following means:

. Electromagnetic forces dominate gravitational forces.

. Nanoscaled materials exhibit quantum effects-Unique surface
properties of nanomaterials amplify light intensity, shows

unexpected optical properties.

. Larger surface area to volume ratios.
. Enhanced diffusivity.
. Exhibit Brownian movement.



It is seen that the properties of nanomaterials are quite sensitive to their
sizes.! Nanomaterial having size range of 1-20 nm have become a
major interdisciplinary area of research and their extremely small size
has the potential for wide range of applications in electronic, industrial
and biomedical fields. This is partly connected with the fact that
surfaces and interfaces are very important for nanomaterials, but in the
case of bulk materials, relatively small percentage of atoms will be
present at or near the surface or interface.’ In nanomatrials, small size
ensures that many number of atoms, probably half or more in some
cases will be near at the surface and high percentage of surface atoms
introduce many size dependent phenomena. High surface area is an
important feature of nanosized and nanoporous materials.” Surface
properties of a material, such as electronic structure, energy levels and
reactivity can be quite different from interior states and results quite
different material properties. Summarizing, the optimization of
structure, morphology, optical, mechanical and electronic properties of
nanometer sized systems have the fundamental importance in the

design of nanostructures with favorable properties.
1.1.2. Classification of nanomaterials:

Depending on the dimensionality of nanomaterilas in which the size
effect on the resultant property, the nanomaterials can be classified as
zerodimensional (e.g. quantum dots) in which the electronic movement
is confined in all the three dimensions, one-dimensional (e.g. quantum
wires, nanorods, nanoneedle) in which the electrons can move freely in
one direction (say. X-direction), two-dimensional (thin films, strands)

in which the free electron can move in X-Y plane, or three dimensional



(nanostructured material built of nanoparticles as building blocks) in
which the free electron can move in any of the direction i.e. in X, Y

and Z direction (Figure 1.3).
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Figure 1.3. Classification of nanomaterials (a) 0 dimensional spheres
or clusters, (b) 1 dimensional nanofibers, wires or rods, (c) 2
dimensional films or plates and (d) 3 dimensional nanomaterials.

Nanoparticles (NPs) further divided into various categories based on
their morphology, size and chemical properties. Some of the well
known classes coming under this scheme are carbon based NPs (e.g.
carbon nanotube and fullerenes), Metal NPs (e.g. Cu, Ag and Au NPs),
Semiconductor NPs, Polymeric NPs, Lipid based NPs etc.’

1.2. Semiconductor nanomaterials

Semiconductor materials possess properties in between metals and
insulators and due to this property they found various applications in
different fields. Currently, semiconductor nanomaterials and devices
are still in the research stage, but they are promising for applications in

many fields, such as solar cells, nanoscale electronic devices, light-



emitting nano devices, laser technology, photocatalysis, waveguide,
chemicals and biosensors.”*® Further development of nanotechnology

will lead to significant breakthroughs in the semiconductor industry.

Semiconductors can act as sensitizers for the light induced redox
processes due to electronic structure of the metal atoms in chemical
combinations with other atom such as oxygen, which is characterized
by a filled valence band and an empty conduction band.'”!' By
absorbing suitable radiations, valence band electrons get promoted to
conduction band leaving behind a hole. Either the holes react with
electron donors such as hydroxide ions or electrons react with oxygen
molecules to produce powerful oxidizing species like hydroxide and
superoxide radicals respectively. These radicals are highly reactive and
can be used for many applications. Subsequent to the initial charge
separation, electron-hole recombinations will results which must be

prevented as much as possible.

Among all the semiconductor materials in photoinduced applications,
TiO, materials are expected to play an important role in helping to
solve many serious environmental and pollution challenges. TiO, also
bears tremendous hope in helping ease the energy crisis through
effective utilization of solar energy based on photovoltaic and water-
splitting devices.'>"*'*!> Though TiO, has the disadvantage of not
being activated by visible light, but by UV light, it has advantageous
over the others in that it is photoctalytically stable, chemically and
biologically inert, able to efficiently catalyze reactions, relatively easy
to produce and use, cheap and can handle without risks to human and

environment. '°



1.3. Titanium dioxide

Titanium dioxide is the naturally occurring oxide of titanium at
atmospheric pressure. It was discovered in England in 1791 by
Reverend William Gregor, who identified a new element in ilmenite.
German chemist, Heinrich Klaporth rediscovered it in rutile ore after
several years and named Titans, mythological first son of the goddess
Ge (Earth in Greek mythology). Normally TiO, occurs in different
minerals like rutile, ilmenite, anatase, brookite, leucoxene, perovskite
and spene. Among these rutile, anatase and brookite are the most
important crystalline forms of titania.'®'” The crystal structures of
rutile (tetragonal), anatase (tetragonal) and brookite (orthorhombic) are
assembled by connecting TiOg octahedral in different ways. In anatase
phase each octahedral unit is connected by their edges, vertices are
connected in rutile and both vertices and edges are connected in

brookite phase (Figure 1.4).

]

Brookite

Figure 1.4. Crystal structure of anatase, rutile and brookite phases of
TiO,."*



It is well known that Rutile is the most stable form and primary source
of titanium dioxide and was discovered by Werner in 1803. The name
rutile is derived from the Latin word rutilus, red due to deep red colour
as observed through the transmitted light in most specimens. It is
commonly reddish brown but is also sometimes yellowish, bluish or
violet, being transparent to opaque. Rutile ore usually contains up to
10% iron, and also other impurities such as tantalum, niobium,
chromium, vanadium, and tin in small quantities. It is associated with
minerals such as hematite, silicates and quartz. Notable occurrences
include Brazil, Swiss Alps, the USA and African countries.'? Effective
light scattering property, high refractive index and chemical inertness
of rutile phase make its usage in pigment industry in larger amount.
Rutile is stable at most temperatures and Zhang et al showed that
anatase and brookite phases are irreversibly transformed to the rutile
phase after attaining a definite particle size and rutile phase is more

stable than anatase for particle size higher than 14 nm.

Brookite phase was discovered by A. Levy in 1825 and was named in
honour of English mineralogist, H. J. Brooke. Its crystals are dark
brown to greenish black opaque. Associated minerals are rutile, quartz,
feldspar, and hematite. Notable occurrences include those in the USA,
Austria, Russia and Switzerland." Because of the difficulty in the
preparation of metastable brookite phase, only limited reports are

available based on the applications of this TiO, polymorph.*’

Anatase was named by R. J. Hauy in 1801 from the Greek word
anatasis meaning extension, due to its longer vertical axis than that of

rutile. It is associated with rock crystal often found in feldspar and



mica schist in France or associated with the walls of crevices in the
gneiss rocks of the Swiss Alps."” Muscat et al predict that anatase is
more stable than the rutile at 0K, but the difference in energy between
these two phases is small (approximately 2 to 10 kJ/mol).”!
Thermodynamically rutile is the most stable form, although anatase

phase forms at lower temperatures.

Titanium dioxide is an n-type semiconductor, that has a band gap of 3

eV for rutile and 3.0 eV for both anatase and brookite

22:23.24.252627 10, is the most widely investigated photocatalyst

phases.
due to its strong oxidative properties, non-toxicity, low cost, chemical
and thermal stability.”® Anatase and rutile phases of TiO, are the most

researched polymorphs, since these are more useful for practical

applications.'*'*

Their properties are summarised in Tablel.1.

Table 1.1. Physical and structural properties of anatase and rutile.™

Property Anatase Rutile
Molecular weight 79.88 79.88
(g/mol)

Melting point (°C) 1825

Specific gravity 3.9 4.0

Light absorption (nm) <390 <415
Mohr’s Hardness 5.5 6.5-7.0
Refractive index 2.55 2.75
Dielectric constant 48 114

Crystal structure Tetragonal Tetragonal
Lattice constants (A) | a=b=3.78 ¢=9.52 | a=b=4.59 c¢=2.96
Density (g/cm3) 3.79 4.13

10




1.4. Synthesis technique

Nanocrystalline materials, which are the combinations of ultrafine
crystals with dimensions are in the range of one to hundred
nanometers, are currently receiving much attention on account of their
special mechanical, physical and chemical properties, which are suited
for various applications. There are many methods for synthesizing
nanocrystalline metallic oxide materials, such as sol-gel method,

3192 chemical  vapour

35,36,37

hydrothermal, = microwave  synthesis,

33,34 solvothermal

deposition, physical  vapour  deposition,
method*®* and micelle and inverse micelle method.*® This research
chose sol-gel technique for synthesizing nanotitania, which will be

discussed in greater details.
1.5. Sol-gel methods

The sol-gel process is a versatile method, used for the fabrication of
various oxide materials. It can be considered as a wet chemical
technique and involves the transition of a system from a colloidal
liquid sol into a solid gel phase.’”'? *! A sol is a stable colloidal
suspension of small solid particles in a liquid medium.* Sols can be
classified as lyophilic if the interaction between solvent and particle
are relatively strong and lyophobic if the interaction is relatively

k.®* Repulsive force between the particles will stabilize the

wea
formation of sol. The sol can be prepared by the hydrolysis and
polycondensation reactions of the suitable precursor. Metal alkoxide
and metal chlorides are commonly used precursor in sol-gel method.
Based on the chemical nature of the precursor used, the sol gel method

can be classified into two

11



1. Non-alkoxide method: precursor used are :-TiOCl,,TiCls, SiCly,
TiOSO,, etc.* 4047

2. Alkoxide  method: precursor wused are :-Ti(OC;3;H7)4,
Ce(NO3);-6H,0, Ti(OC4H9),, etc. 849505152

In Non-alkoxide route, removal of the inorganic anion is necessary to
produce the required oxide.*® However, halides often remain in the
final oxide material and are difficult to remove.” Therefore the

alkoxide route is used throughout this thesis.

After complete polymerisation, the removal of the solvent molecule
results the transition of liquid sol into solid wet gel and the process can
be termed as gelation. The gel is simply defined as a non-fluid three
dimensional continuous network, which extends through a fluid
phase.* Further drying of these wet gels through different track can
result various products with diverse functional properties. If the gel is
dried by evaporation, then the gel network will collapse and results
xerogel having humongous surface area, small pore size and high

54,55

porosity. If the drying process is performed under supercritical

conditions, the structure of the gel network may retain and results
aerogel with low density and highly porous material (Figure 1.5).>*°
Number of studies follows sol-gel method for the synthesis of
nanocrystalline materials for different applications because of its

interesting advantages in sol-gel field and they are

1. The method requires simple processing steps and simple

equipment.®

2. Cost effective method.

12



Sol-gel preparation needed room temperature.*’

Chemical homogeneity of the sol-gel product is possible with

high purity. **

Able to get small sized materials having high surface area and

porosity.”’

Sol-gel method can be used to make ceramic and glassy

materials in the form of powders, fibers, or thin films.**

Easily get variety of products such as fibers, films, powders

with suitable properties.”
Easy to do coatings for films.

Metal (inorganic) — organic nano composites can easily got

through sol-gel method.

xerogel film dense film

heat
oy : '
coating
evaporation heat
R E— —

hydrolysis

polymerisation gelling

l

extraction of
solvent

aerogel

uniform particles

precipitating |
-

sol

spinning
furnace
_ ceramic fibres
] '

Figure 1.5. Schematic representation of sol-gel process.
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1.6.  Sol-gel synthesis of titanium dioxide

The mostly used precursor for the synthesis of titanium dioxide in
metal alkoxide route are Ti (OR) 4, where R=-OC;H7 (isopropoxide), -
OC4Hy (butoxide) and -OC,Hs (ethoxide). The entire thesis uses only
titanium isopropoxide as precursor for the synthesis of nano TiO, by
sol-gel technique. Normally, the sol-gel method involves hydrolysis
and condensation of metal alkoxide pursued by heat treatment at
required temperatures, which results polymerised metal oxide
framework.®’ In general, the lower electronegativity and corresponding
oxidation state of transition metals are lower than their coordination
number in the oxide network. So, expansion of the coordination sphere
spontaneously occurs upon reaction with water (hydrolysis) or other
nucleophilic reagents by accepting lone pair of electrons from these
reagents to increase the coordination number of the titanium metal
from 4 to 6.°' Also the coordination expansion is quiet easy in the case

of titanium metal due to its vacant d orbitals.

In addition, metal alkoxides contain metal-oxygen bond, highly
electronegative alkoxide group and electrophilic transition metals,
which make the molecules highly polar and reactive. Therefore it is
necessary to control the reaction condition to produce materials having
nano size, consistent structure and shape even though the controlling of
the conditions to be difficult. Different steps involved in sol-gel

process are

14



1.6.1. Hydrolysis

Hydrolysis of titanium alkoxide proceeds through nucleophilic
substitution reaction.’” In the nucleophilic addition of water molecule
to the titanium precursor, titanium can accept lone pair of electrons
from water molecule through oxygen. —OR group was reported as
better leaving group, so which can be easily replaced by an —OH
group. The leaving alkoxide group can easily protonated within the
transition state from water molecule and removed as alcohol (scheme

1.1).

Ti(OH)(OR);
Scheme 1.1: Mechanism for the hydrolysis of titanium alkoxide

1.6.2. Condensation

Condensation reaction can form large chains of molecules through
polymerization. Condensation can proceed via two routes: either
through alcoxolation or through oxolation reaction. In both these
processes an oxo bridge (M-O-M) is formed in between the metals as

seen in the scheme 1.2 and 1.3, but leaving group differs. Alcoxolation

15



is the process of removal of alcohol when a partially hydrolysed metal
alkoxide combine with another metal alkoxide molecule and form an
oxo bridge between the two metal atoms (scheme 1.2). However,
oxolation happened when two partially hydrolysed metal alkoxide
molecules link together by nucleophilic addition reaction to form the
same oxo bridge as in alcoxolation, but the only difference is that the

leaving group is water in place of alcohol (scheme 1.3).

OR OR OR OR

alcoxolation |
—_—

RO—Ti—OH + RO—Ti—OR RO—Ti—O0—Ti—OR + R—OH

OR OR OR OR

Scheme 1.2.Alcoxolation reaction

OR OR OR OR

oxolation

RO—Ti—OH + HO—Ti—OR RO—Ti—O0—Ti—OH + H0

OR OR OR OR
Scheme 1.3. Oxolation reaction

The thermodynamics of the hydrolysis and condensation reaction
mainly depends: the electrophilicity of the metal, nucleophilicity of the
entering molecule and stability of the leaving group. According to
Livage et al, thermodynamically alcoxolation is more favourable than
oxolation during a condensation reaction of hydroxy titanium

% Based on these results Sanchez et al concluded that

ethoxide.
alcoxolation may be a favored condensation route than oxolation for all

titanium alkoxides.**
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The kinetics of condensation reaction depends:

» The extend of unsaturation of the metal

» Extend of molecular complexity of the metal alkoxide
» Usage of solvent

» Alkyl chain length of organic ligand

» The leaving ability of the proton to be transferred in the transition

state.

Sols and gels are commonly treated as intermediates in the formation
of powders, glasses, ceramics etc. Therefore, successive steps like

aging, drying and calcination are important for the above conversion.
1.6.3. Aging:

This process occurs via three steps: continuing polymerisation,
syneresis and coarsening. Polymerization of unreacted hydroxyl groups
results an increment in the connectivity of the gel network. Syneresis is
the irreversible and spontaneous shrinkage of the gel accompanied by
the expulsion of pore liquid and finally coarsening or Ostwald ripening
refers to an increase in the particle size, and change in crystalline

structure and morphology.
1.6.4. Drying:

The simplest way for drying is to let the liquid evaporate at a very low
rate and which avoid cracking of the gel during drying. This strategy is

effective, but is not practicable because the process is time consuming.
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Another method for drying is to keep the gel at 100 °C where large
volumetric shrinkage occurs during the process. One of the main
problems in the later method is possibility of cracking of the gel, due to
the stresses caused by the capillary forces in between the gas-liquid
interfaces. The direct solution to avoid all these to add drying control
chemical additives (DCCAs) that reduce the capillary force at the gel
interface, allowing rapid elimination of unwanted particles.” DCCAs
are added into the starting mixture before gelation and after heat
treatment, a crack-free xerogel results. Formamide is one of the most
common DCCAs used for drying silica gels, which results increase in

hardness and pore size of the dried gels.
1.6.5. Calcination:

This refers to heating of the dried gel at higher temperature (above
100 ‘C) in the absence or limited presence of oxygen. Organic matter,
moisture and volatile impurities already present in the sample are
driven out on calcination and get pure oxide form of the metal.
Calcination affects crystal size, densification, morphology and pore

size and shape of the metal oxide.
1.7.  Applications of titanium dioxide

In the early twentieth century, titanium dioxide has been widely used

6899 toothpastes,” ointments

as a pigment®® and in paints,”’ sunscreens,
and other instances in which white colouration is needed. The reason
for this is the high refractive indices of anatase and rutile, which results
high reflectivity from the surfaces.”' In 1971, after the discovery of

photocatalytic splitting of water on a TiO, electrode under UV light,
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enormous efforts have been devoted to the research of TiO, material,
which has led to many promising applications (Figure 1.6).'>” TiO,
photocatalysts are known to be applicable in a range of technologically

important areas:

< Environment

4,75,76,77,78
Water treatment.”*’>7%777

Air purification.”®

. 1. : 81,82
Used as sensors for humidity and various gases”

< Energy

Dye-sensitised solar cells (DSSCs)**#*%

Electrolysis of water to generate hydrogen.3®’2 #7858

K/

x4 Built Environment

Non-spotting glass’®’!

Self-cleaning coatings’®"" 7>

Explored as elctrochromic devices, such as elctrochromic displays and

Windows93,94,95,96

UV blocking applications®””®

o Medicinal field

Self-sterilising coatings.”*"'"
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As biotracer’®

Used to kill tumor cells in cancer treatment, '°!-10%103:104.105

—

" Environmental ~_

Pl Air Purification Water purification [N
’ Deodorizing Removal of hazardous L

Removal of air pollutants| | substances/Disinfections N\

/ = N
| Vehicles N
/ Refrigerator Sidernitror \
, Fluorescent light
il Residence(Interior) | Residence(Exterior)
urtain Painting/Tile
Wall paper Glass/Tent

idStionot Agriculture
‘ Tunnel lighting Reduction

Sound insulation wall
Removal of NOx

pesticides
Deodorization
Hydroponic culture
Cancer treatment
Offset printin .
i § Catheter / Operating room |

Water splitting
Hydrogen evolution |

Figure 1.6: Applications of TiO, photocatalysis'®®
1.8. Advanced oxidation process

Environmental contamination by organic pollutant is an overwhelming
problem all over the world. Over the last 10 years problems related to
hazardous waste remediation have emerged as a high national and
international priority.'®” The pollutants with high toxicity require some

novel techniques to transform them into harmless and eco-friendly
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compounds like carbon dioxide, water and other inorganic species.
Several researches have been carried out to remove these pollutants
rapidly and economically. The prime condition is that, the method
should be inexpensive and green. That is a secondary pollution should

not be produced upon this process.

Recently a new and promising approach, the advanced oxidation
process (AOP) was developed for environmental purification and in
which photocatalysis has become an integral part of AOPs, which
referred to as a chemical treatment procedure designed to remove
organic or inorganic material in water and waste water.'” Key AOPs
include homogeneous and heterogeneous photocatalysis based on UV
or visible irradiation, ozonation, ultrasound, electrolysis, Fenton’s
reagent and wet air oxidation.'” Generally, AOPs can be defined as an
aqueous oxidation method which depends on the intermediacy of
highly reactive species such as hydroxyl radicals, which leads to the
destruction of the target pollutants.'” The reactive hydroxyl radicals
are the strongest oxidizing species that can virtually oxidize any
organic/inorganic compound that may present as contaminants in the
water bodies, often at diffusion controlled reaction speed.''’ Once
formed hydroxyl radicals quickly and non-selectively fragmented the
contaminants into small inorganic molecules. Usually, the OH" radicals
are generated with the help of primary oxidants such as ozone,
hydrogen peroxide or oxygen etc, and/or energy sources like UV light
or catalysts (eg, TiO,). Precise, sequence, pre-programmed dosage and
combinations of these reagents are applied to get a maximum yield of

hydroxyl radicals. Summarizing, when applied in properly tuned
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conditions, AOPs can reduce the total amount of contaminants from
several hundred of ppm to less than 5 ppm and significantly bring
down the TOC and COD value, which earned it the credit of water

treatment processes of the 21st century.''*!!!

One of the most appropriate works done in this field is the
semiconductor catalysed photo degradation of pollutants using solar
irradiation as source of energy.”’ Metal oxides are recently used
semiconductor photocatalyst and Chan et al categorised these oxides
into three: (i) Titanium dioxide (Ti0,), (ii) Zinc oxide (ZnO) and (iii)
other metal oxides (such as Vanadium oxide, Tungsten oxide,
Molybdenum oxide, Indium oxide and Cerium oxide).'"” The
photocatalytic properties of these metal oxides have been studied
extensively, and the result shows that they have good photocatalytic
efficiency in the degradation of dye in wastewater.”""''*!13"? Of these
photosensitive semiconductors, TiO, is considered as an ideal
semiconductor for photocatalysis because of its chemical stability, low

cost, availability and highly oxidizing nature.''*'">

TiO, became one of the most attractive semiconductor materials in the
research field. In 1972 when Fujishima and Honda reported the
discovery of photoinduced water splitting (2H,O — 2H; + O;) using a
TiO, anode and platinum counter electrode prompted extensive
research on TiO, and other semiconductor materials.”? TiO, shows a
promising remedy for the environmental pollutants was introduced,
when Frank and Bard investigated the reduction of cyanide in water in
1977.""7 1n 1983 Ollis reported the complete degradation of

trichloroethylene in aqueous media. ''® Nano sized TiO, was employed
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in an efficient solar cell, the dye sensitised solar cell (DSSC) as
reported by Graetzel and O’Regan in 1991, led TiO, as one of the most
internationally ~ researched  semiconductor  materials.*'" UV
illuminations on TiO; induce wettability termed as superhydrophilicity,
which have a large range of applications in cleaning and anti-fogging
surfaces.” In 1997 Wang et al reported TiO, surfaces with excellent
anti-fogging and self-cleaning abilities which were attributed to the
super hydrophilic nature of the TiO, surfaces.'*’In 1995 there were 700
TiO, publications, seven years later that number increased to over

2000 publications showing the importance of TiO, photocatalysis.
1.9.  Photocatalysis

Photocatalysis is a redox reaction in which the electrons in the valence
band get excited to the conduction band by creating positive holes in
the valence band of semiconducting materials by the irradiation of light
with suitable energy. '*""> Among the photocatalysts, TiO, is the most
available and known material as a photocatalyst. The high stability and
higher quantum efficiency of TiO, are the key factors that make it an
ideal catalyst. More significantly, it has been used as a white pigment
from ancient times, and thus, its safety to humans and the environment

is guaranteed by history.

Commercially, the possible application of TiO, material as a

photocatalyst in water treatment is due to several factors:

1. Photocatalytic reactions take place at room temperature.
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2. Usually, TiO, materials completely mineralized the organic
pollutants into nontoxic substances such as CO,, HCI and water
without any production of intermediates. So photocatalytic
reactions do not suffer the drawbacks of photolysis reactions in

terms of toxic intermediates.'%!?2 123124

3. Photogenrated holes are extremely oxidizing, can produce
hydroxyl radicals from water molecule and photogenerated

. . 3
electrons reduce oxygen molecule to superoxide radicals.”

4. Comparatively the TiO, photocatalyst is inexpensive and can
be used as a support on various substrates such as fibers, glass,
sand, stainless steel, activated carbon, inorganic materials

allowing continuous re-use.
1.10. Electronic process in pure TiO;, photocatalysis

Titanium dioxide is an n-type semiconductor, which has a band gap of
3.2 eV for both anatase and brookite and 3 eV for rutile phase. In TiO,,
the titanium ions are in octahedral environment, generally have a Ti*"
ie 3d ° electronic configuration. The valence band of TiO, consists of
2p orbitals of oxygen, whereas the conduction band is made up from
3d orbitals of titanium.'?® Irradiation of UV light on TiO, surface
excite electron from the filled valence band to the empty conduction
band, creating electron-hole pairs as shown in Figure 1.7."*° The
photogenerated electron-hole pairs undergo recombination and
dissipate the excess energy through nonradiatively or radiatively as

light or heat (eq 1 and 2).
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TiO, + hv ——= hyp + écp (1)

écp + hyp —— Energy (2)

Relaxation Reduction

Conductio

. Diffusi
con ) iffusion

hommm) | Excitation

Valence (11/) = a.
1 + -
band % Diffusion

Relaxation

Oxidation

Figure 1.7: Band gap structure of UV active anatase TiO,

This will scale down the overall efficiency of the light induced process.
Various strategies have been adopted to reduce the rate of
recombination and they are heterojunction coupling,'**'*” doping with

129, 130 .
*°" The excited electrons

ions'*® and nanosized crystalline particles.
(¢) in the conduction band are now in a pure 3d state and because of
dissimilar parity, the transition probability of e to the valence band
decreases, leading to a reduction in the probability of e/h’

31

. . 1 . . .
recombination. © These charge carriers, can easily migrate to the

surface of the TiO, catalyst and trigger secondary reactions with the
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molecules adsorbed on its surface or within the surroundings of the

charged particles.

For example, the excited electrons in the conduction band can reduce
the oxygen molecule to form superoxide (‘O,") radicals, that may
further react with H' ion to produce hydroperoxy radicals (OOH) and
both of these reactive oxygen species (ROS) can take part in the
oxidation of organic pollutants, whereas the positive holes in the
valence band can oxidize the adsorbed water or hydroxyl molecule and
produce hydroxyl radicals (OH), which in turn oxidizes the organic
pollutants (Figure 1.7; equations 3 and 4)."**'** The reactive oxygen
species such as hydroxyl, superoxide or hydroperoxide radicals can

subsequently oxidize organic pollutants producing mineral salts, CO,
134

and H,O (equation 5).

hyp + HLO —» OH + H 3)
e_CB + 02 ' 02 L OOH (4)
OH/0,/O0OH + Pollutants > > » 1,0 + CO, (5)

The primary condition for a semiconductor for organic compound
degradation is that the oxidation potential for the conversion of OH
/H,0 to hydroxyl radical lies above the position of TiO, valence band
(3.2 eV). The band potential of a semiconductor is controlled by pH of
the reaction medium. The reaction of OH to hydroxyl molecule is
favored at basic condition and that from H,O is favored at acidic range.
At neutral pH also the oxidation potential of hydroxyl radical lies
above the valence band position of TiO,. Thus the formation of

hydroxyl radical is thermodynamically favored at entire pH range. The
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oxidation potential of several organic compound lies above the valence
band of TiO; and direct oxidation of these pollutants by TiO, valence
band holes are thermodynamically possible. But Cunningham and
Srijaranai observed that presence of aqueous environment is important
to achieve maximum rate for photocatalytic degradation of

contaminants.'*>

Generally, the photocatalytic power of a semiconductor widely

depends:

1. Light absorption characteristics

2. Rate of redox reaction by electron-hole pair on the surface of
TiO,

3. Rate of e™-h" recombination

Additionally, some factors related to the band structure of TiO, also

have the greatest effect on photocatalysis and which follows:
I. Band gap energy

2. Position of highest point in the valence band

3. Position of lowest point in the conduction band

Anatase phase is commonly selected for photocatalytic applications
due to its better photoactivity. The better photoactivity of anatase
phase is due to its lower rate of electron-hole recombination, higher
number of hydroxyl radicals present on the surface of TiO,, lower cost

and higher surface area.’® The band gap of anatase TiO,, 3.2eV
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effectively utilize UV range of radiation for photocatalytic
applications. In the photocatalytic reaction pathway, the band gap
energy predominantly determines which the most effective light
wavelength is, and the upward movement in the position of the valence
band is the main element in the determination of the oxidative
decomposition power of the photocatalyst. Solar radiation contain only
5% of UV, which limit the use of anatase titania for practical
applications. Various chemical modifications have been proposed to
modify TiO, for harvesting solar radiations in order to raise the

photocatalytic efficiency of TiO,.
1.11. Modifications of TiO;
1.11.1. Doping

Doping is the process of adding impurities in very small concentration
into the crystal structure of TiO, without giving rise to new
crystallographic phases, forms or structures and aims to alter their
properties. This can be accomplished through sol-gel process,
microwave synthesis, hydrothermal method, magnetron sputtering etc.
Historically, doping of TiO; has been taken as a common approach for
bandgap engineering of the material, i.e., a decrease in the bandgap or
introduction of intra-bandgap states, which results in the absorption of

more visible light."’

When employing dopants to diverse the optical
response of a material it is desirable to maintain the integrity of the
crystal structure of host material while changing its electronic

138
structure.
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1.11.1.1. Self doping:

The property of semiconductor, TiO, is changed without the
introduction of any metals or non metals. Justicia et a/ developed Self-
doped titanium dioxide thin films for efficient visible light
photocatalysis. Here doping induced oxygen vacancies which are
known to be good electron trappers and these trapping states are
located just below the conduction band of TiO,. The surface promoted
electrons after visible light absorption are employed in the
photocatalytic oxidation of NO."**'*® Hamdy et al reported the one
step synthesis of Ti*" rich blue coloured TiO,, that is active under
visible light irradiation, but the material was not much stable.'*!
Whereas Etacheri et al developed a dopant free antatase TiO,

photocatalyst stable upto 900 °C.'*

1.11.1.2. Doping with metals:

Replacement of Ti*" in TiO, with any cation is relatively appeared as
an easy way than to substitute O> with any other anion because of the
charge states and ionic radii."*® Nano-materials exhibit higher tolerance
to structural distortion than bulk materials due to their inherent lattice
strain. As a result, modification on the surface of TiO, nanoparticles
appears to be more beneficial than the modification of bulk TiO,."*’
Modity the pure photocatalyst materials with metal ions, especially d-
block metals such as Fe and Cr results in the insertion of impurity
energy levels between the parent conduction and valence bands. In this

case, electrons can be promoted from dopant d-band, (inserted energy

level) to the conduction band or from the valence band to the dopant d-
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band by lower energy photons than required by the pure
photocatalysts.''” The resulting energy level of the dopant and photo-
catalytic activity strongly depends on various factors such as the
chemical nature, and concentration of dopant and its structural, and
chemical environment. With regard to dopant concentration, there is a
general agreement that at lower amounts, the dopant may act as a
trapping site by introducing localized states that can improve charge
separation and hence increase the photocatalytic efficiency of TiOs.
Whereas at higher concentrations they can promote recombination of
charge carriers.'*"'** Hence, an optimum amount of dopant often exist,
which is typically in the order of one or less than one percentage.
Nagaveni et al synthesized W, V, Ce, Zr, Fe and Cu ion doped anatase
Ti10; nanoparticles by a solution combustion method and found that the
amount of dopant ion in the solid solution was limited to a narrow

range of concentrations.'*

In the last ten to five years extensive research has been performed on
the enhancement of TiO, photocatalytic activities through doping of
transition and rare earth metal ions, especially for air and water
sanitization applications.'**'*” Choi et al reported 21 transition metal
ion doped TiO, and found that Visible-light photo-responses were
observed for TiO, photocatalyst as a result of most of these metal ion
doping.'”® Li et al developed La’"-doped TiO, by the sol-gel process
and found that the lanthanum doping could inhibit the phase
transformation of TiO,, enhance the thermal stability of the TiO,,
reduce the crystallite size, and increase the Ti*" content on the

148

surface.  Xu et al compared photo-catalytic activities of various (La,
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Ce, Er, Pr, Gd, Nd and Sm) rare earth metal ion doped TiO, and shows
that TiO, loaded with optimum amount of dopant demonstrated
superior band-gap narrowing and visible-light photo-catalytic
activities. As a result of its ability to transfer both electrons and holes
to the surface Gd-ions doped TiO, was found to be the most

photoactive.'*
1.11.1.3. Non-metal doping:

Unlike non-metal anions, metal cations frequently give well localized
d-band deep in the band gap of TiO, and are likely to form

15088 Therefore non-metal

recombination centers of charge carriers.
doping gives a promising way to absorb maximum sun radiation for
photocatalytic applications of TiO,. Numbers of studies are already
done based on the non-metal doping on TiO;, in the visible light

responsive photocatalysis.

First report based on non-metal doped TiO;, was in 1986 by Sato et a/
and the N-doped TiO, obtained shows higher photoactivity in the
visible light region (434 nm) for the oxidation of CO and C,Hs."”'
However, the result did not get any attraction at that time and get
attention only after 2001 for non-metal doped TiO, after the report of
Asahi et al, they account for the significant red shift in the wavelength
of absorption.”” According to the report of Asahi et al, N-doping shift
the absorption edge of TiO; into visible region (A<500nm) through the
replacement of Oxygen in the anatase crystal lattice by N-atom and
hence electrons from the 2p orbital of N can be excited to 3d orbital of

Ti. 130152153 Deficiency in oxygen were also boost the visible light
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absorption of TiO, and Thara et al reported that nitrogen doped in the

site of oxygen vacancy and block the tendency for reoxidation.'**!**

Doping with sulphur also shows similar behaviour as that of nitrogen
(Excitation of electrons from 3p orbital of S), but the incorporation of
this ion into TiO, lattice is quite difficult due to its higher ionic radius,
which is proved from the higher formation energy needed for the
substitution of S than that of the nitrogen. '**'°® Mechanisms behind
the sulphur doping are explained in various reports. Sulfur can enter
into TiO; lattice either as anion or as cation. Umebayashi et al. have
succeeded in doping with sulfur and it replaces the lattice oxygen atom
by anionic sulphur (S*) in the TiO, crystal. >’ But Ohno et al
described that sulphur replaces the Ti atom on the surface of TiO, and

substituted as cation (S*" or $**) and is confirmed by Yu et al.%1% y

u
et al also proposed that doping with cationic sulfur is more favorable
than anionic sulphur doping because Ti-S bonding from S*recquire

SO 13619 achikawa et al

more formation energy than that from
suggested that visible light absorption through sulfur doping can be
originated from the mixing of S 3p band with the valence band of
TiO,, leading to a decrease in band gap energy.'®All these reports
concluded that the lattice oxygen atoms were replaced by the non-
metal atoms like N, S, C, F etc and produced an isolated narrow band
in between the valence and conduction band of TiO, and results

narrowed band gap.

Figure 1.8 shows that introduction of an extrinsic electronic level of 2p
(N or C) or 3p (S) orbitals of dopant with a potential energy greater

than that of O2p orbital cause an excitation of electron to the

32



conduction band using visible radiation in the case of N-doped or S-

.~ 161,162,163,164,165
doped TiO,. > 777>

eV 4
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3 ) % ) 2
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Figure 1.8. Various schemes illustrating the possible changes occur to
the band gap of anatase TiO, on doping with various non-metals: A)
band gap of pristine TiO,, B) doped TiO, with localized dopant levels
near the VB and the CB and C) band gap narrowing resulting from
broadening of the VB.

1.11.1.4. Codoping:

Codoping of TiO, using different elements is not a new concept.
However, the wavelength of absorption and photocatalytic activity of
the codoped sample is differing to those doped individually.'®
Recently, non-metals have been codoped with metals and other non-
metals to attain visible light photocatalysis more effectively. This
recommend that more photons are being effectively utilizes by the
codoped catalyst. Valentin et a/ have succeeded in synthesizing

titanium dioxide codoped with nitrogen and fluorine show enhanced
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visible light photocatalytic activity in comparison to N-doped or F-

doped TiOz.167

Codoping of TiO; can be used as successful way to improve the charge
separation. Yang et al reported that TiO, codoped with Eu’™ and Fe®*
in optimal concentration significantly improved the photocatalytic
activity compared with undoped TiO,. Here Eu’" serves as an electron
trapping agent and Fe’" as a hole trap, increasing the rates of oxidation
and reduction processes via improved interfacial charge transfer.'®®
Vasiliu et al suggested that Fe and Eu codoped TiO, system exhibit a
red shift in the absorption spectrum and higher photoactivity for the
catalytic oxidation phenol and degradation of styrene when exposed to

visible light.'®

There is several reports available based on metal-nonmetal codoped
TiO, exhibiting efficient photocatalytic activity. Xu et al prepared Ce
and C codoped TiO; using sol-gel method and the photocatalytic
activity of the codoped system showed effective removal of Reactive
Brilliant Red X-3B under visible light compared with that of Degussa
P25, C-doped and undoped TiO; because cerium doping slow down
the recombination of photogenerated electrons and holes in TiO,.'”® Ce
and N codoped TiO, showed an enhanced photocatalytic activity for
the degradation of nitrobenzene under visible light. The nitrogen atom
was incorporated into the TiO, crystal and narrows the band gap
energy. The doped cerium atom existed in the forms of Ce,O; and
dispersed on the surface of TiO, and the improvement in the
photocatalytic activity was ascribed due to the synergistic effects of the

. . . 171
nitrogen and cerium co-doping."’
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1.11.2. Surface chemical modifications'

When a photocurrent is produced with light energy less than that of the
semiconductor band gap, the process is known as sensitization and the
light-absorbing materials are referred to as sensitizers.'”"> Any
materials having narrowed band gap or absorption in the range of
visible or infrared region can be used as sensitizer for TiO, materials.
Examples of such materials include metals, organic dyes and inorganic
semiconductors with narrow band gaps. Efficiency of the sensitized
TiO; largely depends on how efficiently the sensitizer can interact with
light and also the efficiency of the charge transfer from an excited state
of the sensitizer to TiO,. The match between the electronic structures
of the sensitizer and TiO, plays a large role in this process, as does the
structure of the interface, including the grain boundaries and bonding
between the sensitizer and TiO,.'? Charge trapping and recombination
is needed to avoid which may harm the performance of sensitized

TiO,, for that careful design should be necessary.'>'7*'7

1.11.2.1. Dye sensitization:'’*'">'7°

Dye sensitization of wide band gap semiconductors is an expanding
area which is the beginning principle in solar cell technology. The
recent growth is basically due to the important advancement made by
Gra“tzel et al with TiO, having higher surface area sensitized by

172117 Generally, dye sensitization

ruthenium bipyridyl complexes.
occurs through excitation of the sensitizer adsorbed via physisorption
or chemisorption on TiO, surface followed by charge transfer to the

semiconductor. This sensitization shifts the wavelength of absorption
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of TiO, to visible region, which is a very important criterion for a

photocatalyst to operate under natural light.
1.11.2.2. Sensitization by Metal Nanoparticles.

Ohko et al found that Ag-TiO, film exhibiting multicolor
photochromism and nonvolatalization when TiO, nanoparticle film
was sensitized with silver nanoparticles under UV light. By regulating
irradiation conditions as well as geometry and matrix materials of
nanopores, we can control the multicolor photochromic behavior and
the chromogenic properties. This type of photochromism is may be due
to the oxidation of silver by oxygen under visible light and the
reduction of Ag” under UV light.'”® The photochromism and
rewritability of Ag—TiO, films were deactivated by modification with
thiols to make it possible to retain color images displayed on the films
while the deactivated properties were fully reactivated by UV-

17 Nanoporous TiO, films loaded with gold and silver

irradiation.
nanoparticles exhibit negative potential changes and anodic currents in
response to visible light irradiation, so that the films would potentially
be applicable to inexpensive photovoltaic cells, photocatalysts and

. 180
simple plasmon sensors.

1.11.2.3. Sensitization or coupling of TiO, by narrow

bandgap semiconductors.

Narrow band gap semiconductors are widely used as sensitizers to
enhance the optical absorption properties of TiO, nanomaterials in the
visible region by various groups.'®""'®*!'®3 These type of sensitization of

TiO, with other semiconductor provide a beneficial solution for the
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recombination of photogenerated charge carriers. In coupled
semiconductors, illumination of one semiconductor makes a response
in the other semiconductor at the interface between them. Hoyer et a/
reported that comparing the absorption and photocurrent spectra of

coupled TiO,/PbS system, only PbS clusters of sizes smaller than ~25
A° contribute to the sensitization.'®* Fitzmaurice et al found that

excitation of the Agl sensitized on TiO; nanoparticles results a stable
electron-hole pairs with a lifetime beyond 100 us and electron can

easily migrated from Agl to TiO,.'*

Vogel et al investigated
sensitization of nanoporous TiO, by quantum sized CdS, PbS, Bi,S;,
Ag,S and Bi,S; and found that the relative positions of the energetic
levels at the interface between the quantum sized particles and TiO;
could be optimized for efficient charge separation by using the size
quantization effect and that the photostability of the electrodes could
be significantly enhanced by surface modification of the TiO;

nanoparticles with CdS nanoparticles.'**'?

Bi,S3/Ti0,"* 1% WO,/Ti0,,'¥1°CdS/TiO,"™ ! Sn0,/Ti0," %P etc
are the other few of the examples for the photocatalytic system

enhanced via heterojunction coupling.

1.11.2.4. Capping with other semiconductor or metal

nanoparticles

The coating of one semiconductor or metal nanomaterial on the surface
of another semiconductor or metal nanoparticle core is called capping.
A semiconductor nanoparticle coated with another semiconductor

having different band gap in core-shell geometry to passivate the
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surface of initial nanoparticle and enhance its emissive properties.
Y"However, the mechanism of charge separation in capped
semiconductor system is similar to that of coupled semiconductor
system, while the interfacial charge transfer and charge collection in
both theses system are different. In coupled systems, the two
semiconductors are in contact with each other and both electrons and
holes are accessible for redox processes on different particle surfaces.
Whereas, in capped semiconductor system only one of the charge
carrier is accessible at the surface, while opposite charge transferred to
the inner semiconductor system, thus improving the selectivity of the
interfacial transfer and enhancing the oxidation or reduction
reaction.”* "'The gold-capped TiO, nanoparticles improve the
efficiency of interfacial charge-transfer process and enhance the

efficiency of thiocyante oxidation.'”’
1.11.3. Combined effect of doping and coupling

From the above discussion, it is clear that doping introduces an
additional state in TiO, bandgap and increase the visible light response.
Also, coupling enhances the visible light activity through the formation
of a heterojunction between TiO, and other small bandgap
semiconductor. Numerous reports suggested that combination of
doping and coupling further improve the photocatalytic performance of

TiO,. 195197
1.12. Factors affecting photocatalysis

The following factors, which affects the photocatalytic degradation of

dyes in waste water:
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1.12.1. Influence of pH on the reaction medium'%19%-200-201.202.203

pH influences the surface charge, particle size and the band edge
position of TiO,. The isoelectric point for TiO, in water is
approximately at a pH = 6.628, and thus a positive charged surface is
expected at lower pH and a negatively charged surface above this pH,
due to protonation or deprotonation of surface hydroxyl groups.*** For
an n-type semiconductor such as TiO,, accumulation of negative
charges at the surface causes an upward band bending and thus
improved transfer of photogenerated holes. In general, there was found
to be less than one order of magnitude difference in the rate of
degradation between pH 2 and 12,°2% though this is highly

dependent on substrate.
1.12.2. Crystal phase:

TiO, mainly exists in three crystalline phases: anatase, rutile and
brookite. Of these, Anatase is generally considered as the
photocatalytically active phase, though rutile phase has also been
extensively studied. Because of the difficulty of Brookite phase to

obtain in pure form, it is the least studied of the three.

Rutile was the first crystal phase of TiO; to be studied in detail and lot
of theoretical and experimental work was done on photocatalytic
activity using rutile TiO,. Rutile (band gap = 3.0 eV (418 nm)), would
seem to be a more ideal photocatalyst than anatase (3.2 eV, 387 nm),
but it has been shown to be a less active photocatalyst than anatase.®” It
is reported that rutile is photocatlytically less active than anatase due to

the tighter close packing in the rutile crystal structures, which has not
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many defects to trap photoexcited electrons and holes, which reduce
recombination of charge carriers. As a result of this, the majority of
recent research on TiO, photocatalysts has been done on the crystalline
anatase phase. The remarkable reason for the highest activity is due to
the higher surface area, the difference in the structural energy between
these two phase types, the slightly upward movement in the Fermi
level, lesser capacity to adsorb oxygen and higher amount of

hydroxylation in the anatase phase.”"’

In both rutile and anatase phases, the valence band position is deep,
and the resulting positively charged holes display sufficient oxidative
power. However, the conduction band of the anatase phase is close to
the negative position than the rutile phase. Therefore, the reducing
power of the anatase phase is stronger than that of rutile phase.
Generally, the anatase crystal phase formed at lower temperature,
shows higher surface area compared to the rutile phase. Larger surface
area with a constant surface density of adsorbents provokes faster
surface photocatalytic reaction rates. In this sense, the higher the
specific surface area, the higher the photocatalytic activity that one can
expect. Therefore, the anatase phase exhibits higher overall

photocatalytic efficiency compared to the rutile phase.

However, Hermann et al”®® hypothesized that Mixture of rutile and
anatase TiO, showed better photocatalytic activity than either phase
alone. Because any kind of solid—solid interface is a key structural
feature that facilitates the charge separation to hinder recombination.
The interface also acts as an active site to initiate catalytic activity and

enhance photocatalytic efficiency.”” Commercially available catalyst,
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Degussa P25 contains 80% anatase and 20% rutile with a BET surface
area of 55+15 m’g" and crystallite sizes of 30 nm in 0.1 pm diameter
aggregates and is produced by high temperature sintering of TiCly in
the presence of hydrogen and oxygen.’'” ''"The enhanced
photocatalytic activity of Degussa P25 is due to the ability of excited
electrons generated in the anatase TiO; particles to be transferred to the
rutile particles, thus minimizing charge recombination.”'' Recently,
Degussa P25 TiO, has set the standard for photocatalysis in

environmental applications.
1.12.3. Percentage of (001) facets of anatase phase

In recent years, several literatures attributes that different facets of
anatase TiO, show different chemical activity, a property that is
determined by the surface energy (y) of the facet.'? It is reported that
surface energy of different facets of anatase TiO, follows the order y
o1y (0.90 J/m2) >Y (100 (0.53 J/mz) >y o (0.44 J/mz), that means the
surface energy of (001) facet of anatase TiO, is almost double than that
of the (101) facet.*"® Selloni e al found that the reactivity of (001)
facets is greater than that of (101) facets in an anatase crystal,214 which
means that highly energetic and largely sized (001) facet exhibit higher
photocatalytic activity. However, the lowest stability of (001) facet
make its preparation difficulty. Although some researchers have
reported that the exposed (001) facets in TiO, nanoparticles can be
obtained by cautiously maintaining the growth process by adding
suitable surfactants, the synthesis method is time-consuming with high

cost, and midcult to scale-up.*'?
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Generally, the anatase TiO; nanobelt grows along (101) direction, the
facet with very low surface energy, and only small percentage of (001)
facet is exposed on the top of the nanobelt, which explains the very
low photocatalytic activity of TiO, nanobelts. By adjusting the
synthesis procedure and the crystallization process, anatase TiO;
nanobelts grown along the (101) direction with two dominant (001)
facets can be obtained.”’? Yang er al synthesized uniform anatase
crystal, which corresponds to 47% of (001) facets using hydrofluoric

acid as a morphology controlling agent.*'’

From the above mentioned analysis, it can be concluded that exposing
the most active facets of TiO, nanostructure is the main problem to be
overcome for obtaining highly efficient TiO, photocatalysts. Figure 1.9
shows the increase in the percentage of (001) facets of TiO, anatase
crystal by varying the reaction condition, modification using different

dopant and amount of dopant.

(a)

Figure 1.9: Different percentage of (001) facet formed on the anatase
TiO, crystal (Percentage of (001) facet formation increases in the order
d>c>b>a).?*

42



1.12.4. Effect of concentration of oxygen

Since dioxygen serves as a trap for the photogenerated electrons, thus
inhibiting the recombination of the electron/hole pair and the
concentration of dissolved oxygen molecule also affects the reaction
rate. The rate of degradation is proportional to the fraction of O,, up to

the point of saturation.*'°

1.12.5. Influence of catalyst loading'*>*"!

Generally, the degradation rate is linearly related to the amount of TiO,
present in the sample, eventually leveling off to a steady value,*'’*'®
although for some cases the rate can actually decrease when too much

PN 219,220
TiO; is present.” ™

This behavior is expected with complete light
absorption at the semiconductor surface. Rate of the reaction increases
with the amount of TiO, because more active sites are available for the
reaction, although when too much TiO; is present, aggregation of
particles can occur, which reduces the availability of reaction sites.
Rates may also decrease because of increased solution opacity and

light scattering.
1.12.6. Effect of concentration of substrate

Most organic molecules obey the Langmuir-Hinshelwood kinetic
model, although this is not always the case, particularly if the molecule
in question absorbs UV light strongly. For representative molecules
like 4-chlorophenol, the reaction rate increases as the initial rate

increases.?’!
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1.12.7. Crystal size/surface area of the catalyst222

Surface area and Particle size of TiO, has been extensively studied and
shown to have a significant effect on photocatalytic activity. The
surface area of the catalyst affects the number of molecules than can
adsorb to the surface of the photocatalyst. Surface area also effects the
rates of electron/hole recombination, as recombination is a surface
process.””>*** In general, nanometer size titanium dioxide has been
shown to be the most effective (P25 has a particle size of 25-35 nm?'%),
although some micrometer-sized catalysts are shown to be reasonably
active. In addition to varying the size of TiO, nanoparticles, different

particle shapes and coatings of titanium dioxide have been utilized for

photochemical degradations.
1.12.8. Effect of reaction temperature

In general, photochemical reactions are not temperature-sensitive.
Photodegradation is slightly temperature sensitive because important
steps in the titanium dioxide degradations including adsorption and
desorption, surface migration, and rearrangements. Activation energies

of photodegradations are typically in the 5-15 kJ/mol range_216
1.12.9. Amount of dopant’*>**

There should be an optimum amount of dopant on TiO, for the
degradation of dyes in waste water and further increase in dopant
content may result a negative effect on the activity of photocatalyst.227
Excess amount of dopant on the surface of TiO, screen the UV light

falls on the surface of TiO, and inhibit the interfacial electron- hole
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transfer, which results a lesser photoactivity.?*® Xin et al observed that
excess dopant produce excessive oxygen vacancies, which may
become the recombination centers of photoinduced electrons and holes
and excess Cu,O cover the surface of TiO,, leading to a decrease in the

photodegradation efficiency of the catalyst.*’

1.12.10. Calcination temperature of the catalyst226

Generally, photocatalytic activity was increased with increase in
calcination temperature and reached the maximum, because of the
complete crystallization of anatase phase at this temperature. Further
increase in calcination temperature decreases the photocatalytic
activity due to the transformation of anatase to rutile form, which has

lesser photocatalytic activity.”***

Therefore, it is very difficult to predict the photocatalytic activities
from the physical and chemical properties of TiO,nanomaterials.
Optimal conditions are sought by taking into account all these

considerations, which may vary from case to case.
1.13. Anatase to rutile transformation

Most probably anatase is the initial product in the low temperature
synthesis of TiO, and is photocatalytically more active than rutile

231,58

phase. The metastable anatase phase begins to transform

irreversibly to thermodynamically stable rutile phase at around 600
°C.»? The fraction of rutile phase increases with increase in the
calcination temperature. This conversion limits the applications of

anatase TiO, at higher temperature such as porous gas separation
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membranes and gas sensors, where the phase transformation alters the
properties and performance of these devices.”>*****> The generally
accepted theory for the phase transformation is that the thermal
treatment facilitates the breaking of Ti-O bond in the anatase structure,
allowing rearrangement of the Ti-O-Ti octahedra, which leads to a
smaller volume, forming a dense rutile phase****” ** The removal of
oxygen ions will generate oxygen vacancies, which accelerates the
transformation rate. This transition follows first order kinetics and the
activation energy for this conversion is approximately 418 kJ/mol.
There are several factors which depends on the phase transformation of
anatase to rutile such as addition of impurities, synthesis methods and
thermal treatment.”****2***2 K Okada er al proposed that SiO,
addition increased the anatase to rutile phase transition temperature
from 680 °C to 1000 °C by forming a layer of SiO, on the surface of
anatase to prevent the nucleation of particle.”® S. Hishita ez al observed
that rare earth oxide doped TiO, suppress the nucleation of

transformation.?*?

The anatase to rutile phase transformation is reconstructive, which
means that the transformation involves the breaking and reformation of
bonds.*** This is different from displacive transformation, in which the
original bonds are distorted but retained. The reconstructive
mechanism of anatase to rutile transformation involves a contraction of

the c-axis, which result the contraction in volume of 89244 243
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Non-selective Vs selective photocatalysis>*®
1.14. Achieving Selective photoctalysis in TiO,

Nanocrystalline TiO, is receiving increasing attention because that
degrades broad range of contaminants quickly and non-selectively.
This non-selectivity/poor selectivity will limit its application to
differentiate highly toxic contaminants and organic contaminants of
low toxicity as well as selective formation of valuable organic products
during the photocatalytic process. Mostly, less toxic substances are in
high concentration and more toxic one will be the minor. Furthermore,
lower toxic contaminants can be easily degraded by biological means
and higher harmful one is non-biodegradable. Hence controlling the
selectivity of the TiO, photocatalyst is an important goal in the

frontiers of TiO, research.

TiO, based selective photocatalysis are categorized in to two: 1)
Selective degradation: selectively degrade one of the contaminant
without any concentration change in the other molecules from a
mixture and 2) selective formation: desired product is formed through

selective photocatalysis. Both selective degradation and selective
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formation are worked under same principle, but in selective formation
the desired product should be desorbed from the catalytic surface

without undergo further degradation (Scheme 1.4).24¢
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Scheme 1.4: Origin of selectivity in TiO, mediated photocatalytic
organic transformations and in photocatalytic degradation reactions.**°

1.15. Factors that affect selective photocatalysis

Recent reports shows that this non-selectivity can convert to selectivity
by simply changing the physicochemical properties of the catalyst

proceed via the following routes say,

L. Changing the pH of reaction medium”*’**

2. Using substrates with different polarity**’

3. With commercial TiO; at different calcination ternperature25 0

4. Coating with a layer of polymer on TiO, surface™'*>*

5. Through anodization process to produce TiO, with appropriate

. 253
pore size
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6. Fabrication of magnetic TiO; nanotubes for the destruction of

cancer cells®>*

7. Changing the energy of the photons.?

Another method was inducing selectivity into nanocrystalline TiO,
was doping with other metal oxide.”® Molybdenum oxide (MoO)
doped TiO, could selectively degrade cyclohexane into benzene,
whereas undoped TiO; non-selectively degrade cyclohexane into

carbon dioxide and water.?’

A similar principle was also observed by
tungsten oxide (WO;3) coated TiO,, iridium doped and iridium-
palladium co-doped P25 catalyst for the selective photocatalytic
oxidation of benzyl alcohol to benzaldehyde.”*** Similar studies like
metal ions ( Cu®", Co>", Ni*", Fe’" and Mn*") doped titanate nanotubes
for the conversion of benzylic and allylicc alcohols into their
corresponding aldehyde have been reported.”®Anatase TiO, modified
with Na,CO; and NH4OH at low temperature exhibits selectivity in the
degradation of dyes mainly due to the factors such as moderate
crystallinity, lowest size and surface charge of the

Catalyst.247,60,259

Negative effect on selective photocatalysis of TiO,
through doping have also been reported. For example, gold deposited
TiO, and zirconium oxide (ZrO,) doped TiO, delayed the rate of

selective formation of cyclohexanone from cyclohexane.?0%2%-22 .

Non-selective photocatalysis using high temperature stable N-doped
and F-doped anatase TiO, has been reported earlier for the degradation
of methylene blue and acetone respectively.”***** N,F codoped TiO,

for acetaldehyde decomposition was also reported and showed that the
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photocatalytic activity of N,F-codoped powders seems to superior than
the undoped TiO,.**> However no selective photocatalysis of N, F
doped high temperature stable TiO; is not yet reported. Here we first
report high temperature stable nanocrystalline TiO, for the selective
photocatalytic degradation of one organic dye over the other from an
aqueous mixture of methyl orange (MO) and methylene blue (MB) in
UV light. N, F-codoped TiO, (TNF) was successfully prepared by
simple sol-gel technique and characterised using various techniques

such as XRD, DRS and TEM and surface potential measurements.
1.16. Objectives

The main objectives of this work are as follows:

a) Preparation of TiO, photocatalyst using sol-gel method.

b) Modify the TiO; using different organosulfur compound such
as thiourea, thiosemicarbazide, sulfanilic acid and cysteine

through chemical modification method.

c) Extent the preparation of TiO; using ammonium fluoride as a
modifier to get photoactive and high temperature stable anatase

TiOs.

d) Optimize the concentration of ammonium fluoride to get high

temperature anatase stability and higher photocatalytic activity.

e) Modify the ammonium fluoride doped TiO, system using

manganese acetate as codopant.
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f) Characterization of the catalyst using FTIR, FT Raman, XRD,
DRS, BET measurements, zeta potential measurements, TEM

and XPS.

g) Study the photocatlytic behavior of catalyst under UV and
direct sunlight using methylene blue as a target organic

molecule.

h) Study the selective photocatalytic behavior of N, F and N, F,
Mn codoped TiO, system using methylene blue and methyl

orange as target dyes.
1.17. Overview of the thesis

There is significant research have been carried out on
TiO,semiconductorsbecause of the wide range of applications
associated with this material. The most investigated application of
TiO,is photocatalysis. Of the three common polymorphs of TiO,,
anatase is a widely accepted catalyst mostly towards photocatalytic
applications. In order for TiO;, to be utilized in wider areas, it is
necessary that anatase can be stable at temperatures exceeding 1000
°C. Greater anatase to rutile transformation temperatures has been
achieved through the addition of various dopants and contradictory

results have been found.
The present research work focuses on two major aspects:

1) The effect of different non-metal dopant on TiO, for the
retention of anatase phase at higher temperature for the

applications in photocatalysis.
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Nitrogen is well-accepted non-metal dopant as well as codopant due to
shortening of the band gap of TiO, by the insertion of 2p orbital of
nitrogen atom in between the valence and conduction band of TiO,.
Numbers of reports are already available regarding nitrogen codoped
with other elements such as other non-metals and metals. However,
only few reports are available based on codoping of nitrogen with
sulphur using a single ion.”***"2%® Of these Periyat et al developed N,
S-codoped anatase TiO, stable at high temperature for visible light
active photocatalysis using a single source ammonium sulphate
[(NH4)2804].266 Wei et al and Naik et al reported thiourea doped TiO,
resulting N and S codoping for photocatalytic removal of pollutants
under direct sunlight and they studied the photocatalytic activity of the
modified sample only at low temperature.*®”***In this present work, the
aim is to synthesize high temperature stable N, S modified anatase

TiO,which exhibit photocatalytic efficiency at higher temperature.

Similarly, only limited reports are available based on N, F codoping
from a single ion source as ammonium fluoride. Li et al prepared N, F-
codoped TiO,from a mixed aqueous solution containing TiCls and
NH4F by spray pyrolysis for the photocatalytic decomposition of
acetaldehyde.”*>*%Self-organized nitrogen and fluorine co-doped TiO,
nanotube created by anodizing titanium foil in a fluoride and
ammoniate-based electrolyte, followed by calcination under a nitrogen
protective atmosphere and were found to have enhanced
photodegradation efficiency on methylene blue under visible light over
the TiO, nanotube.”’’However, Wu et al reported a simple one step

and template free solvothermal method to synthesize mesoporous N, F
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codoped TiO; microsphere using urea as nitrogen source and
ammonium fluoride as fluorine source for enhancement of
photodegradation activity of orange acid 7 under irradiation of visible
light.*”" Simple sol-gel technique as reported by Yu et al derived only
F-doped anatase TiO, from ammonium fluoride as the dopant
source.”***72732™ Huang et al developed F-doped TiO, sol with small
percentage of nitrogen using tetrabutyltitanate and ammonium fluoride
as the source of ions for boosting the photocatalytic properties of TiO;
through sol-gel hydrothermal method, but the method was time

consuming and tedious.?”

Thus in the first part of the present thesis, we consider the modification
of prepared TiO,using non-metallic and low cost precursors such as
thiourea, thiosemicarbazide, sulfanilic acid, cysteine and ammonium
fluoride and which results in a high temperature stable codoped TiO;
anatase system from a single source dopant precursor. All these
modifiers were considered to improve the anatase phase stability and
photocatalytic activity of TiO,. Modifiers are selected in such a way
that they contain non-metallic element as dopant nitrogen, sulfur and
fluorine. Doping of these non-metallic atoms were reported to increase

the photocatalytic activity of TiO,.'>*!62276:13¢

Lv et al have obtained F-doped titania via alcoholysis of TiCly and
shows very high thermal stability up to 1000 °C before being

* Wang et al also developed N, F-

transformed into rutile phase.”’
codoped TiO, polycrystalline powder synthesized by calcination of the
hydrolysis product of tetrabutyltitanate with ammonium fluoride and

the obtained powder only contain anatase phases even at 1000 °C.*"’
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High temperature treatment will result high crystallinity and higher
surface area, which are the important factors that contribute to
photocatalytic activity of anatase TiO,. Therefore this thesis work aims
the chemical modification process of TiO; using various non-metallic
dopants to achieve dual aim i.e. high temperature anatase stability and

higher photocatalytic activity.
2) Achieving Selective photoctalysis in TiO,

Second major aim of this thesis work is to achieve selectivity in the
photocatalytic activity of TiO,. Generally photocatalytic degradation
by TiO, follows free radical mechanism and which follows complete
mineralization of pollutant non-selectively. This non-selectivity / poor
selectivity limit its application to differentiate between highly toxic
contaminants and the compounds to be recovered, in an effluent. Also,
the non-selective nature of TiO,photocatalysis hinders the advantage of
selective formation of valuable organic products during the
photocatalytic process, since the reaction proceeds to the complete
mineralisation of all the intermediates. Hence, imparting selectivity in
the TiO, photocatalysis is an important goal in the recent
photocatalysis research. In this work we achieved the selectivity by F-
doping and Mn, F-codoping for the degradation of dyes and mode of
selectivity is based on the electrostatic interaction between the catalyst

and pollutant and structural variation on the surface of TiO,.
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2.1. Experimental procedures

An account of the materials, experimental methods and different
analytical techniques used for the characterisation of the samples are
given in this chapter. The chemicals used for the sample preparation
are tabulated in Table 2.1. The first part of the chapter explains the
preparation procedures for the N, S and N, F codoped anatase titania
for photocatalytic applications. Second part extends the preparation
procedure of N, F codoped titania to obtain N, F, Mn tridoped titania
for selective removal of pollutants. Brief description of the
experimental procedures used for the synthesis of photocatalysts is
given as third part. Different characterisation technique used to obtain

the phase structure, crystallinity, crystallite size, surface area and

surface charge are discussed in the final section of this chapter.

Table 2.1. List of chemicals used for the synthesis and application
studies of TiO,.

NS;: Name of chemical Company Purity
1 | Titanium tetraisopropoxide, Spectrochem 98%
Ti (OPr)4
2 | Ammonium fluoride, NH4F HI Media 98%
Laboratories
3 | Isopropanol Merck 99.5%
4 | Manganese acetate tetra hydrate, Sisco Research 97%
Mn(CH;COO),.4H,0 Laboratories
5 | Thiourea, (NH;),CS Merck 99.5%
6 | Thiosemicarbazide Merck 99.5%
7 | Sulfanilic acid Merck 99.5%
8 | Cysteine Merck 99.5%
9 | Methylene blue Qualigens
10 | Methyl orange Qualigens
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All the tabulated chemicals were used as received without further

purification. Deionised water was used in all the experiments.
2.2. Synthesis of titanium dioxide

Titanium tetraisopropoxide, Ti(OPr)4 (29.7 mL, 100 mmol) was added
to isopropanol (100 mL) under stirring, to get a clear solution of
Ti(OPr),. Water (50mL) was then added resulting a white precipitate,
which was allowed to stir for 2 hrs before being filtered, washed with
deionised water and then dried at 100 °C for 24 hrs. The dried TiO,
powder was crushed into fine powder and was labelled as TC. The
obtained powder was calcined at a heating rate of 5 °C/min at four
different temperatures 300, 500, 700 and 800 C (kept at a final

temperature for 1 hr).

The prepared TiO, nanomaterials can be modified by N, S or N, F or
N, F, Mn codoping for photocatalytic applications:

2.2.1. Synthesis of N, S codoped TiO,

The dried powder before calcination was taken as the starting material
for the synthesis of modified titania using four different nitrogen and

sulphur containing modifiers. The four different modifiers used are:

o Thiourea

o Thiosemicarbazide
o Sulfanilic acid

o Cysteine
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The procedure for the synthesis of TiO, using these four modifires are
the same, i.e. using simple mechanical stirring method (Scheme 2.1).
All the four modifiers were labelled as NS in the synthesis procedure

and are described as follows:

The dried TiO,, TC was mixed with NS in 1:1 ratio in a 100 mL beaker
and make it as paste using 10mL of water. The obtained slurry was
continuously stirred for one hour and dried at 100 °C for 24 hrs.
Subsequently, the dried material was crushed into fine powder and
then calcined in ceramic crucible. The calcination process was
performed at 300, 500, 700 and 800 °C under air atmosphere with the
heating rate of 5 °C min™', which was then followed by cooling at room

temperature. The samples were labelled as given in Table 2.2.

Table 2.2. Designation and weight percentage of modified titania

Modifier T‘Zel ht plevl;)ill;:iae%e Designation

0.25 TUI

) 0.5 TU2
Thiourea 1 1 TU3
2 TU4

0.25 TSCI1
Thiosemicarbazide 1 0.5 TSC2
1 TSC3
2 TSC4

0.25 TSA1

. . 0.5 TSA2
Sulfanilic acid 1 1 TSA3
2 TSA4

0.25 TCSI1

) 0.5 TCS2
Cysteine 1 1 TCS3
2 TCS4
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Scheme 2.1: Flow chart for the synthesis of N, S modified TiO,

2.2.2. Synthesis of N, F codoped TiO,

The reagents used in the study were titanium tetraisopropoxide (TTIP),

ammonium fluoride (NH4F) and isopropanol. To synthesis 1:1 TTIP/

NH4F (TNF2) precursor solution, titanium isopropoxide (29.7 mL, 100

mmol) was mixed with 100 mL isopropanol followed by the dropwise

addition of NH4F solution (3.7 g in 50 mL water). The mixture was
stirred for 2 hrs and then dried at 100 °C for 24 hrs. The dried TiO,

powders were then calcined at a heating rate of 5 'C / min at a
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temperature range of 300-1000 C for 1 hr. A similar route was
followed to synthesize 1:0.5, 1:2 and 1:4 samples. Samples are named
as TNF1, TNF3 and TNF4 respectively. Control TiO, sample was
prepared by the same method without the addition of NH4F and termed
as TC.

2.2.3. Synthesis of N, F and Mn - tridoped TiO;

The method described above was used to synthesize manganese
modified TiO,. The chosen TTIP: NH4F ratio was 1:1 and varying
amounts of manganese acetate were used and are listed in Table 2.3.
The manganese was introduced to the mixture by dissolving
Mn(CH3;COO), in 50 mL of water before adding it to the titanium
tetraisopropoxide-ammonium fluoride mixture. The stirring was
continued for 2 hr and then dried at 100 °C for 24 hrs. The dried
powder was then calcined at 500 °C for one hour at a ramp rate of 5

°C/min.

Table 2.3. Designation and weight percentage of TNFM samples

Ti(OPr) NHLF (Wt Mn(CH3C0OO0O),.4H,0
1 Ir)4 4 . °

Sample (Wt. %) %) (Wt. %)
TNFMO0.3 0.3
TNFMO0.5 0.5

1.0 1.0

TNFMO0.6 0.6
TNFMO.8 0.8
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2.3.  Photocatalytic studies

The photocatalytic measurements were carried out under both UV and
sunlight and methylene blue was used as target system. UV
measurements were done using a LZC-4X-Luzchem photoreactor with
UV light intensity of 600 lux (or ~5.82 mW/cm?). For solar
photocatalysis, the direct sunlight having 63.2-67.9mW/cm’ intensity
was used. The intensity of sunlight was measured using a Lutron, LX-
107HA lux meter at the Calicut University Campus, Kerala, India
(altitude: 11° 7" 34" North 75° 53" 25" East, time:12.00-1.30,
temperature: 38 + 1 °C) on 1% April 2016.

2.3.1. Methylene blue degradation

In a typical experiment, 0.1g of the sample was dispersed in 50 mL of
methylene blue solution prepared in distilled water having a
concentration of 3x10* M. This solution was stirred for 2 hr in the
dark for the adsorption equilibrium to be established. The above
suspension was then irradiated under UV/direct sun light with stirring.
Constant stirring was continued throughout the reaction. The
degradation of methylene blue dye was monitored by taking 5 ml
aliquots at regular time interval. These aliquots were centrifuged at
5000 rpm for 15 minutes and absorption spectra of the samples were
recorded using UV/Visible spectrometer. The same experimental
procedure was adopted for all other samples discussed in different

chapters of this thesis.

The rate of degradation of methylene blue was reported to obey

(pseudo) first order kinetics and hence the rate constant for
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degradation, k, was obtained from the first order plot of kinetic

analysis according to equation 2.1."

In(':"):kt 2.1)

Where, A is the initial absorbance, A is the absorbance after a time (t)
of the methylene blue dye degradation and k is the pseudo first order

rate constant (min™).
2.3.2. Selective photocatalysis

For the experiment, 0.0159 g of methylene blue in 500 mL of
deionized water (5x10* M) and 0.0163 g of methyl orange in 500
mL of deionized water (3x10™* M) were separately prepared. 25
mL of each of the prepared solutions were mixed in a 100 mL
beaker and 0.1 g of the photocatalyst was added to the dye
mixture solution. Prior to photocatalytic study, adsorption study
should be performed for 2 hr. under dark using all the prepared catalyst
to remove the error due to initial adsorption effect.” The UV-Vis
absorption spectra of MB (A= 662 nm) and MO (A= 466
nm) before and after 2 hrs were recorded. The above suspension
was then irradiated under UV/direct sun light and stirring was
continued throughout the reaction. Samples were collected at
regular time interval and centrifuged. The clear solution was
analysed by UV-Visible absorption to study the degradation

behaviour of dye mixture.
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2.4. Analysis of hydroxyl radical

The analysis of ‘OH radical’s formation on the sample surface
under UV irradiation was performed by PL measurements by
using terephthalic acid as a probe molecule. Terephthalic acid
readily reacts with ‘OH to produce highly fluorescent product, 2-
hydroxyterephthalic acid (Figure 2.1).** This method relies on the
PL signal at 415 nm of the hydroxylation of terephthalic acid with
"OH generated at the catalyst/water interface. The PL intensity of
2-hydroxyterephtalic acid is proportional to the amount of ‘OH
radicals produced by the photocatalyst.>* The method is rapid,

sensitive and specific, needs only a simple standard PL

instrumentation.

COOH uv @ COOH

315 nm
LN OH
+ -OH E Fluorescent
Non-fluorescent @ 425 nm

COOH COOH

terephthalic acid 2-hydroxyterephthalic acid

Figure 2.1. Formation of fluorescent 2-hydroxyterephthalic acid via
the reaction of OH radicals with terephthalic acid.

The experimental procedures used are similar to the measurement
of photocatalytic activity except that methylene blue aqueous
solution is replaced by the 10 M terephthalic acid aqueous
solution with a concentration of 10° M NaOH. The PL spectra of
generated 2-hydroxyterephthalic acid were measured using

fluorescence spectrophotometer. The experiment was conducted under
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UV irradiation for 10 minutes and PL intensity was measured at 425

nm excited by 315 nm.
2.5. Characterisation Techniques
2.5.1. X-ray diffraction (XRD) technique

XRD patterns were obtained from Siemens D 500 X-ray diffractometer
with the diffraction angle range of 10 < 260 < 80° using Cu Ko radiation
(A=1.54 A®). The X-ray diffraction technique is worked on the basis of
Bragg’s law, it can be defined as nA=2dsin0.Where ‘A’ is the X-ray
wavelength, 0 is the incident angle, n is any integer and d is spacing

between lattice planes.

The interaction of X-ray with the powder sample produces a
constructive interference when satisfies the conditions of Bragg’s law.
These diffracted X-rays are detected and the intensity of these rays is
plotted against 20 values. Diffraction peaks are converted to d spacing
and compared with standard reference pattern. Which helps in the
identification of crystal since d spacing is a unique property of the

crystal.

In the present work X-ray diffraction technique is used to

1. Identify the unknown crystalline material.
2. Measure crystallinity of the sample.
3. Calculate the crystallite size of the sample.

4. Obtain the phase purity of the crystal.

Qualitatively the anatase and rutile phase can be obtained from the X-

ray diffraction diagram. Each diffraction peak in the XRD diagram can
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be compared with the data of JCPDS card file and the obtained (h k I)
value at a specified 20 value will be the unique identity of a particular

crystal lattice system.

Scherrer equation (eqn 2) is used to estimate the crystallite size (T) of

the sample.’

I R-T
T= Prost (2.2)

Where A is the wavelength of incident X-rays (1.54 A), B is the peak
width at half maxima and 0 is the Bragg angle (Peak (101) located at
20=25.2° is of anatase and (110) peak at 27.4" is of rutile phase.

The phase composition of a sample can be measured from the
integrated intensities of anatase, rutile and brookite peaks. If a sample
contains only rutile and anatase, the percentage of rutile (%R) can be

obtained from
% R = [Ar/ (0.884Ax+ Ag)] x100 (2.3)

Where A and Ag represent the integrated intensity of anatase (101)
and rutile (110) peaks respectively. If brookite is present in the sample

then the above relation can be modified as:

%A = [kAAA / (kAAA+ AR + kBAB)] x100 (24)
%R = [Ar/ ( kaAa+ Ar+ kpAp)]x100 (2.5)
%B = [kpAp/ (kaAa+ Ar+ kgAg) x100 (2.6)
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Where %A and %B represents the percentage anatase and brookite
phase, respectively. Ap is the integrated intensity of (121) peak of
brookite phase and ks and kg are the two coefficients, where ky =

0.886 and kg=2.721. *’
2.5.2. FT-Raman Spectroscopy

FT-Raman spectra were recorded by using a BRUKER Multi RAM FT
Raman spectrometer in the wave number range 3600-50 cm™ .Raman
spectroscopy is used to study the rotational and vibrational modes in a
system. In this technique, laser beam in UV-Visible region interacts
with phonons or other excitation in the sample and these will produce
Raman scattering (inelastic scattering). A Raman spectrum consist of
the plot of intensity of Raman scattered radiation Vs. Raman shift
(frequency difference of Raman scattered radiation from the incident

radiation).

In this work, Raman spectra were applied as an additional
characterization tool to confirm the data such as crystallite size and

high temperature stability of anatase phase as obtained from XRD.

According to factor group analysis, there are five Raman active modes
{145(Eq (1)), 197(Eq2)), 639 (Eg3)), 399 (Big) and 513cm'1(A1g+ Big)}
for anatase TiO, and four for rutile phase {143(B,), 447(E,), 612(Ai,)
and 826 cm™ (Bzg)}g’g. Similarly, Raman spectra of brookite powder
exhibit a characteristic intense band at 153 cm'l, in addition to the

weak sub band at 214, 247, 322, 366 and 454 cm’.
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Peak broadening and a systematic frequency shift was observed when
the particle size decreases.'’ Egq1), Egz and Bigiy mode of anatase
phase shows a blue shift and its shift in frequency was decreased from
Eg(1) to Bigy with decrease in crystallite size. But higher frequency
mode like Ao+ B, and Ey3)shows red shift with decreasing crystallite

size.!
2.5.3. UV-Visible Spectroscopy

The UV-Visible absorbance spectra were obtained using a Jasco-V-
550-UV/VIS spectrophotometer. Mostly UV-Visible spectroscopy
refers to absorption spectroscopy, in which liquid sample is used and
for powder sample, we use diffuse reflectance spectroscopy to measure
reflectance of light from the sample. The main advantage of using
reflectance measurement is that the sample under investigation is not
contaminated or consumed because this technique doesn’t require the
sample to disperse in liquid medium and sample can be reused for

further analysis.

Absorption spectroscopy mainly used here for measuring the
concentration of an absorbing species in dye solution (Methylene blue
and methyl orange) used for photocatalytic degradation. The maximum
wavelength of absorption (Am.x) Was used to calculate degradation rate
of the dye as a function of time. The absorption maximum for
methylene blue is at a wavelength of 665 nm and that of methyl orange
is 465 nm. The measurement of absorption follows Beer-Lambert law,

which states that:
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A= logiﬂ =ecl (2.7)

Where A is absorbance, Iy and I are the intensity of incident light and
transmitted light at a given wavelength respectively, ¢ is the molar
extinction coefficient, c is the concentration of the sample solution and

1 is the path length through the sample.

Diffuse reflectance spectra of the powder sample can be used to
determine the band gap energy of semiconducting nanoparticles with

the help of tauc plot.'' Tauc plot consist of (ahv)"™

against hv. Where
‘v’ is the frequency of radiation, ‘h’ is the plank’s constant, ‘a’ is the
absorption coefficient of the material and the value of ‘n” depend upon
the nature of transition, n may have values 1/2, 2, 3/2 and 3
corresponding to allowed direct, allowed indirect, forbidden direct and

12,13

forbidden indirect transitions respectively. Usually for anatase

TiO,, a linear nature in the plot were observed when n=2 and this
indicate the indirect allowed transition for anatase TiOz.M’15
Extrapolating the slope of the graph to x-axis will get the band gap

energy of TiO,.
2.5.4. FTIR Spetcroscopy

FTIR spectroscopy (vibrational spectroscopy) helps to identify the
characteristic bonds in TiO, framework. Change in dipole moment is
the prime condition for a molecule to absorb IR radiation and drastic
change in dipole moment results more intense absorption band.
Interaction of IR radiation with chemical bond causes stretching,

bending and other molecular vibrations and which helps in the
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identification of unknown molecule. FTIR techniques were performed
using a Jasco-FT/IR-4100 spectrophotometer and spectra were

measured in the range of 400 to 4000 cm™ at ambient temperature.
2.5.5. Surface area measurements

The BET (Brunauer, Emmett and Teller) surface area measurements
and pore analysis were performed by nitrogen adsorption using a
Micromeritics, Gemini model 2375 surface area analyzer. The
measurements were carried out at liquid nitrogen temperature after
degassing the powder samples for 2 h at 200 °C. BET equation is used
to determine the specific surface area of the material. BET theory
applies to multi-layer adsorption system, and usually utilizes probing
gases (as adsorbent, usually nitrogen) that do not chemically react with
the surfaces of material (as adsorbate) under study to quantify specific

surface area.

In BET theory it is assumed that the adsorption of gas molecules on the
sample surface can take place since the solid surface possesses uniform

localized sites. The BET equation is:

7 __ L (C-DPP,
V(®,-P) y c V,.C

Where, V = volume of gas adsorbed (in cm’/g) at pressure P and Py is

(2.8)

the saturation pressure of the gas. V, = volume of the gas adsorbed on
the surface of the solid when the entire surface is completely covered
with a monolayer (in cm3/g). C is the BET constant depending upon

the nature of the gas. Since C and V,, are constants for a given gas-
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solid system. A plot of %(Po A % will give a straight line with
slope of (C-1)/V,C and y-intercept 1/V,,C. So V, can be calculated.

Total surface area of the sample can be calculated using the equation,
Surface area, S = Vp,NA /M

Where, N = Avagadro Number, 6.023 x 10% mol'l, A = Cross sectional
area of a single molecule of the adsorbate (m?) and M = Molecular

weight of the adsorbate (g/mol).
2.5.6. Transmission Electron Microscopy (TEM)

Particle morphologies were studied using TEM by JEOL/JEM 2100
transmission  electron  microscope.The transmission electron
microscope is a powerful tool for observing the property such as
crystal structure, defects in semiconductors, etc and high resolution
transmission electron microscope (HRTEM) can be used to study the
quality, size and shape of nanoparticles. The basic principle of TEM
and light microscope are same, but TEM uses electrons instead of light
in light microscope. Wavelength of electron is much smaller than that
of light so optimum resolution obtained for TEM image is much better
than that of light microscope. This will make TEM as a distinctive tool

for probing the internal structure details of nanoparticles.

SAED (Selected Area Electron Diffraction) pattern obtained from

TEM analysis can be used:

1. To check the sample is amorphous (diffuse rings), crystalline

(bright spots) or polynanocrystalline (small spots making up a
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rings, each spot arising from Bragg reflection from an

individual crystallite).

il. To find out the crystalline phase of the sample ( each phase has
a characteristic SAED pattern)

2.5.7. Field emission scanning electron microscopy (FESEM)

Scanning electron microscopy of the samples were performed using a
ZEISS Gemini SEM 300 which produces images at both normal and
low operating voltages. The measurements were carried out with a low
accelerating voltage range of 5-15 kV. Powdered samples were evenly
distributed on a mounted carbon tape surface. Loose powdered sample

was removed with canned air spray.

The field emission scanning electron microscope (FESEM) is a type of
electron microscope that images the sample surface by scanning it with
a high-energy beam of electrons in a raster scan pattern. The electrons
interact with the atomic shells that make up the sample producing
signals that contain information about the sample's surface topography,
composition and other properties such as electrical conductivity. The
beam-specimen interaction produces different signals including
secondary electrons (SE), back scattered electrons (BSE),
characteristic X-rays, light (cathodoluminescence), specimen current
and transmitted electrons (STEM). SE imaging is the most common or
standard detection mode. The spot size in a Field Emission SEM is
smaller than in conventional SEM and can therefore produce very
high-resolution images, revealing details in the range of 1 to 5 nm in

size.
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2.5.8. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface sensitive spectroscopic
technique that provides quantitative as well as chemical state
information from the surface of material under investigation.z’16 The
XPS analyses were performed on a Thermo VG Scientific (East
Grinstead, UK) Sigma Probe spectrometer. The instrument employs a
monochromated Al Ko X-ray source (hv = 1486.6 el) which was
operated at 140 W. The analysis area was approximately 500 pm in
diameter. For survey spectra, pass energy of 100 e} and a 0.4 eV step
size were employed. For Ny and S,, high resolution spectra, a pass
energy of 50 eV and a step size of 0.2 el were used. Charge
compensation was achieved using a low energy electron flood gun.
Quantitative surface chemical analyses were calculated from the high
resolution core level spectra, following the removal of a non-linear
Shirley background. The manufacturer’s Avantage software was used
to plot results which incorporates the appropriate sensitivity factors

and corrects for the electron energy analyzer transmission function.
2.5.9. Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a complimentary analytical tool to
UV—Visible absorption spectrum. It is a simple, versatile,
nondestructive and noncontact method for probing the electronic
structure of the material by excitation with suitable radiation. Photo
excitation and emission are the important processes in
photoluminescence spectroscopy. Excitation is done with suitable

wavelength of radiation. In photoluminescence spectrum, the intensity
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of the emitted light is measured as a function of excitation or emission
wavelength. The emission of light from excited electronic state occurs
in two ways named as phosphorescence and fluorescence. Probability
of fluorescence is high compared to phosphorescence it is a time
delayed process. In fluorescence decaying of electrons takes place
from singlet excited state while in phosphorescence it is from triplet

excited state.

In the present study, the PL spectra of generated 2-
hydroxyterephthalic acid were measured on an Agilent

Technologies model Cary Eclipse Fluorescence Spectrophotometer.
2.5.10. Photoreactor

The photocatalytic measurements were carried out using a LZC-4X-
Luzchem photoreactor equipped with 6 top lamps and 8 side lamps.
Photoreactor provide UVA radiation with an emitting wavelength of
350 nm. Stirrer is installed under the aluminium floor slightly towards
the front from the center of the irradiation chamber and is controlled by
a switch and speed control in the front panel. The ventilation system in
Luzchem photoreactor limits temperature increases in the chamber to
3-4°C above room temperature, i.e. the heat generated by the lamps act
as the thermal source and temperature is regulated by the cooling fan.
A safe exhaust is also provided in the reactor system. The UV intensity
in the photoreactor can be obtained using LZC - power meter and are

found to be 5.82mW/cm>.
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3.1. Introduction

In this chapter we aim to synthesize an efficient, photo stable and
visible light active, TiO, based photocatalyst by mechanical mixing of
thiourea as modifier with nanocrystalline anatase TiO,. Nonmetal
(mainly C, N, S, and F) donating modifiers are the best to reduce the
band gap energy to visible region, one of the prime condition to be
satisfied by TiO, for its boosted photocatalytic applications in day

'234 The dopant ion depends, the ion donors to some extent.’

light.
Therefore, the ion donor selection is more predominant in the
production of non-metal ion doped TiO, for photocatalytic

applications.

Thiourea has been studied as a promising material for several decades
due to its wide applications such as in metal complexation as ligand,’
reducing agent,’” catalysts inclusive of photocatalyst8 and corrosion
inhibitor.” In this section, we described the photocatalytic performance
of TiO, modified by thiourea. Basca ef al/ synthesized S-doped TiO,
using thiourea, which results an enhancement in the photocatalytic
peroxidation and mineralization (oxidation) of biomolecules."’But
Sakthivel et al got a surprising result that thiourea doped sample do not
contain sulfur but instead contain nitrogen as the doping component
inducing visible light photocatalysis for the degaradation of 4-
chlorophenol.'’ Wei er al was successfully prepared thiourea doped
TiO; resulting N and S codoping for methyl orange degradation under
UV as well as sunlight."' The above reports clearly show that thiourea
often has been used as a sulfur donor,'? as a nitrogen donor'’ or also as

3

simultaneous donors of nitrogen and sulfur.! Only few reports are
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available based on the simultaneous donation of N and S as donors
from the same compound even though these two atoms are present in

the dopant molecule.

This chapter demonstrates a systematic study on the effect of different
percentage of thiourea on sol-gel derived titania and compare the
efficiency of photocatalytic purification of water by taking methylene
blue as a model dye. The photocatalytic activities of the prepared
samples are evaluated with the help of photocatalytic experiments,

XRD, Raman spectroscopy, TEM and XPS.
3.2. Results and discussion
3.2.1. X-ray diffraction technique

X-ray diffraction technique was employed to determine the phase
composition and crystallite size of the prepared TiO, at different
temperature. The XRD patterns of the TC and TU2 samples at different
calcination temperature are shown in Figure 3.2 and 3.3 respectively
and that of different TU samples at 700°C are shown in Figure 3.1.
The amount of rutile, anatase and brookite retained in the sample at
various calcination temperature was measured from the XRD
integrated intensities of (110) reflection of rutile, the (101) reflection
of anatase and (121) reflection of brookite (Table 3. 1). It was found
that all the doped TiO, with different thiourea concentration have
observed 100% anatase phase upto 700 °C (Figure 3. 1). In
comparison, from the Figure 3.1 to 3.3 and Table 3.1, the control
sample showed rutile as the major phase at 700 °C, while in the case of

modified TiO; the transformation of anatase to rutile occurred only
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above 700 °C. It has been reported that the incorporation of non-metal
such as nitrogen and sulphur retards anatase to rutile phase
transformation and complete transformation to rutile occurred only at
900 °C."* Here also, 52% of anatase phase has been retained in the TU2
sample calcined at 800 °C (Figure 3. 3).
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Figure 3. 1. X-ray diffraction pattern of a) TU1, b) TU2, c) TU3 and
d) TU4 samples calcined at 700 °C.

Table 3. 1. Phase composition of the prepared TiO, at different

calcination temperature (A: Anatase, R: Rutile and B: Brookite)

300 500 700 800
Sample| A |[R|B| A |[R|B| A |R|B R | B
TC | 67 [0 [32] 62 |0 [38| 17 |8 |0]| 0 |100]| 0
TU1 [100| 0| 0 [100/ 0| 0 |100[ O [0 |48 | 52 |0
TU2 [100| 0| 0 [100/ 0| 0 |100| O [0 |54]| 46 | 0
TU3 |[100[ 0| 0 |100| 0| O |100| O | O |51 | 49 | 0
TU4 |[100|[ 0| 0 |100| 0| O |100| O |0 |49 | 51 | O
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The early formation of rutile phase in the control sample may be due to
the appearance of brookite phase (206=30.7 °) along with anatase phase
(Figure 3. 2). It was found that the anatase to rutile transition seemed
to start ahead of the anatase to brookite transition as in Figure 3. 2. Yu
et al suggested that presence of brookite phase causes a slight shift in
the anatase peak to higher angle due to the overlapping of brookite
peak and this will enhance anatase to rutile transformation."> Absence
of brookite phase in the doped sample delays anatase to rutile phase

transition temperature.

=
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Figure 3. 2. X-ray diffraction pattern of TC sample at a) 300, b) 500,
c) 700 and d) 800 °C.

To determine the optimum percentage of N and S modification 0.25,
0.5, 1 and 2 wt% of thiourea was mixed with TiO, and the obtained

powder were calcined at temperatures of 300, 500 and 700 °C. The
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crystallite size of the samples was calculated by applying scherrer
equation and it was found that the crystal size was lessened upon
thiourea doping (Table 3. 2). The optimized percentage of thiourea for
better photocatalytic performance was found to be at 0.5% and the best
calcination temperature is at 700 °C. Similarly, the X-ray diffraction
pattern showed that the crystallinity of the doped sample is increased
with temperature and the maximum intensity is observed for the (101)
peak at 700 °C. Further increase in temperature decreased the intensity

of (101) peak due to anatase to rutile transformation (Figure 3. 3).
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Figure 3. 3. X-ray diffraction pattern of TU2 sample at a) 300, b) 500,
c¢) 700 and d) 800 °C.
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Table 3. 2. Crystallite size of the sample calcined at 700 °C

Sample Crystallite size (nm)
TC 32.1

TU1 16.82

TU2 15.45

TU3 18.91

TU4 16.81

3.2.2. FTIR study

Figure 3.4 shows the FT-IR spectra of the control and doped TiO,
sample calcined at 300 °C, which can provide more information about
functional groups on the surface of catalyst materials. The broad peak
at around 600 cm ' corresponds to the Ti—~O-Ti bridging stretching
modes.'® The peaks around 3400 and 1630 cm ' corresponds to the
stretching and the bending vibrations of —OH or adsorbed water
molecules, respectively.''® The two absorption peaks in the 900-1300
cm’’ range were observed on the spectra of TU2 sample, but absent on
the pure TiO, sample. The peaks at 1146 and 1054 cm™' were the
characteristic frequencies of a bidentate SO42_ co-ordinated to metals
such as Ti*" suggesting the successful doping of sulfur atom into TiO,
in the doped sample (TU2).'"*"” Ammonium ions produced by the
dissociation of thiourea were also found in the TU2 sample at 1400

cm | attributable to the deformation mode of ammonium ions.?’
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Figure 3.4. FT-IR spectra of a) TC and b) TU2 dried at 300 °C.

3.2.3. Raman spectra

Raman spectroscopy was applied as an additional characterization
technique to confirm the phase transformation of control and doped
sample from anatase to rutile form. According to factor group analysis,
the anatase phase consist of six (144, 197, 399, 513, 519 and 639 cm'l),
rutile phase consist of four (143, 447, 612, and 826 cm™) and finally
brookite phase consist of six (153, 214, 247, 322, 366 and 454cm'1)
Raman active modes.”’** Figure 3.5A shows the Raman spectra of
doped sample with different thiourea concentration at 700 °C and have
only 100% anatase phase. After baking at 800 °C, the crystalline
structure of the doped sample transformed from anatase to rutile as in
Figure 3.5(B-d). For comparison, Figure 3.6 shows the Raman
spectrum of the control sample at different calcination temperature, in
which a mixture of anatase and rutile can be observed even at 700 °C

and complete transformation occurs at 800 °C.
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Figure 3.5. Raman spectra of A) -a)TU1, b) TU2, ¢) TU3 and d) TU4
at 700 °C and B) TU2 sample calcined at a) 300, b) 500, c) 700 and d)
800 °C.
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Figure 3.6. Raman spectra of the control sample TC calcined at a) 300,
b) 500, c¢) 700 and d) 800 °C. (Inset shows the presence and absence of
brookite phase at various calcination temperatures).

The existence of brookite phase in TC at 300 and 500 °C is evidenced
from the Raman spectra at 153, 247, 323 and 368 cm” with relatively
stronger intensity as in the inset of Figure 3.6. The strong band at 153
may merge with the high intense peak of anatase at 144 cm™.This is
consistent with the observation that the XRD intensity of brookite
phase is first increased from 300 to 500 °C and then decreased with

further increase in temperature.

In Figure 3.6 (c and d), a strong band at about 238 cm™ is exhibited.
The appearance of this band with the opening of anatase to rutile
transformation is distinctly shown in Figure 3.6. It cannot be assigned

to the fundamental modes of anatase and rutile phase. A few
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interpretations have been given for its origin: Porto et al proposed it to
a combination band, Hara and Nicol attributed that the rutile lattice is
disordered and this disorder can induce the band, and Balachandran et
al recommended it might be due to the second-order scattering
generated through a multiphonon process.”>**** Ma et al also support

this second order scattering.
3.24. TEM

TEM was used to further examine the morphology, crystal size and
crystallinity of TiO, samples. Figure 3.7 shows the tunneling electron
micrographs of the undoped and doped TiO, modified at a calcination
temperature of 700 °C. The TiO, powder before modification at a high
temperature such as 700 °C, consist of large anatase particle having an
average particle size in the range of 20-60 nm (Figure 3.7A). After the
modification of TiO, using 0.5 wt% of thiourea calcined at the same
temperature, the crystallite size of the anatase powder is decreased to
the range 10-25 nm (Figure 3.7B).The distinct spots in the SAED
(selected area electron diffraction) pattern of both TC and TU2 sample
at 700 °C in Figure 3.7C and 3.7D support the higher crystalline nature
as observed in the XRD pattern. It is seen that, for anatase TU2
sample, the crystal lattice plane (101) with d-spacing of 0.34 nm is
obtained, whereas those of rutile give lattice plane with d-spacing of

0.32 nm of (110) plane.
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Figure 3.7. TEM and HRTEM images of A&C) TC, B&D) TU2
samples respectively. Inset shows the corresponding SAED pattern (all
the samples are calcined at 700 °C).

3.2.5. XPS

XPS analysis was performed to investigate the incorporation of N and
S in the TiO; sample and thereby their chemical state at 700 °C. The
wide area XPS spectrum clearly shows the presence of nitrogen and
sulfur in the doped TiO; in addition to titanium, oxygen and carbon in

the control sample (Figure 3.8). The carbon peak in the control sample
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is mainly due to the residual carbon from the precursor molecule and
adventitious hydrocarbon from XPS instrument itself. In addition to the
amount of carbon in the control sample, slightly higher intense peak of

Cls was observed for the TU2 sample (Figure 3.8b).

Q1s
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Figure 3.8. XPS survey spectra of a) TC and b) TU2 sample calcined
at 700 °C

Previously it was found that, there is a possibility for the existence of
three forms of carbon such as surface adsorbed (287.5 eV), solid
solution (285 eV) and the carbide, Ti-C (281.5 e¢V).”” Figure 3.9B
shows the high resolution XPS spectra of Cls in TU2 sample at 700 °C
and it can be seen that the majority of the carbon present in TiO, exist
as solid solution (284.8 e¢V). This solid solution of carbon can locate
within the octahedral and tetrahedral interstices existing within the
anatase crystal.”*?” Disappearance of peak at 281.5 eV confirms the
absence of Ti-C phase. The survey spectrum of TU2 sample at 700 °C
shows an intense peak of Cls at 284.8 eV than the control sample TC
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at the same temperature, which indicates that the carbon atom from

thiourea can be easily incorporated into TiO; lattice.

Previous reports shows that sulfur containing materials have a binding
energy value of around 170 eV.?’ The S2p high resolution XPS spectra
of TU2 sample calcined at 700 °C shows a peak at 168.4 eV, which
confirm the presence of sulphur at 700 degree temperature (Figure
3.9A). It has been reported that the binding energy peak at 168.4 eV is
due to the presence of S®* cation and this will confirm that upon
thiourea doping, sulphur can entered into TiO, lattice as cationic
sulphur with a charge of +6.°>'? Also, the replacement of Ti*" by S°" is
chemically more favorable than the substitution of 0% by S*. Because
the bond strength of Ti-S bond (418 kJ/mol) is less than the existing
Ti-O bond (672 kJ/mol) and the ionic radius of S* ion (1.7 A°) is
greater than that of O* ion (1.22 A°)."**" Absence of binding energy
peak at 160.7 eV in the TU2 sample clearly support the absence of Ti-
S bond in the doped TiO; matrix.*

Figure 3.10 display the high resolution XPS of Nls of TU2 and TC
sample at 700 °C, which shows that nitrogen also remains in the titania
matrix as a codopant from thiourea. Nitrogen can be located in the
anatase crystal lattice of TiO, either through substitutionally or
interstitially. Fujishima et a/ summarized that, the N1s peak at ~396 eV
is typically assigned to the substitutional nitrogen dopant as Ti-N bond
while the peak at ~400 eV is ascribed to the interstitial nitrogen
dopant.*'”? The binding energy peak for N1s of TU2 sample at 700 °C
observed a little broad peak at around 400 eV. Absence of this peak in
the control sample TC at 700 °C shows the successful doping of
nitrogen in the TU2 sample at the same temperature. It was previously

observed that the molecular chemisorptions of nitrogen exhibit a peak
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at around 400 eV.>>**** Periyat er al suggested that the formation of
chemisorbed nitrogen is due to the decomposition of NH," present in
the sample when the temperature is elevated.”> On the other hand,
absence of peak at 396 eV indicates that Ti-N bond is not being present
in the TU2 sample at high temperature.
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Figure 3.9. High resolution XPS spectra of A) S2p and B) Cls of TU2
sample calcined at 700 °C.
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Figure 3.10. High resolution XPS of N1s of a) TC and b) TU2 sample
at 700 °C

The obtained XPS spectrum of Ti2p core level from pure TiO;
displayed a Ti2p;/; peak at 458.8 eV and Ols peak at 530.1 eV (Figure
3.11A and 3.11B). After modification using thiourea at 700 °C, the
binding energy peaks of Ti2ps, and Ols shifted to 458.4 eV and 529.6
eV respectively. The red shift in the peak position of Ti2p and Ols are

primarily due to the introduction of oxygen vacancies into the TiO,

lattice.

There are mainly two factors that support the oxygen vacancy site in

the lattice of T10,.

(1) High temperature treatment of TU sample may leads to the

formation of ammonium ion as evidenced from the FTIR
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technique, this will further decomposed to ammonia and H;
molecule. This reducing atmosphere can motive the partial

reduction of TiO,, which results a red shift in the peak position

of both Ti2p and O1s.**

It is well known that TiO, is very sensitive to oxygen and it can
be easily reduced under an oxygen deficient environment.*® If
the dopants are non-isovalent when compared to titania, then
the doped TiO;, have to satisfy an additional charge neutrality
condition. This charge neutrality condition can accelerate the
formation of Ti or O vacancy, depending upon on the valency
of dopant.’® Here also the substitution of Ti*" by S®' leads to a
charge imbalance in the TiO, matrix, which enhances the

formation of oxygen vacancy environment.
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Figure 3.11. High resolution XPS spectra of A) Ti2p and B) Ols of a)
TC and b) TU2 sample calcined at 700 °C.

109



3.2.6. UV-Visible diffuse reflectance spectra

The UV-Visible spectra (DRS) are used to determine the optical
properties of the sample. Figure 3.12 records the UV-Visible spectra
and corresponding tauc plot of the undoped and N, S- codoped TiO,
calcined at 700 °C. The obtained result shows that thiourea has a
significant effect on the light absorption characteristics of TiO,. The
control sample, TC shows an absorption edge at around 390 nm in the
UV range as observed commonly for anatase TiO,, while the
absorption spectra of the doped sample exhibit a red shift in the
absorption band. The decrease in band gap energy can be assign to the
fact that high temperature calcination can induce N and S elements
codoped into the TiO; lattice.”” Further observation shows that, with
the increase in dopant concentration, wavelength of absorption shifted
to higher wavelength region and the band gap energies corresponding
to this red shift are tabulated using tauc plot (Table 3.3). This may be
attributed to the fact that the higher concentration of dopant induce
more N and S atoms into the lattice of TiO,, resulting in a large band

gap narrowing.>®
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Figure 3.12. A) UV-Visible absorption spectra and B) corresponding
tauc plot of a) TC, b) TU1, ¢) TU2, d) TU3 and e) TU4 calcined at 700
°C.
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Table 3.3. Band gap energy calculated using tauc plot.

Sample Band gap energy (eV)
300 500 700
TC 3.26 3.22 3.24
TU1 2.72 2.87 2.94
TU2 2.65 2.85 2.90
TU3 2.37 2.77 2.88
TU4 2.24 2.69 2.87

Compared to pure TiO,, two prominent features clearly seen in the
doped sample at a calcinations temperature of 300 °C: i) the
appearance of a shoulder peak at around 390-500 nm and ii) the
enhanced absorption band in the range of 500-800 nm. As the
calcination temperature increases the intensity of these two bands is
decreased due to the decreased amount of N and S content in the TiO,
lattice (Figure 3.13). Generally, visible-light-absorption shoulder in the
range of 390-500 nm results from the N-atom in the interstitial site of
TiO, due to the introduction of some localized states near the valence
band edge.” In the case of doped TU samples, the enlarged shoulder in
the range of 390-500 nm is closely related to the doped N-atoms,*
while the enhanced absorbance in the range of 500—-800 nm is possibly
due to the synergistic effect of nitrogen and sulfur co-doping on the
electronic structure of TiO,.** Unquestionably these results reveal that,
doping incorporate nitrogen and sulfur into the TiO, lattice, which
results an alteration in the crystal structure and electronic properties of

Ti0..
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Figure 3.13. UV-Visible absorption spectra of TU2 sample calcined at
a) 300, b) 500 and c) 700 °C.

Generally, the photocatalytic reaction rate is directly proportional to
(Ia®)" (n = 1 for low light intensity and n = 1/2 for high light
intensity), where Ia is the photo numbers absorbed by photocatalyst
per second and @ is the efficiency of the band gap transition."” The
enhancement of the photocatalytic activity with thiourea doping can be
partly explained in terms of an increase in la® resulting from an

intense absorption in the visible region.
3.2.7. Analysis of hydroxyl radical

The higher activity of the prepared TU2 sample at 700 °C was further
confirmed by the detection of hydroxyl radicals. Figure 3.14 shows the
changes in PL intensity of terephthalic acid solution by various TC and

TU samples calcined at 700 °C exposed for 10 minutes to UV light.
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Changes in the PL intensity at about 425 nm is observed corresponds
to hydroxyterephthalic acid by varying the concentration of thiourea on
TiO; sample and the maximum intensity was observed for TU2 sample
at 700 °C having 0.5 wt% of thiourea, which showed maximum
photocatalytic activity.  Similarly, PL intensity of TU2 sample
increases with rise in calcination temperature and maximum obtained
at 700 °C, which is shown in Figure 3.15. Further increase in
calcination temperature to 800 °C for TU2 sample decreases the PL
intensity. Hydroxyl radical formed on the surface of TiO, are the active
species during a photocatalytic reaction and with increase in
concentration of hydroxyl radical, photocatalytic activity increased.
And also, the PL intensity of hydroxyterephthalic acid is directly
proportional to the amount of hydroxyl radicals produced on the
surface of TiO,. Further observation shows that undoped TiO, sample,
TC exhibit weak PL signal at 700 degree calcination because pure
TiO, sample almost converted to rutile form in higher temperature
calcination. Previous studies showed that lesser number of hydroxyl
radicals are produced on the surface of rutile TiO, and which results

lesser photocatalytic activity.*!
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Figure 3.14. PL spectral changes upon UV irradiation of a) TC, b)
TUL, ¢) TU2, d) TU3 and e) TU4 samples at 700 °C in a 10™* M basic

solution of terephthalic acid (All the samples were exposed to UV light
for 10 minutes).
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Figure 3.15. PL spectra of TU2 sample at a) 300, b) 500, c¢) 700 and d)
800 °C in 10 M basic solution of terephthalic acid (All the samples
were exposed to UV light for 10 minutes).
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3.2.8. Photocatalysis

To decide which of the prepared sample was the best photocatalyst,
photocatalytic degradation study of methylene blue was conducted on
each samples calcined at 300, 500 and 700 °C. The photocatalytic
experiments were carried out under UV as well as direct solar light.
Generally, the photocatalytic degradation reaction of methylene blue
follows pseudo first order kinetics. Therefore the reaction rate
constants for the degradation were obtained by plotting the natural
logarithm of the absorbance against irradiation time for control and
thiourea modified sample. In all samples the major peak of methylene
blue having absorbance value at a wavelength of 656 nm was taken for

the determination of concentration.*?
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Figure 3.16. Degradation curve of a) TC, b) TUI, ¢) TU2, d) TU3 and
e) TU4 sample calcined at 700 °C A) UV light B) Sunlight.

Figure 3.19 summarizes the reaction rate constant for all the samples

calcined at different temperature. The photocatalytic activity of the
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doped sample increases with calcination temperature and the optimized
temperature for the photocatalytic degradation of methylene blue was
found to be at 700 °C. Comparing UV and direct sunlight, rate of
degradation under direct sunlight irradiation is more compared to UV
light irradiation. This is because upon thiourea doping, TiO, extend its
absorption range to longer wavelength region and decreases its band

gap energy to lower value (Table 3.3).

The optimal level for photocatalytic modification was found in TU2
sample calcined at 700 °C. Figure 3.16 shows the degradation
efficiency of methylene blue under both UV and sunlight irradiation
using TC and 0.25, 0.5, 1 and 2% thiourea doped TiO, calcined at
temperature of 700 °C. Figure 3.18 clearly shows that the most
photoactive sample is TU2 calcined at 700 °C, degraded methylene
blue with a rate constant of 0.0881 min™ under direct sunlight, almost
thirteen times greater than undoped sample at the same calcination
temperature. However, the rate constant for the degradation of
methylene blue of the same sample at 700 °C was 0.0643 min™ under
UV light (Figure 3.17), which is lower than rate constant under direct
sunlight. For the control sample there is an initial increase in the
photocatalytic activity with increase in calcination temperature and

then decreases to lower value with further increase in temperature.

Number of factors depends upon photocatalytic degradation efficiency
of the catalyst and they are crystallinity, crystallite size, rate of
electron-hole recombination, assemblage of crystal phase, amount of

hydroxyl radical and optical properties.”® The synergistic effect of
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these various properties determines the photodegradation efficiency of

the prepared catalyst.
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Figure 3.17. Photocatalytic degradation of methylene blue with A) TC
and B) TU2 catalyst (700 °C) under UV light.
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Figure 3.18. Photocatalytic degradation of methylene blue with C) TC

and D) TU2 catalyst (700 °C) under direct sunlight.

N, S codoping significantly decreased the crystallite size of the high
temperature stable anatase TiO, (as evidenced from XRD), especially

TU2 sample at 700 °C (Table 3.2), which results higher surface area.
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Higher the surface area, greater will be the adsorption rate and the
adsorbed dye molecule near the active centers of TiO, enhance the
photodegradation efficiency of TU2 sample. Secondly, In addition to
the smallest crystallite size of TU2 sample, the crystallinity also affects
the photocatalytic property of anatase TiO,. Figure 3.3 clearly shows
that as the calcination temperature increases, crystallinity of the sample
also increases and highest crystallinity was obtained at 700 °C. Further
increase in calcination temperature to 800 °C, rutile phase started to
appear along with anatase phase with a phase ratio of 46/54%
respectively (Table 3.1). Appearance of rutile phase at 800 °C in TU2
sample decreased the photocatalytic power of TiO,. And also the
decreased photocatalytic activity of the control sample at 700 °C, is
due to the appearance of rutile phase as the major component and is
evidenced from the XRD pattern of TC sample (Figure 3.2). It has
been reported that presence of rutile phase decreased the photoactivity

of anatase TiO,. 4!

The XPS result obtained from Figure 3.11 (red shift in the binding
energy peak of Ols and Ti2p upon doping) shows that doping
processes can accelerate the formation of oxygen ion vacancies.* The
oxygen molecule absorbed by the oxygen vacancy sites was active for
the formation of superoxide (O,") radicals. Similarly the doped
nitrogen amount in TU2 sample is very small (Figure 3.10), although
N doping expected to introduce more oxygen vacancies at the surface
than commonly observed for the anatase surface and which also
support the higher degradation efficiency of doped sample.**** The

photoactivity of modified TiO, was decreased when the concentration
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of thiourea increases. Because the content of nitrogen atom doping in
Ti0O; increases, which cause an increase in the oxygen vacancies and
some oxygen vacancy sites become the recombination center of photo-

produced holes and electrons when thiourea concentration increases

continuously.*
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Figure 3.19. Reaction rate constants (k/min-1) for the degradation of
methylene blue by various catalyst at different calcination temperature
in presence of A) UV and B) direct sunlight.

3.3. Conclusions

N, S codoped TiO, were simply prepared by mechanical mixing of the
prepared TiO; and thiourea. Their structures, optical and photocatalytic
properties were characterized by using various characterization
techniques such as X-ray diffraction studies, UV-VIS absorption
spectroscopy, transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS). The anatase phase stability was
improved through doping and the phase transition occurs only after
700 °C. Whereas, 84% rutile phase was formed in the sample even at
700 °C. The N, S-codoped TiO, powder exhibit higher photocatalytic

activity under both UV and Visible irradiation as compared to undoped
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Ti0; at a calcinations temperature of 700 °C and the maximum activity
was obtained for 0.5 weight percentage of thiourea. The higher activity
was ascribed to the synergetic effect of special characteristics such as
lowest size, higher crystallinity, lower band gap energy, and oxygen
vacancy. The simulation of the results points out that our TU powder is
a promising photocatalyst and has a good application for the

purification of both air and water.
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4.1. Introduction

In continuation to chapter 3, which describe the photocatalytic activity
of N, S-codoped TiO, using thiourea, chapter 4 modified the TiO,
sample using a different N and S containing modifier such as
thiosemicarbazide. To the best of my knowledge, there is no study
available in the literature by using thiosemicarbazide as the modifier to
improve the photocatalytic efficiency of TiO,. The existing literature
shows that N and S containing modifiers are the best to enhance the

photocatalytic efficiency of TiO,.

In the present chapter, TiO, was modified by mixing the synthesized
TiO;, and thiosemicarbazide in different molar ratio by keeping the

concentration of TiO, as constant.

The samples were labelled as TSCI, TSC2, TSC3 and TSC4
respectively for 0.25, 0.5, 1 and 2 weight percentage of
thiosemicarbazide. The starting TiO, used for the modification was

taken as the control sample and were named as TC.

The chapter investigate the photocatalytic activity of TiO, modified by
sintering with thiosemicarbazide under excitation with UV (5.82
mW/cm?®) and direct sunlight (63.2-67.9 mW/cm?). We chose the
oxidation of methylene blue dye to carbon dioxide and water as model

reaction.
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4.2. Results and Discussion

4.2.1. X-ray diffraction analysis
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Figure 4.1. XRD pattern of a) TSC1, b) TSC2, ¢) TSC3, d) TSC4 and
e) TC at 700 °C.

Figure 4.1 shows the x-ray diffraction pattern of the modified and
control sample at 700 degree calcination temperature. Figure 4.2
presents the diffractogram of the TSC3 sample calcined at different
temperature in air. It can be observed that the most photoactive
crystalline anatase phase has been retained in 100% for all modified
samples even at a calcination temperature of 700 °C. Whereas the
control sample TC were almost converted to rutile phase at the same
temperature. Furthermore, as the temperature of calcination increases,

the main Bragg peak at (101) plane of anatase is observed to become
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intense and sharper, indicative larger average crystalline size and
higher crystalline nature for the entire codoped sample up to 700 °C.
Further increase in calcination temperature of TSC3 sample started to
transform the anatase to rutile form and 51.5% anatase structure was
retained at a calcination temperature of 800 °C. Prior reports
substantiate that doping of TiO; using N and S will not induce the
phase transformation at lower temperatures. Similarly the X-ray
diffraction pattern of any N, S codoped powder does not show any sign
of brookite phase, whereas, the control sample TC exhibit brookite

phase along with anatase at a temperature of 300 and 500 °C (Figure
4.3).

Intensity (a.u.)

10 20 30 40 50 70 80
26 (degree)

Figure 4.2. XRD of TSC3 sample at a) 300, b) 500, c¢) 700 and d)
800 °C.
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Figure 4.3. X-ray diffraction pattern of TC at a) 300 and b) 500 °C.

From Table 4.1, it can be obtained that the particle size decreased with
increase in concentration of thiosemicarbazide and increased with
increase in calcination temperature. However, as the concentration of
dopant increases, the crystallinity of anatase peak also increases and
reached maximum crystallinity at 1 wt % thiosemicarbazide. Further

increase in concentarion of dopant decrease the crystalline nature of

TSC sample as observed in Figure 4.1.
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Table 4.1. Crystallite size calculated from the (101) peak of anatase at

different calcination temperature.

Crystallite size (nm)
Sample 300 500 700
TC 7.25 13.6 32.1
TSC1 6.52 12.47 22.28
TSC2 6.29 12.44 22.22
TSC3 6.08 9.05 20.25
TSC4 4.92 8.52 19.9

4.2.2. FTIR spectra

The structure of thiosemicarbazide on the surface of TiO, was also
examined by Fourier transform technique. FTIR spectra of the doped
and undoped sample ranging from 400 to 4000 cm™ are shown in
Figure 4.4. The FTIR peak below 1000 cm™ corresponds to TiO,
crystal lattice vibration." The broad peak centered at 3400 cm™ and a
sharp peak at 1630 cm™ corresponds to the stretching and bending
vibrations of —~OH or adsorbed water molecule respectively. ** Two
absorption peaks within a region of 1000-1300 cm™ were present in the
spectra of doped sample, but absent in the control sample TC. These
two peaks positioned at 1051 and 1136 cm™ were found to be the
characteristic frequencies of bidentate SO4* group coordinated to Ti*"

ion.*?

Ammonium ions produced by the dissociation of
thiosemicarbazide were also found in the TU2 matrix positioned at

1411 cm'l, which indicate the deformation mode of ammonium ions.®
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The result obtained from FT-IR technique is in good agreement with

the observed XPS data.
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Figure 4.4. FTIR spectra of a) TC and b) TSC3 sample calcined at
300°C.

4.2.3. Raman spectra

In Raman spectroscopy, anatase to rutile phase transition can be
observed since the two phases have well distinguishable finger prints in
the Raman spectra. Figure 4.5 shows the changes in the Raman spectra
of the TiO, powder before and after doping at various calcination
temperatures. Two intense peaks of E, observed at 144 and 639 cm’,
and two weaker peaks of Bl at about 399 cm™! and (A1gtBig) at about

513 cm’! are seen as the characteristic Raman active modes of anatase
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crystal.” Generally, Raman active modes of rutile phase were observed

at 143, 447,612 and 826 cm™.

It can be seen from figure 4.5A that the strongest Eg mode of anatase
at 144 cm ' of the control sample TC is attenuated when the rutile
modes at 447 and 612 cm™" intensify at a calcination temperature of
700 “C, which clearly shows the transformation of anatase to rutile
phase. However, in the case of doped sample, rutile phase started to
appear only at 800 °C (Figure 4.5B). The data obtained from Raman
spectroscopy clearly support the anatase/rutile phase composition as
observed from x-ray diffraction technique in different calcination
temperature. Raman spectra of the control sample in different

calcination temperature can be seen in Figure 4.6.

| A B
|

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

200 400 000 w0 200 400 000 800
Raman shift (cm‘1)

Figure 4.5. Raman spectra of — A): a) TSC1, b) TSC2, c) TSC3, d)
TSC4 & e) TC calcined at 700 °C and B): TSC3 calcined at a) 300, b)
500, c¢) 700 and d) 800 °C.
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Figure 4.6. Raman spectra of TC sample at a) 500, b) 700 and c)
800 °C

4.2.4. TEM

Particle size, crystallinity and morphology of samples obtained from
XRD were corroborated by TEM, HRTEM and SAED investigations
in Figure 4.7. The crystallite size obtained from the TEM images of
undoped sample (20-60 nm) reveal that the samples are in rutile form
at 700 degree calcination temperature. However, modification using
thiosemicarbazide sustain TiO, in anatase structure at 700 °C and the
supporting information can be obtained from the crystal size (20-25
nm) in the TEM images of TSC3 sample. Similarly, the fringe width
obtained from the HRTEM images of doped and undoped sample also
support the anatase and rutile structure respectively (Figure 4.7 C and
D). SAED pattern of both TC and TSC3 sample support the crystalline
nature as observed from the x-ray diffraction technique. Additionally,
well defined diffraction spots exist in the SAED pattern of TSC3 at
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700 °C compared to TC at the same temperature further support the

higher crystalline nature of the sample.

Figure 4.7. TEM image of A) TC, B) TSC3, HRTEM images of C)
TC, D) TSC3 and SAED pattern of E) TC and TSC3 (both the samples
were calcined at 700 °C).
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4.2.5. XPS analysis

Figure 4.8 shows the XPS survey spectra of the N, S codoped
and undoped samples calcined at 700 ‘C. It can be seen that the
undoped sample contain only Ti, O and C elements, with a sharp
photoelectron peaks obtained at binding energies of 458.8 (Ti2p),
530.08 (Ols) and 284 eV (Cls). The carbon peak in the TC sample is
mainly due to the residual carbon from the precursor molecule and
adventitious hydrocarbon from XPS instrument itself. In addition to the
amount of carbon in TC, increased intensity peak of Cls is observed
for TSC sample due to the incorporation of carbon from the modifier
itself as solid solution. ®° On the contrary, the codoped sample TSC
not only contains C, O and Ti, but also a small amount of S and N
atoms (binding energy peak at 400.2 and 168.4 eV, respectively),
which probably comes from the precursor CS (NH,) (NHNH,;) during

the calcination.

O1s

Intensity (a.u.)
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Figure 4.8. XPS survey spectra of a) TC and b) TSC3 calcined at
700 C.
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The high resolution XPS spectra of Nls region of TSC3 sample are
shown in Figure 4.9 at a binding energy peak of 400.2 eV and which
can be assign to some NH; molecule adsorbed on the surface of TiO,."
The state of nitrogen in the TiO; crystal lattice and the mechanism
behind the band gap reduction has still been in arguing. Satish et al
have observed N1s core level at 398.2 eV from the XPS spectra of N-
doped TiO; and suggested that there is no indication for the formation
of Ti-N bond due to nitrogen doping.!’ Some studies observed that the
Nls peak at 400 and 402 eV on nitrogen doped TiO, is due to
chemisorbed nitrogen and adsorbed organic impurities. '*'> However,
Diwald et al suggested that the observed binding energy peak of N1s at
399.6 eV is in effective for reducing the photon energy for solar
applications.'* In all the above observations, the adopted preparation

procedure was different and which result different observation in XPS.

N1s
4002 eV

Intensity (a.u.)
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Figure 4.9. High resolution XPS spectra of Nls of TSC3 sample
calcined at 700 °C.
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Figure 4.10 shows the high-resolution XPS spectrum of S2p region of
TSC3 sample at 700 "C. It could be noticed that the S2p peak of doped
TiO; contain an isolated peak at binding energies of 168.4 eV, which
uphold the existence of sulphur in +6 oxidation state. The S* may be
attributed to adsorbed SO42' ion on the surface of TSC sample.
Similarly different observation has been made by Xiang et al that
cationic sulphur may replace titanium atom from the lattice of TiO,."

Absence of peak at 162 eV indicates the absence of Ti-S bond

formation.
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Figure 4.10. High resolution XPS spectra of S2p of TSC3 sample
calcined at 700 °C.

The binding energy peak of Ti2p in the TSC3 sample at 700 °C
negatively shifted to 458.4 eV from the BE peak of TC (458.8 e¢V) at
same temperature calcination (Figure 4.11A). Correspondingly, the

binding energy value of Ols of TC (430.08 eV) deviated negatively to
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429.7 eV through doping (Figure 4.11B). The red shift in the above
two BE peaks are considered to be due to the oxygen vacancy
produced because of the specific interactions between TiO, and N or S
at high temperature calcination. Charge imbalance produced by the
replacement of Ti*" by S also induces an oxygen vacancy site in the

Ti0, matrix.

Ti2
458.4 eVI\\ 458 SeV

—
= 3
=2 ©
(2 —
—

=
z 2
[7:] =
: :
g =

456 458 460 462 464 466 528 529 530 531 532

Binding energy (eV) Binding energy (eV)

Figure 4.11. High resolution XPS spectra of A) Ti2p and B) Ols of a)
TC and b) TSC3 sample at 700 °C

4.2.6. Optical characterization
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Figure 4.12. A) UV-Vis absorption spectra and B) corresponding Tauc
plot of a) TC, b) TSCI1, c) TSC2, d) TSC3 and e) TSC4 (all the
samples were calcined at 700 °C).
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UV-visible absorption spectra of TSC and TC samples calcined at a
temperature of 700 °C are shown in Figure 4.12. Generally, doping
with non metals induce a shift in the light absorption characteristics of
TiO,." The optical absorption edge in the spectra clearly indicates a
red-shift and hence a band gap narrowing for TSC samples compared
to pure TiO,. The reason behind this red shift in the absorption is due
to two prominent features: (1) one being the presence of N atom,
which tends to absorb the radiation within a wavelength ranging from
390 to 500 nm by the TiO, molecule,'® (2) Synergistic effect of both N
and S induce an extended absorption for the TiO; system in the range
of 500-800 nm."” These two peaks clearly be seen in the doped TiO,
matrix at low temperature calcination (Figure 4.13) due to increased
amount of both N and S and this is the reason for why doped sample
exhibit lower band gap energy at 300 °C than at 500 than 700 °C
(Table 4.2)."7 Similarly, increased amount of N and S with increase in
concentration of dopant raise the energy of absorption. Absence of
both N and S in the pure TiO, sample results higher bandgap energy

corresponding to UV region.

Table 4.2. Bandgap energy of TSC and TC samples at various

calcination temperatures.

Band gap energy (eV)
Sample

300 500 700

TC 3.26 3.22 3.24
TSC1 2.76 2.83 2.92
TSC2 2.73 2.82 2.92
TSC3 2.51 2.63 2.89
TSC4 1.47 2.57 2.85
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Figure 4.13. UV-Vis absorption spectra of a) TC and b) TSC sample at
300 °C.

4.2.7. Measurement of hydroxyl radical

The higher activity of the prepared TSC3 sample at 700 °C was further
confirmed by the detection of hydroxyl radicals. Figure 4.14A shows
the changes in PL intensity of terephthalic acid solution by various TC
and TSC samples calcined at 700 °C exposed for 10 minutes to UV
light. Changes in the PL intensity at about 425 nm is observed
corresponding to  hydroxyterephthalic acid by varying the
concentration of thiosemicarbazide on TiO, sample and the maximum
intensity was observed for TSC3 sample at 700 °C having 1 wt% of
thiosemicarbazide, which showed maximum photocatalytic activity.
Similarly, PL intensity of TSC3 sample increases with rise in
calcination temperature and maximum obtained at 700 °C, which is

shown in Figure 4.14B. Further increase in calcination temperature to
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800 °C for TSC3 sample decreases the PL intensity. Hydroxyl radical
formed on the surface of TiO, are the active species during a
photocatalytic reaction and with increase in concentration of hydroxyl
radical, photocatalytic activity increased.'™'® And also, the PL intensity
of hydroxyterephthalic acid is directly proportional to the amount of
hydroxyl radicals produced on the surface of TiO,. Similarly, the
number of hydroxyl radical produced on the surface of TiO, was
increased with time and are represented in Figure 4.15. Further
observation shows that undoped TiO, sample, TC exhibit weak PL
signal at 700 degree calcination because pure TiO, sample almost
converted to rutile form in higher temperature calcination. Previous
studies showed that lesser number of hydroxyl radicals is produced on
the surface of rutile TiO, and which results lesser photocatalytic

activity.”’
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Figure 4.14. (A) PL spectral changes upon UV irradiation of a) TC, b)
TSC1, ¢) TSC2, d) TSC3 and e) TSC4 samples at 700 °C in a 10™ M
basic solution of terephthalic acid and (B) PL spectra of TSC3 sample
at a) 300, b) 500, c) 700 and d) 800 degree calcination temperature in
10* M basic solution of terephthalic acid (All the samples were
exposed to UV light for 10 minutes).
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Figure 4.15. PL spectral changes observed during illumination time of
a) 0 min, b) 10 min, ¢) 20 min and d) 30 min of TSC3 sample calcined
at 700 °C in a basic solution of terephthalic acid.

4.2.8. Photocatalysis

The photocatalytic studies were conducted by measuring the
degradation rate of methylene blue at regular time interval. The
concentration of methylene blue does not change under dark using
various synthesized TiO, samples. Similarly, [llumination of MB in the
absence of TiO, powder does not result a photocatalytic reaction.
Therefore, both light and catalytic powder is necessary for efficient
photocatalytic degradation. Figure 4.16 shows the photocatalytic
degradation pattern of MB using various catalytic systems calcined at
700 °C under both UV and direct sunlight. The observed degradation
pattern follows pseudo first order kinetics and the corresponding
reaction rate constant values of the prepared catalyst at various

calcination temperatures are graphically represented in Figure 4.18. It

142



is observed that the TSC3 sample at 700 °C possessed highest
photocatalytic activity with a rate constant value of 0.064 min™' under
direct sunlight and 0.0487 min™ under UV irradiance (Figure 4.17 B
and D). For TC at 700 °C, the rate constant value under UV irradiation
(0.0102 min™) is higher than that under sunlight (0.0067 min™) to
some extent (Figure 4.17 A and C). Moreover, TC displays poor
photodegradation ability than the doped one under both UV and
sunlight. Figure 4.17 shows the absorption spectra and corresponding
kinetic analysis of MB degradation using TSC3 and TC sample at
700 °C.
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Figure 4.16. Photodegradation pattern of methylene blue using a) TC,
b) TSC1, c¢) TSC2, d) TSC3 and e) TSC4 at 700°C under A) UV and
B) direct sunlight.

Result obtained from XPS, XRD and FTIR technique revealed that N
and S were perfectly codoped into the lattice of TiO; as in the form of
SO,> and chemisorbed nitrogen. The adsorbed SO,* improves the
surface acidity and generates Bronsted and Lewis acidic sites on the
surface of TiO,. These acidic sites could provide more chemisorption

centers on the surface to adsorb more reactants and oxygen molecules,
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also trap excited electrons, which would enhance the separation of
photo-generated charge carriers and improve the photocatalytic
effieciency.””  The diffuse reflectance spectra in Figure 4.12 clearly
shows that N and S codoping narrow the band gap of TiO, because of
an obvious shift observed in the absorption edge of TSC sample and
did improve the wavelength of absorption in the visible region. And
which results an enhanced photodegradation in sunlight than UV light.
In addition to these, N-doping results the creation of surface oxygen
vacancies and these oxygen deficient sites boost the photocatalytic

power of TSC samples.
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Figure 4.17. Absorption spectra of MB degradation using (A & C) TC
and (B & D) TSC3 sample at 700 °C (A, B carried out under UV and
C, D under direct sunlight)- Inset shows the corresponding kinetic
study of the sample, where Cy is the initial absorbance and C
represents the absorbance after a time for MB degradation.
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Many studies have shown that calcination is an effective treatment
method to enhance the photoactivity of nanosized TiO;
photocatalysts.”' Figure 4.18 shows the dependence of the apparent
rate constants (k/min™") on calcination temperature. The reaction rate
constant value of the doped sample increases with raise in temperature
and at a calcination temperature of 700 °C, the k value of TSC sample
reaches the highest value under UV as well as direct sunlight.
Calcination temperature of doped sample above 700 °C is not desirable
and samples calcined at 800 °C exhibit poor photocatalytic activity.
Such a high temperature treatment, would transform anatase TiO, into
rutile structure and in the case of control sample, this transformation
occur already at 700 °C. So the least photocatalytic activity has been
exhibited by the control sample at 700 °C (Figure 4.17 A and C).
Previous reports suggested that appearance of rutile structure decreased

the photoactivity of TiO,.

As observed from Figure 4.18, the best photocatalyst is found to be
TSC3 sample at 700 degree calcination temperature and the highest
activity is attributed to the above mentioned sample is due to the
synergistic effect of its characteristic features such as higher
crystallinity, smallest crystallite size, 100% anatase structure, higher
concentration of hydroxyl molecule on the surface of TiO, and lower

electron-hole recombination rate.
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Figure 4.18. Bar diagram that shows the reaction rate constant for the
degradation of MB using various synthesized photocatalyst at a) 300,
b) 500, c) 700 and d) 800 °C in presence of A) UV and B) direct
sunlight.

4.3. Conclusion

N, S-modified TiO, powders have been successfully synthesized by
stirring the sol-gel derived anatase TiO, with the modifier,
thiosemicarbazide. The obtained slurry were dried at 100 °C and then
calcined at different temperature. The phase composition, size and
morphology of the synthesized powder were investigated using various
techniques such as XRD, XPS, FTIR, UV-Vis spectroscopy etc. The
absorption spectra of the prepared powder shifted from UV to visible
region in accordance to the introduction of dopant. Diffractogram of
the modified sample revealed that, thiosemicarbazide extend anatase to
rutile phase transition temperature, decrease crystal size and improve
the crystallinity of anatase TiO,. Photocatalytic studies showed that, at
700 °C, N, S codoped TiO, powders were most effective for the

degradation of methylene blue than the control sample.
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5.1. Introduction

In this chapter chemical modification of the precursor, anatase TiO;
using sulfanilic acid to synthesize high temperature stable and visible
light active anatase TiO; is explained. To the best of my knowledge,
only one report is available based on N, S-modified TiO, using
sulfanilic acid (SA).! In their work, only low temperature (160 °C)
modified P25 TiO, nanoparticles with sulfanilic acid ligand was
discussed. However, in the present chapter, we describe the
photocatalytic activity of SA modified TiO,, stable at a temperature of
500 °C in 100% anatase form. At 700 °C, rutile formation will take
place and percentage of rutile phase increases with rise in

concentration of sulfanilic acid.

Recently, much attention have been concentrated in the direction of
TiO, modified with organic chelating ligands because it results a
dramatic changes in the optical and electrical properties as well as
other desirable properties of the catalyst. Cozzoli et al demonstrated
organic capped TiO; nanorods using oleic acid as surfactant molecule
for many technological applications.” Whereas Tahir et al synthesized
dopamine functionalized monocrystalline rutile TiO, nanorods, which
offer amine group functionality on the surface for preparing future
Ti0;, nanobiocomposites and biotracers.’ Ti0; nanoparticles modified
by poly (3-hexylthiophene) were prepared by Wang et al/ by blending
TiO; nanoparticles and the modifier in chloroform solution for getting
better visible light response.* Niederberger et al provide a simple non-
aqueous route to in situ surface functionalization via dopamine to

titania nanoparticles to have a high impact on solar applications.’
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Beside these reports there also reports available based on ligand

functionalized TiO, nanoparticles for better applications.®’*

Sulfanilic acid is a commercially available and light sensitive material,
often used as molecular catalyst in the asymmetric synthesis of organic
compounds.” In the present study, based on the above mentioned
viewpoints, a simple method to prepare sulfanilic acid modified
anatase TiO, nanoparticles was developed. The photocatalytic
degradation property of methylene blue using SA modified TiO;

photocatalysts under UV and sunlight irradiation was also examined.
5.2. Results and Discussion
5.2.1. X-ray diffraction studies

The crystallographic structure of both undoped and doped TiO, at
various calcination temperatures are examined by x-ray diffraction
technique. The x-ray diffraction pattern of undoped and non metal
codoped TiO, (TSA2) at 500 °C is shown in Figure 5.1. The codoped
TSA2 powder obtained after the calcination at 300 and 500 °C shows
100% anatase phase. Whereas the corresponding control sample, TC
exhibit a mixture of anatase and brookite phases. The small peak
centered at 20 = 30.7 © in TC sample indicates brookite phase of TiO,.
The diffraction peaks of TSA2 sample at 500 °C were slightly sharper
and well-defined than those of bare TiO,, which indicates higher
crystalline nature for the former one. And also at 700 °C, the relative
crystallinity of anatase phase of TSA sample significantly decreased
due to the formation of a large amount of rutile as shown in Table 5.1.

Similarly, the observed phase composition of the catalyst at 300 and
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500 °C are also displayed in Table 5.1. It can be seen from Table 5.1
that, at 700 °C, anatase and rutile were coexisted for both doped and
undoped samples but there is a greater transformation percentage for
control TiO; (0 to 83% rutile) than codoped sample ( 0 to 9.45%-
TSA2). It can also be observed that increase in dopant concentration
can promote the transformation of TiO, from anatase to rutile at 700
degree calcination. Figure 5.2 shows the effect of dopant concentration

on phase structures of TiO, powder calcined at a temperature of 700
°C.

Intensity (a.u.)

10 20 30 40 S0 60 70 &
20 (degree)

Figure 5.1. X-ray diffraction pattern of a) TC and b) TSA2 sample at
500 °C.
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Table 5.1. Phase composition of the prepared TiO, sample at different

temperature (A: Anatase, R: Rutile and B: Brookite)

30 500 700
Sample A R B A R B A R B
TC 67 0 32 62 0 38 17 83 0
TSAI 100 0 0 100 0 0 90.82 | 9.18 0
TSA2 100 0 0 100 0 0 90.55 | 9.45 0
TSA3 100 0 0 100 0 0 80.39 | 19.61 0
TSA4 100 0 0 100 0 0 62.88 | 37.12 | 0

Table 5.2 shows the average crystalline size TiO, samples at different

calcination temperature. Doping decrease the average grain size of

TSA samples compared to undoped TiO, and grains of various phases

dramatically increases with rise in temperature. This is due to the fact

that the phase transitions accelerate the process of grain growth by

providing the heat of phase transformation.

10,11
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Figure 5.2. XRD of'a) TSA1, b) TSA2, ¢c) TSA3 and d) TC at 700 °C.
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Table 5.2. Average crystalline size of the TiO, sample calculated using

Scherrer equation

Crystallite size (nm)
Sample

300 500 700

TC 7.25 13.6 32.1
TSA1 7.19 12.11 23.06
TSA2 6.98 11.08 23.34
TSA3 6.27 10.78 24.98
TSA4 5.38 10.02 26.00

5.2.2. FTIR spectroscopy

The IR spectra of modified (TSA2) and pure TiO, sample dried at 100
°C are shown in Figure 5.3. IR spectrum of both the sample contain
common band at 1630, 3390 and wide absorption at 500 cm™ which
are the characteristic peaks of the asymmetric and symmetric
stretching vibrations of O-H bond and vibrations of Ti-O-Ti
framework bonds respectively.'? Characteristic peaks of benzene ring
came from sulfanilic acid present in the TSA2 sample at 1504, 1425
and 1319 cm™.' Meanwhile, the peaks at 1005 and 1035 cm™ in the
modified TCS2 sample can be assigned to the S=O asymmetric and
symmetric stretching vibrations respectively.! Notably, the band at 708
cm™ can be assigned to the stretching vibration of the S-O bond in the
TSA2 spectra. This indicates that SA modified the surface of TiO,
nanoparticles through Ti-O-S bond, which was further confirmed from

the XPS results.
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Figure 5.3. FTIR spectra of a) TSA2 and b) TC sample dried at
100 °C.

5.2.3. Raman Spectroscopy

Raman spectrum of anatase crystal was measured by Ohaska et a/ and
six Raman active fundamental modes were identified in the vibrational
spectrum of anatase phase: three Eg modes centered at around 144, 197
and 639 cm™, two Blg modes at 399 and 519 cm™and an Alg mode at
513 cm™.">'* 1 The separate symmetry assignment of the 513 and 519
cm ' modes has been found to be difficult because of the overlap of
two modes in experimental Raman spectrum.'® Similarly, Raman
spectra of rutile phase was investigated by Porto ef al and four raman
active phonons were detected at 143 cm ! (Biy), 447 cm ' (Ey), 613
cm (Aig) and 826 cm ' (Bzg).”’18 In the mixed phase TiO, (rutile and
anatase), separate identification of raman peak at 144 and 143 cm™ is

difficult due to high intense peak of anatase at 144 cm™".
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Figure 5.4. Raman spectra of a) TC and b) TSA2 calcined at 500 °C.

Raman spectra of TSA2 and TC sample at 500 °C are shown in Figure
5.4. TSA2 sample at 500 °C exhibit clear Raman features at around
144, 396, 513 and 639 cm'l, which is associated with the vibrational
modes of anatase phase, whereas those of TC sample display brookite
peak at 247, 324 and 367 cm’ (inset of Figure 5.4) along with anatase
form. Figure 5.5 shows the Raman spectra of both doped and undoped
sample after a heat treatment at 700 °C. One significant observation of
these spectra is that rutile phase started to appear at 447 cm™ with
increase in concentration of dopant in TSA sample and which support
the corresponding x-ray diffraction pattern as observed from

Figure 5.2.
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Figure 5.5. Raman spectra of a) TSA1, b) TSA2, ¢) TSA3 and d) TC
at 700 °C.

5.2.4. TEM

The particle size of both TC and TSA sample calcined at 500 °C are in
the nanometer range and are obtained from the TEM studies (Figure
5.6 A and D). TEM studies also reveal that both TC and TSA samples
have relatively uniform spherical morphology with average particle
size of around 10-15 nm which are in good agreement with the size
calculated from x-ray diffraction studies. The displayed HRTEM
images (Figure 5.6 B and E) reveal that the fringe widths of both these
samples are in good agreement with the standard (101) plane of
anatase Ti0;. The sharp SAED pattern of TSA nanoparticle calcined at
500 °C indicate the higher crystalline nature of the sample when

compared with the TC particles at the same temperature calcination.
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Figure 5.6. A) TEM, B) HRTEM and C) SAED pattern of TSA2; D)
TEM, E) HRTEM images and F) SAED pattern of TC (Both the
samples were calcined at 700 °C).
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5.2.5. XPS

XPS analysis confirms the presence of S and N in the doped TSA
samples at 500 °C in addition to the C, Ti and O as in TC sample at
500 °C indicating successful doping of S and N in TiO,(Figure 5.7).
The high resolution XPS spectra of Ti2p of TSA2 sample at 500 °C
exhibit a binding energy peak at 458.5 and 464.2 eV corresponding to
Ti2ps, and Ti2p;, respectively (Figure 5.8B). These values are
elevated to 458.8 eV and 464. 6 eV respectively for TC at 500 °C. The
negative shift in the binding energy peak of Ti2p upon doping
indicates the oxygen vacancy richness of TSA2 sample.” Similarly,
splitting between Ti2ps3, and Ti2p;,; are 5.7 and 5.8 eV respectively for
TSA2 and TC sample at 500 °C, indicating the state of Ti in +4
oxidation states in the anatase TiO, of both doped and undoped
sample.”’  In the high resolution XPS spectrum of Ols, the binding
energy peak corresponding to Ti-O-Ti mode at 530.1 eV for TC at 500
°C is negatively shifted to 529.7 eV for TSA2 at 500 °C (Figure 5.8A),
which indicates a change in the oxygen environment in TiO,
nanoparticles.”’*** In addition to the highest binding energy peak at
529.7 eV, a small peak at 531.7 eV is also observed for TSA2 sample
and which can be assigned to the hydroxyl groups present on the

.~ 1,23
surface of TiO,.”
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Figure 5.7. XPS survey spectra of a) TC and b) TSA2 sample calcined
at 700 °C.
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Figure 5.8. High resolution XPS spectra of A) Ols and B) Ti2p of a)
TC and b) TSA2 sample at 700 °C (Inset of B shows the corresponding
deconvoluted XPS spectra of Ols of TSA sample).
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Figure 5.10 shows the high resolution XPS spectra in the S2p binding
energy region of TSA2 sample calcined at 700 °C. It could be observed
that TSA2 sample exhibit a single binding energy peak at 168.4 eV and
which can be attributed that sulphur atom existed in a +6 oxidation

2425 6+
=S

state. may exist as SO42' ion adsorbed on the surface of TSA2

catalyst at 700 °C.

The high resolution N1s XPS of TSA2 sample at 700 °C shows that N
exhibit a characteristic main binding energy peak at 401.4 eV along
with a sub peak at 400 eV (Figure 5.9). The peak detected at 401.4 eV
was assigned to the substitutional O-Ti-N sites in the TiO, lattice,
while the other peak at 400 eV was attributed to the molecularly
chemisorbed N2.26 These two results confirmed that N and S are

present in a chemically bonded state in the TSA2 system.

N1is
401.4 eV

400 eV

Intensity (a.u.)
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Figure 5.9. High resolution XPS spectra of N1s of TSA2 sample
calcined at 500 °C.
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Figure 5.10. High resolution XPS spectra of S2p of TSA2 sample
calcined at 500 °C.

5.2.6. UV-Visible DRS

The UV-Visible diffuse reflectance spectra (DRS) of TSA catalysts
calcined at 500 °C are shown in Figure 5.11. It is seen from Figure
5.11A that the undoped TiO, nanocatalyst showed strong absorption
band at around 380 nm in the ultraviolet region. But TSA sample is
showing absorbance at 400-510 nm with red shift (approximately 100
nm) towards visible region. This shift in the absorption edge decreases
the direct bandgap of TSA catalyst compared to undoped TiO; and this
may be due to the insertion of nitrogen and sulphur in to the TiO,
lattice.”’ Furthermore, the red shift in the DRS band increases with
increase in doped elements content in the TiO, lattice. Bandgap energy

(Eg value) of all the catalysts is estimated from the tauc plot of

161



absorbance versus photon energy (hv). The obtained tauc plot is
extrapolated to get the bandgap energy for the TSA catalysts with good
approximation as observed in Figure 5.11B. The estimated bandgap
energies of TC, TSA1, TSA2, TSA3 and TSA4 are found to be 3.22,
2.81, 2.76 and 2.66 eV respectively. From the DRS results it is clear
that N and S doping can shift the absorption edge of TiO, to the visible
region and hence reduce the band gap, which is beneficial for
improving the photoabsorption and ultimately photocatalytic

performance of TiO,.
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Figure 5.11. A) DRS spectra and B) corresponding tauc plot of a) TC,
b) TSAI, ¢) TSA2 and d) TSA3 catalysts calcined at 500 °C.

5.2.7. Detection of hydroxyl radical

Hydroxyl radicals produced on the surface of TiO, can be easily
detected by using terephthalic acid as a probe molecule. Here
terephthalic acid easily reacts with hydroxyl radical and form a highly
fluorescent hydroxyterephthalic acid. The fluorescent intensity of
hydroxyterephthalic acid is in directly propotional to the amount of

hydroxyl radicals produced on the surface of TiO,. Hydroxyl radical
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formed on the surface of TiO, make responsible for the higher
photocatalytic degradation of MB molecules adsorbed on the surface
of TiO,. Figure 5.12 show the fluorescent intensity of
hydroxyterephthalic acid formed on the reaction between terephthalic
acid and various catalysts prepared at a calcination temperature of 500
°C (The reaction is carried out in 10 minute irradiation of UV light). It
can be seen from Figure 5.12 that the TSA2 catalyst calcined at 500 °C
emits higher intensity radiation and which represents the higher
amount of hydroxyl radicals produced on the surface of TiO,.
Similarly TSA2 catalyst, shows maximum photocatalytic activity at a
calcination temperature of 500 °C and above or below this temperature

photocatalytic activity was decreased (Figure 5.13).

Intensity (a.u.)
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Figure 5.12. PL intensity of hydroxyterephthalic acid formed after a

10 minute irradiation of UV light on a 50 mL solution of terephthalic

acid containing 0.1 g of a) TC, b) TSAI1, ¢) TSA2, d) TSA3 and e)
TSA4 samples calcined at 500 °C.
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Figure 5.13. PL intensity of hydroxyterephthalic acid formed after a
10 minute irradiation of UV light on a 50 mL solution of terephthalic
acid containing 0.1 g of TSA2 catalyst calcined at a) 300, b) 500, c)
700 and d) 800 °C.

5.2.8. Photocatalysis

Photocatalytic studies were carried out to measure the decomposition
rate of the dye. Figure 5.14 shows the degradation pattern of both
doped and undoped sample at 500 degree calcination under the
irradiance of UV and direct solar radiation. The rate of reaction follows
pseudo first order kinetics and the reaction rate constant (k) is obtained
from the plot of Ln (Cy/C) vs time (t) giving a straight line having a
slope of k. The reaction rate constant value of all the samples calcined
at various temperatures is graphically represented in Figure 5.17. The
rate constant of all the samples increases with increase in calcination
temperature, maximum is obtained for the sample calcined at 500 °C

and above this temperature the rate constant value decreases. Similarly
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doped titania exhibit higher degradation rate of methylene blue than
undoped titania. Among all the catalyst prepared, best
photocatalytically active catalyst is the TSA2 catalyst calcined at 500
°C under UV as well as solar irradiation. The calculated k value for the
TSA2 sample at 500 °C was 0.103 min™', over three and half times
faster than the control sample TC at same calcination temperature
under the action of sunlight (Figure 5.16). Generally, the reaction rate
constant value of the control TiO, under UV radiation is little higher
than that under solar radiation. However, reverse happened in the case

of doped titania sample using sulfanilic acid for the rate constant value.

CiCy

Time (min)

Figure 5.14. Photocatalytic degradation pattern of a) TC, b) TSAI, c)
TSA2, d) TSA3 and e) TSA4 at 500 °C under A) UV and B) direct

sunlight.

The reason behind the photocatalytic activity of different TSA samples
having different rate constant value can be attributed to the following
factors. It is known that doping of N and S elements in titania matrix
brings the photocatalytic activity of titania in to visible region. It can
be seen from the diffuse reflectance spectra that the N and S doping

shift the absorption edge of titania from UV to visible region and this
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red shift in the absorption is responsible for the higher activity of
doped sample than undoped under UV as well as direct sunlight,
especially in direct solar irradiation. The ban-gap narrowing of TSA
samples lead to enhanced photocatalytic degradation under solar light.
Because the synthesized doped TiO, sample can be activated by visible
light by giving more and more electrons and holes and participate in
the redox reaction occurred during photocatalysis.”® We can also see
from Figure 5.11 that higher loading of sulfanilic acid into TiO, will
induce more red shift in the absorption edge. However, the observed
photocatalytic activity of the samples gradually increased with
increasing amount of dopant concentration, reaches the optimum at 0.5
wt% loading (TSA2) and then decreased gradually with further
increase in concentration. It might be due to the fact that, the excess
amount of dopant can acts as recombination centers which promotes
the electron-hole recombination and thus lowering the activity. So, the

photocatalytic activity is depressed to certain extent.

Absorbance
Absorbance

500 600 700 500 550 600 650 700 750

Wavelength (nm)

Figure 5.15. Photocatalytic degradation pattern of MB by A) TC and
B) TSA2 catalyst at 500 °C under UV light (Inset shows the
corresponding kinetic data).
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Figure 5.16. Photocatalytic degradation pattern of MB by C) TC and
D) TSA2 catalyst at 500 °C under direct sunlight (Inset shows the
corresponding kinetic data).

Table 5.1 shows the effect of calcination temperature on the phase
structure of doped and undoped sample. From Figure 5.1, it can be
seen that at a calcination temperature of 500 °C, TSA2 catalyst exhibit
100% anatase phase. Whereas, the corresponding undoped sample
exist in a mixture of anatase and brookite phases. The higher
photoactivity of TSA2 at 500 °C can be ascribed to an obvious
improvement in the crystallinity of anatase.'® Crystal size also has a
little effect on the photoactivity of TiO, and generally lowest crystal
size support the higher photocatalytic activity. Here also, doping
decrease the crystallite size of TSA samples and lowest crystallite size
can be attained at a temperature of 300 °C. However, crystallinity of
the anatase phase is little lower in low temperature calcination. The
maximum crystallinity of anatase phase is attained at calcination
temperature of 500 °C (Figure 5.1) and further increase in temperature
(700 °C) decrease the peak intensity of anatase phases due to the
appearance of rutile phase. So the calcination of TSA samples above

500 °C are not desirable and the corresponding photocatytic activity
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was slowly decreased from 500 to 700 and then to 800 °C. Similarly as
seen from Figure 5.12 and 5.13 that doping of sulfanilic acid in TiO,
can increase the number of surface hydroxyl groups and subsequently
increase the number of free hydroxyl radicals, which is proved to be
beneficial for photocatalytic reactions.”” Higher amount of hydroxyl
radical can be formed on the surface of TSA2 catalyst calcined at 500
°C and which is clear from Figure 5.12 and 5.13.As the number of
hydroxyl radical formed on the surface of TiO, increases, the

photocatalytic activity also increases.

To conclude, the higher efficiency of TSA2 catalyst for photocatalytic
degradation at 500 °C can be attributed to the combined effect of
lowest crystallite size, stronger absorption in visible region, higher
crystalline nature, higher concentration of hydroxyl radical on the

surface of TiO, and lower rate of electron-hole recombination.
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Figure 5.17: Rate constant value of TC and TSA catalysts calcined at
a) 300, b) 500, c) 700 and d) 800 °C in presence of A) UV and B)
direct sunlight.
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5.3. Conclusions

Through the discussion above, the MB oxidation by TSA
photocatalysis was driven mainly by the participation of O, , holes,
and "OH radicals. The obtained photocatalyst were analyzed in detail
by the characterizations techniques such as X-ray diffraction studies,
UV-VIS absorption spectroscopy, transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). Surface hydroxyl
groups were the important sources of hydroxyl radicals. In addition to
the surface hydroxyl radicals, improvement in UV-Visible absorption,
creation of surface oxygen vacancies and good crystallisation are
mainly responsible for the higher photocatalytic activity of TSA
catalyst calcined at 500 °C.
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CHAPTER 6
Cysteine modified anatase TiO2
nanomaterials with improved visible light
driven photocatalytic activity
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6.1. Introduction

In the area of the controlled synthesis of inorganic nanomaterials,
living organisms were proved to be very effective even in aqueous
solution and at ambient temperatures.' Shells and sea urchins can
synthesize a mineral defense made of calcium carbonate with a well
defined structure and a morphological control from the nanometer to
the centimeter scale. Nanometric magnetic iron oxide particles were
also found in magnetotactic bacteria.” In all the cases, proteins and
biological membranes are actively involved in the biomineralization
process. The charge, shape and chemical functionalities on the surface
of those proteins are of particular importance in the synthesis of

inorganic nanomaterials.

Durupthy et al have been used amino acids for the first time as
controlling agent in the sol—gel formation of titanium oxide below 100
°C. The amino acid side chain functions have been shown to be of
particular importance in regard to the modification of the TiO,
structure and morphology. Makarova et al modified the TiO, surface
with arginine resulted in enhanced nitrobenzene adsorption and
photodecomposition when compared to unmodified TiO,.* In 2012, Lv
et al modified anatase TiO, hollow microsphere at 300 °C using

cysteine with enhanced visible light driven photocatalytic activity.”

Cysteine is a semi-essential proteinogenic amino acid and has good
antioxidant properties. Beyond the iron-sulfur proteins, many other
metal cofactors in enzymes are bound to the thiolate group of cysteinyl
residues and thiol group also has high affinity for heavy metals. So that
proteins containing cysteine will bind metals such as mercury, lead and

cadmium tightly. To the best of my knowledge, only one report is
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available based on N, S modified TiO; using cysteine as modifier for
photocatalytic applications.* In the present chapter we prepared
cysteine modified anatase TiO, stable at 700 °C in 100% anatase form
and exhibit high photocatalytic performance. The consequences of the
effect of cysteine on the structure of TiO, were characterized by a
variety of techniques including X-ray diffraction, Raman spectra,
TEM, UV-Visible spectra and XPS analysis.

6.2. Results and Discussion
6.2.1. X-ray diffraction studies

To study the phase structure of doped and undoped samples, XRD was
employed and the observed results are shown in Figure 6.1 and 6.2. It
can be seen that TCS catalysts display only the characteristic peaks of
anatase phase up to a calcination temperature of 700 °C. Similarly, the
diffraction peaks of TCS2 catalyst became sharp and well-defined with
the enhancement in the degree of crystallinity when the temperature of
calcination was increased to 700 °C (Figure 6.1). However, formation
of rutile phase started at the calcination temperature of 800 °C for all
the TCS samples, which usually happens in control sample, TC at 600-
700 °C (Figure 6.2). The high temperature anatase phase stability of
TCS samples may be due to the doping effect. Generally, anatase to
rutile phase transition involves a rearrangement in the TiOg”
octahedron. The presence of doped species, especially the sulfate ions,
seemed to delay the octahedral rearrangement, which stabilize the
anatase structure at high temperature. Further increase in calcination
temperature above 800 °C, expelled all the doped elements gradually
from the lattice of TiO,, which results the complete transition of

anatase to rutile form.
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Figure 6.1: X-ray diffraction pattern of a) TCS1, b) TCS2, ¢) TCS3, d)
TCS4 and e) TC at a calcination temperature of 700 °C.
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Figure 6.2: XRD pattern of TCS2 catalyst calcined at a) 300, b) 500,
¢) 700 and d) 800 °C.
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The observed results also shows that, doped TSC sample exhibit
characteristic peaks of TiO, crystal without any appearance of dopant
related peaks, which indicates perfect doping of cysteine in TiO,
system. Here, dopant atoms may either moved to substitutional sites or
interstitial positions of the TiO, crystal structure.”® Debye-Scherrer
equation is applied to calculate the average crystallite size using full
width at half maximum value of (101) diffraction peak for anatase
TiO; and is found to be about 25.39, 21.6, 24.52, 27.26 nm for TCS1,
TCS2, TCS3 and TCS4 samples at 700 °C respectively. Whereas,
those of control sample TC at the same temperature calcination
exhibits slightly higher crystallite size (32 nm) due to rutile formation.
Doping decrease the crystal size of TCS catalyst due to the fact that
doped non-metals can hinder the phase transition from anatase to rutile

and restricts the crystal growth.’
6.2.2. FTIR spectroscopy

FTIR measurements were shown to be helpful in investigating the
structure of nitrogen and sulfur complexes on the surface of TiO,.
Figure 6.3 represents the FTIR spectra of the as-prepared doped
(TCS2) and undoped (TC) samples ranging from 400 to 4000 cm.
The broad peak below 1000 cm™ corresponds to the Ti-O-Ti crystal
lattice vibrations.® The broad peak at 3400 cm™ corresponds to the O-H
stretching mode, whereas the peak at 1630 cm™ results from the O-H
bending mode of adsorbed water molecules.” The deformation mode of
C-N-H bond was found to be at 1566 cm” for TCS2 sample.'
Ammonium ions produced by the dissociation of cysteine were also
found in the TCS2 sample at 1413 cm™ attributable to the deformation
mode of ammonium ions.” The peaks at 1197, 1135, 1043, and

961 cm” were the characteristic frequencies of a bidentate
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11, 12, 13

SO42' co-ordinated to metals such as Ti*" ion The results of

FTIR are in good agreement with the XPS spectra.

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm‘1 )

Figure 6.3: FTIR spectra of a) TC and b) TCS2 sample dried at
100 °C.

6.2.3. Raman spectra

Intensity (a.u.)

Raman shift (cm‘1)

Figure 6.4: Raman spectra of a) TCS1, b) TCS2, ¢) TCS3, d) TCS4
and e) TC at 700 °C.
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Raman spectra are used to identify different phases of TiO, (rutile,
anatase and brookite) in TCS and TC samples (Figure 6.4 and 6.5).
According to Ohaska et al, the prepared TCS powder in different
composition showed only the Raman bands of anatase phase at 700
degree calcination temperature, indicating that rutile formation does
not occur at 700 °C for doped samples (Figure 6.4).'* The
characteristic Raman bands of anatase TiO, was seemed to be at 147
(Ey), 198 (E,), 398 (Big), 515 (Aig+ Big) and 639 cm’! (Eg). The
Raman peak corresponding to rutile phase was investigated by Porto et
al and was found to be at 144 (By,), 448 (E,) and 612 cm’ (Alg).15 It
can be seen from Figure 6.4 that TC form rutile phase at a calcination
temperature of 700 °C and all these results from Raman spectra clearly

support the data obtained from X-ray diffraction studies.

A

S

S

=

2

-g/]nln AR A RA 4

- \—\__/\_/\_j
" —F
N _a |

200 400 00 800

Raman shift (cm'1)

Figure 6.5: Raman spectra of TCS2 catalyst calcined at a) 300, b) 500,
¢) 700 and d) 800 °C.
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6.2.4. Transmission electron microscopy

TEM analysis were carried out for TCS and TC catalyst prepared at a
calcination temperature of 700 °C in order to provide a structural
insight in to the catalytic properties of the system. The TEM images of
both TC and TCS sample at 700 °C was given in Figure 6.6. Typically,
slightly higher agglomeration in structure was observed for TC at 700
°C when compared to TCS at the same temperature calcination and the
particle size distribution seems to be comparatively uniform.
Agglomeration may reduce the surface area of the sample, which delay
the photoactivity of the catalyst. The particle size noticed from the
TEM images of the crystalline particles of TCS2 catalyst at 700 °C is
found to be in the range of 20-25 nm, which is lesser than that of TC at

same temperature (30-40 nm).

Figure 6.6: TEM images of TCS (A&C) and TC (B&D) at 700 °C.
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Similarly, HR-TEM and SAED pattern of both TC and TCS sample at
700 °C are shown in Figure 6.7. From the HR-TEM images of TCS
sample, it is observed that the fringe width obtained at 0.34 nm support
the anatase crystal lattice system and that of TC (0.32 nm) support the
rutile system. The more bright spotty images of TCS at 700 °C in the
SAED pattern support the higher crystallinity of the sample than that in
TC at 700 °C. All the information obtained from the transmission
electron microscopy for TC and TCS2 sample at a calcinations
temperature of 700 °C are in good agreement with the x-ray diffraction

data.

Figure 6.7: HRTEM image and corresponding SAED pattern of A, B)
TCS and C, D) TC samples respectively at a calcination temperature of
700 °C.
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6.2.5. XPS analysis

XPS (X-ray photoelectron spectroscopy) measurements were carried
out to further elucidate the interrelation between cysteine and anatase
TiO, particles. Figure 6.8 shows the wide area XPS spectra of TCS2
and TC samples calcined at 700 °C. It can be seen that TCS2 sample
not only contains Ti, O and C elements with a sharp photoelectron
peaks appeared at binding energies of 458 (Ti2p), 529 (Ols) and 286
eV (Cls), but also contain small percentage of N and S elements with
photoelectron peak at 168 (S2p) and 400 eV (N1s) respectively. The
carbon peak in TC sample is attributed to the adventitious hydrocarbon

form XPS instrument and also from the starting materials. *
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Figure 6.8: Wide area XPS spectrum of a) TC and b) TCS2 catalyst
calcined at 700 °C.
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The high resolution N1s XPS spectra of TCS2 catalyst calcined at
700 °C shows that N1s region can mainly be fitted into three peaks in
the spectrum at around 395, 400.5 and 401.5 eV (Figure 6.9 A). The
small peak detected at 395 eV is attributed to the Ti-N bond, while the
one peak at 400.5 eV with stronger intensity was detected, which is
assigned to the molecularly chemisorbed N, and at a position of 401.5
eV, low intensity peak was also detected, which was attributed to the
substitutional O-Ti-N sites in the TiO, lattice. 16, 17,9 Therefore all
these results confirmed that N1s is not only implanted in the structure
but also exist in a chemically bonded state which indicates that N is an

active doping species in TCS2 catalyst calcined at 700 °C.

Figure 6.9 B clearly shows that there was no sulfur signal present in
the TC sample at 700 °C when compared to TCS2 sample at same
temperature calcination. The high resolution S2p XPS spectrum of
TCS2 catalyst at 700 °C shows a sharp binding energy peak at 168.4
ev, which suggested that sulfur exist in a six oxidation state (S®) in
the TCS2 sample. The characteristic peaks in the FTIR spectra of
TCS2 sample in the range of 900-1300 cm™ confirm the presence of
SO42' ion bind on the surface of TiO, and which was further confirmed

from the XPS measurement.
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Figure 6.9: High resolution XPS spectra of A) N1s and B) S2p region
of TCS2 sample calcined at 700 °C.

The high resolution Ols XPS spectra of TC and TCS2 catalyst
calcined at 700 °C are shown in Figure 6.10A. Only a single peak at
530.1 eV was observed in the Ols spectra of TC sample, whereas
TCS2 sample exhibit two isolated peak at 529.2 and 531.1 eV. The two
peaks observed at 530.1 and 529.2 eV respectively present in Ols
spectra of TC and TCS2 catalysts at 700 °C corresponds to O-Ti-O
linkage present in the TiO, lattice. The negative shift observed in the
binding energy peak of the Ols spectra of TCS2 sample may due to the
oxygen vacancy sites produced in the lattice of TiO,. The second peak
at 531.1 eV in TCS2 sample is related to the surface hydroxyl groups,
which mainly results from the chemisorbed water molecule. The
increased concentration of surface hydroxyl molecule is advantageous
for trapping photogenerated holes and thus preventing the

recombination of electrons.’
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Figure 6.10: High resolution XPS spectra of A) Ols and B) Ti2p
region of a) TC and b) TCS2 sample calcined at 700 °C.

Similarly, the high resolution spectra of Ti2p of TCS2 and TC sample
at 700 degree calcination are given in the Figure 6.10B. The binding
energy observed for the Ti2p;, and Ti2ps;, core level peaks for TC
sample at 458.8 and 463.7 eV respectively, which are attributed to O-
Ti-O linkages in TiO,.” Whereas Ti2ps;, and Ti2p;, core level peaks
for TCS2 sample at 700 degree temperature are observed at 457.9 and
464.1 eV with a decrease in the binding energy value compared to TC
indicating that lattice of TiO; is considerably modified due to N and S
doping.6 Doping of non-isovalent ion like S®* induce a charge
imbalance in TiO, matrix, which enhance the formation of oxygen
vacancy environment and which results a negative shift in the binding

energy peak of Ti2p as well as Ols."®
6.2.6. UV-Visible analysis
To investigate the optical absorption properties of the prepared

catalysts, the UV-Visible diffuse reflectance spectra pure TiO, (TC)
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and N, S codoped TiO; (TSC) calcined at 700 °C were measured using
the absorption data in the range of 200900 nm and the obtained
results were shown in Figure 6.11A. It can be observed that the pure
TiO, sample has no absorption in the wavelength range greater than
400 nm (visible region), while the incorporation of N and S ions into
Ti0; leads to a reduction in the band gap energy with respect to the red
shift in the optical response (Figure 6.11B). The given experimental
results indicate that the pure TiO, powder shows stronger absorption
only at wavelengths less than 400 nm, while TCS nanoparticles shows
photoabsorption in the visible region and the absorption edge of TiO;
shifts to longer wavelength region (Table 6.1). The red shift in
absorption spectra of TCS sample is attributed to the transfer of
electrons from the filled N2p level formed in between the bandgap to
the conduction band of TiO,, which increased with increase in

concentration of non-metal content.
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Figure 6.11: A) UV-Visible spectra and B) corresponding Tauc plot of
a) TC, b) TCSI, ¢) TCS2, d) TCS3 and e) TCS4 samples calcined at
700 °C.
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According to previous studies, the band gap of TiO; nanoparticles can
be reduced by non-metal doping and the bandgap narrowing was
mostly attributed to the substitution of non-metal ions which introduce
a new electronic states into the bandgap of TiO; to form a new lowest
unoccupied molecular orbital (LUMO), called conduction band
(CB)."”?° The difference in energy between the highest occupied
molecular orbital (HOMO), called valence band (VB) and the lowest
unoccupied molecular orbital (LUMO), called conduction band (CB) is
regarded as band gap energy.”' Li et al considered that the formation of
defects in the TiO; crystal lattice by the addition of non-metal ions is
the most probable explanation.”? Similar report regarding the reduction
in the bandgap of TiO, nanoparticles doped with non-metal ions is also
available in the literature.”> The absorption edge of pure TiO, sample
was determined at below 400 nm (~3.2 eV). The as prepared samples
of TiO, are not ideal materials. There are lots of defects found in the
crystal structure, mainly oxygen vacancies that influence the
absorption edge of TiO,. Therefore further investigations are needed
for the better understanding of the reason behind the band gap
narrowing of N, S codoped TiO,.

Table 6.1: Bandgap energies of the prepared TiO, samples calcined at
700 °C

Sample Bandgap energy (eV)
TC 3.24
TCS1 2.83
TCS2 2.70
TCS3 2.55
TCS4 2.53
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6.2.7. Analysis of hydroxyl radical

The emission spectrum of terephthalic acid solution excited at 315 nm
was measured after 10 minute illumination of UV radiation on
terephthalic acid solution containing 0.1g of the prepared photocatalyst
and the results were shown in Figure 6.12 and 6.13. Based on the
reports in sonochemistry and radiation chemistry, it was assume that
photogenerated O,, HO, and H,O; did not interfere in the reaction
between OH' and terephthalic acid.****® The obtained fluorescence
spectrum had the identical shape having an emission intensity at 425
nm. All these results suggested that the fluorescent product, 2-
hydroxylterephthalic acid formed during TiO, photocatalysis due to the
specific reaction between terephthalic acid and hydroxyl radicals. The
formed hydroxyl radicals are in directly proportional to the fluorescent

intensity of terephthalic acid solution.
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Figure 6.12: Fluorescence spectral changes observed during the UV
illumination of a) TCS1, b) TCS2, ¢) TCS3 ,d) TCS4 and e) TC
samples calcined at 700 °C in 4x10* M NaOH solution of terephthalic
acid ( Each fluorescence spectrum was recorded at 10 min illumination
of UV radiation).
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As shown in the Figure 6.12, gradual increase in the intensity of
fluorescence at about 425 nm was observed with increase in
concentration of dopant in TiO, and maximum was obtained at 0.5
weight percentage of dopant (TCS2). Further increase in concentration
of dopant decrease the fluorescent intensity of hydroxyterephthalic
acid. Therefore, according to Figure 6.12, the formation rate of
hydroxyl radicals formed on the surface of cysteine doped TiO; was in
the order of TCS2>TCS3>TCS1>TCS4>TC, which suggested that
doping enhances the formation rate radicals and optimum doping
content of cysteine was found to be in TCS2 catalyst. Similarly,
calcination temperature also influences the formation rate of hydroxyl
radical upon illumination with UV radiation. Figure 6.13 shows that
fluorescent intensity increases with calcination temperature and
maximum was obtained at a temperature of 700 °C. Further increase in
calcination temperature to 800 °C decrease the fluorescent intensity to
very lower value due to the decreased amount of hydroxyl radicals
formed on the surface of TiO; at such a high temperature.
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Figure 6.13: Fluorescence spectral changes observed during the UV
illumination of TCS2 catalyst calcined at a) 300, b) 500, c¢) 700 and d)
800 °C in 4x10™* M NaOH solution of terephthalic acid ( Each
fluorescence spectrum was recorded at 10 min illumination of UV).

187



6.2.8. Photocatalysis

Methylene blue can be considered as a ubiquitous pollutant and
therefore we selected it as a target contaminant chemical for
photocatalysis. Generally, the photocatalytic degradation reaction of
MB can be described by the pseudo first order reaction. By calculating
the apparent reaction rate constant, k, we can studied the photocatalytic
activities of the prepared photocatalyst. The photocatalytic degradation
efficiencies of various samples calcined at a temperature of 700 °C are
displayed in Figure 6.14. In addition, the apparent reaction rate
constant of the as-prepared photocatalysts at various calcination
temperature are also displayed in Figure 6.16. For comparison, as-
prepared pure TiO, catalyst, TC was chosen as reference sample as
shown in Figure 6.14 and 6.16. TC shows low efficiency in the
photocatalytic degradation of MB under UV as well as direct sunlight
irradiation and TCS2 catalyst displayed highest activity. There are also
difference in the photodegradation efficiency among TCS1, TCS2,
TCS3 and TCS4 catalysts and which reveal the effect of different
percentage of the modifier, cysteine. Similarly, TCS2 exhibit higher
photodegradation efficiency at a calcination temperature of 700 °C. As
shown previously, photocatalytic activity strongly depends the
calcination temperature and this temperature affects the crystalline
particle size, crystalline phase and optical properties of TiO, particles.
All these properties vary in accordance with calcination temperature
and strongly depends the photodegradation efficiency of the catalyst

under solar irradiation.
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Figure 6.14: Phtodegradtion of MB dye using a) TC, b) TCSI1, c¢)
TCS2, d) TCS3 and e) TCS4 calcined at 700 °C under A) UV and B)
direct solar irradiation.

For example, high temperature calcination will results an increase in
particle size, which might lower the photodegradation efficiency. Yet,
higher temperature calcination will also increase crystallinity of
anatase phase, which might be enhancing the photodegradation
efficiency. Moreover, calcination decreases the capability of the
catalyst to absorb in the visible region, which may weaken the
photocatalysis under solar irradiation. Therefore cysteine doped TiO,
calcined at 700 °C exhibited highest photocatalytic efficiency, possibly
which was due to synergistic effect of various properties of TCS
catalyst like crystallite size, amount of crystalline anatase phase
content and red shift in the absorption of radiation. Beside these
properties, amount of hydroxyl radical formed on the surface of TiO2
also affect the photodegradation efficiency of the catalyst. Figure 6.12
and 6.13 clearly indicates that, higher amount of hydroxyl radical
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formed on the surface of TCS2 catalyst at 700 degree calcination and

which support the higher degradation efficiency of the catalyst.
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Figure 6.15: Absorption spectra of MB degradation by A) TC and B)
TCS2 catalyst calcined at 700 °C under direct sun light.
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Figure 6.16: Photocatalytic degradation pattern of MB by various
catalysts at a calcination temperature of a) 300, b) 500, ¢) 700 and d)
800 °C in presence of A) UV and B) direct sunlight.

190



6.3. Conclusions

Visible-light-activated = N-S-codoped TiO, photocatalyst was
synthesized by direct mixing the anatase TiO;, and cysteine. UV-Vis
diffuse reflectance spectroscopy showed that the catalyst exhibited
stronger absorption in the visible light region with a red shift in the
band gap transition. The phase composition, size and morphology of
the synthesized powder were investigated using various techniques
such as XRD, XPS, TEM, FTIR, UV-Vis spectroscopy etc. N, S-
codoped TiO; (TCS) catalyst with 0.5 weight percentage cysteine ( 700
°C) having entire anatase phase and 21 nm mean diameter shows
significantly higher photocatalytic activity under UV and direct solar

light irradiation.
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7.1. Introduction

In the previous chapters we describe the photocatalytic activity of TiO,
modified by four different organosulfur compounds. All the above
modified samples display free radical mediated non-selective
photocatalysis. In this chapter, we also elucidate the photocatalytic
activity of N, F-doped TiO, containing different percentage of

ammonium fluoride by taking methylene blue as a target pollutant.

The existing reports shows that fluorine doped TiO; is a good
challenger in the field of photocatalysis for the mineralisation of
various organic pollutant under UV as well as direct sunlight."* Yu e
al reported that the enhanced photoactivity of F~ doped TiO, is due the
incorporation of fluorine into TiO; lattice, which reduce Ti*" into Ti*"
and thereby lower the electron-hole recombination rate.” Minero ez al
and Park et al proposed that F~ ion replaced the surface hydroxyl
molecule and hence surface fluorination of TiO, enhanced the
photocatalytic oxidation of phenol.*” These two reports strongly
suggest that both surface and bulk F dopant enhanced the
photocatalytic performance of TiO,. However, Yamaki er a/ argued
that electronic structure has been modified upon F~ doping around the
CB edge of TiO; and leads to a good optical response in the visible
light region.’

In the present chapter, fluorine doped nano dimensional titanium
dioxide were successfully prepared through the modification of TiO,
with various molar ratios of ammonium fluoride (1:0, 1:0.5, 1:1, 1:2

and 1:4 TTIP: NH4F) by sol-gel method is reported. The modified
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samples were labelled as TC, TNF1, TNF2, TNF3 and TNF4
respectively and characterized by various techniques such as XRD,
Raman spectra, FTIR, Diffuse reflectance spectroscopy, TEM,
FESEM, BET and X-ray photoelectron spectroscopy. A considerable
furtherance in the photodegradation efficiency was found for all the
fluorine doped TiO; with an optimal composition of 1:1 in comparison

to the control sample prepared under the same condition.

This chapter further researched the extent to which fluorine
modification can enhance the anatase phase stability at higher
temperature. Anatase phase is commonly selected for photocatalytic
applications due to its better photoactivity. The better photoactivity of
anatase phase is due to its lower rate of electron-hole recombination,
higher number of hydroxyl radicals present on the surface of TiO,,
lower cost and higher surface area.” 100% anatase phase is confirmed
from XRD and Raman analysis even at 1000 °C via ammonium
fluoride doping. Whereas the control sample contain 86% of rutile as
major phase along with anatase at 700 °C. Considerable degradation

efficiency is found for the TNF2 catalyst calcined at 900 and 1000 °C.

Unexpectedly F doped sample dried at 100 °C exhibit selective
photocatalysis under UV radiation in the degradation of methylene
blue over methyl orange. Generally, Nano crystalline TiO, follows free
radical mechanism for the photocatalytic removal of hazardous
compounds seldom resulting in non-selective degradation of
compounds.® This non-selectivity/poor selectivity limits its application
to total selective mineralization of organic pollutants into

environmentally benign CO,, H,O etc. Hence, imparting selectivity in
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the TiO, photocatalysis is an important goal in the recent
photocatalysis research. The selectivity exhibited by TNF catalyst at
100 °C may be due to the moderate crystalline nature and negative
charge on the surface of TiO,, the charge is confirmed from zeta

potential measurements.

High temperature stable nanocrystalline anatase TiO; is well known
for its aqueous mediated non-selective photocatalysis. Non-selective
photocatalysis using high temperature stable N-doped and F-doped
anatase TiO; has been reported for the degradation of methylene blue
and acetone respectively.”” N, F co-doped TiO, for acetaldehyde
decomposition was also reported and results showed that N, F co-
doped TiO, samples have superior photocatalytic activity compared to
the undoped TiO,."° However, selective photocatalysis and/or selective
organic pollutant (e.g. dyes) degradation of high temperature stable
TiO, is not yet reported. Here we report high temperature stable
nanocrystalline TiO, for the selective photocatalytic degradation of
ionic dyes from an aqueous mixture of methyl orange (MO) and

methylene blue (MB) under UV light.

TiO, samples calcined at 500 and 700 °C (TNF2 at 500 & 700 °C)
selectively degraded cationic methylene blue (MB) over anionic dye,
methyl orange (MO) from an aqueous mixture of MB and MO dye.
The selective photocatalysis was well accounted by zeta potential

measurements.
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7.2. Results and Discussion
7.2.1. X-ray diffraction technique

X-ray diffraction pattern was used to determine the crystallite size and
phase compositions of the control and N, F-codoped TiO, at different
calcination temperatures. Anatase titania has a main peak at 20 = 25.2 ©
(characteristic diffraction of 101 plane), that of rutile phase is at 27.4 °
(characteristic diffraction of 110 plane) and brookite at 30.8 °
(characteristic diffraction of 121 plane). The X-ray diffraction patterns
of the control sample TC, 0.5, 1 and 2 weight% of NH4F doped TiO;
powders calcined at 500 °C are given in Figure 7.1 and which shows
that all the TNF samples calcined at 500 °C are completely in anatase
form which is evident from the absence of characteristic diffraction
peaks of rutile and brookite. Whereas the control sample TC at 500 °C
comprise a mixture of anatase and brookite phases, dominated by the

former one (Figure 7.1-a).

A

Intsnslity (a.u.)

10 20 30 40 50 70 =0
20 {degree}

Figure 7.1: X-ray diffractogram of a) TC, b) TNF1, ¢) TNF2 and d)
TNEF3 calcined at 500 °C.
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The XRD pattern of TNF powder indicates that presence of fluoride
ion has a greater effect on the phase transition temperature of anatase
to rutile TiO,. Phase transformation temperature of anatase to rutile is
increased in the case of ammonium fluoride doped sample and about
100% anatase phase is present at both 500 and 700 °C. Further increase
in temperature of TNF sample to 1000 °C sustains the titania sample in
100% anatase form (Figure 7.3). However, in the control sample TC,
anatase to rutile conversion started at calcination temperature above
500 °C and at 700 °C, rutile appeared as the major phase with a phase
composition of 84/16 for rutile/ anatase respectively, and the brookite
phase was disappeared (Figure 7.2). The major reason behind the early
transformation of anatase to rutile in the control sample, TC at 500 °C
is due to the presence of brookite phase along with anatase. Hu et a/
reported that presence of brookite form enhance the anatase to rutile
phase transformation.'' The absence of brookite peak in TNF sample
may be due to the presence of F~ ion, which suppress the crystallisation
of brookite by adsorbing on to the surfaces of TiO, particles and

thereby enhanced the anatase to rutile phase transition temperature.'
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Figure 7.2: Diffractogram of TC at a) 700 and b) 800 °C.
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Figure 7.3: X-ray diffractogram of TNF catalyst at a) 700, b) 800 and
c) 1000 °C.
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Explanation has been given for the improved anatase to rutile phase
transition temperature of F-doped TiO, based on HSAB principle by
Izumi et al. According to HSAB principle, hard acid like Ti*" have a
strong affinity with hard base like fluoride ion and this will inhibit the
anatase to rutile phase transition.'* The easiness of the incorporation of
fluoride ion into TiO; matrix due to the similarities in electronegativity
and ionic radius between fluoride and oxide ion also support the above

fact."

Table 7.1 shows the crystallite size of the prepared samples calcined at
500 and 700 °C by using Scherrer formula (equation 2.1). The
crystallite size of the nanoparticle at a calcination temperature of 700
°C is noted to be higher than that at 500 °C. The sudden increase in the
crystallite size of the undoped sample at 700 °C may be due to the

conversion of anatase to rutile phase at above 500 °C.'* !

Table 7.1: Crystallite size of the sample at 500 and 700 °C

Sample Crystallite size (nm)

500 °C 700 °C
TC 12.02 28.4
TNF1 16.45 20.07
TNF2 15.05 19.38
TNF3 16.85 21.52
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7.2.2. FTIR spectroscopy

Figure 7.4 shows the FTIR spectra of TNF2 and TC measured in the
range of 400 to 4000 cm™ at room temperature. The broad peak at
2800-3500 and 1600 cm™ in all spectra indicate stretching and bending
vibrations of the hydroxyl group respectively, present on the surface of
TiO, catalyst.'® The broad peak centered at 540 cm™ is attributed to the
Ti-O-Ti stretching vibrations.!” FTIR peak at 1448 cm™ corresponding
to the N-H bending vibration has been reported for gas phase NHyF.
Here as synthesised TNF samples have recorded a sharp peak at 1405
cm™ which could attributed to N-H bending vibrations.'®'” The peak
shift could be attributed to the weakening of N-H bond as a result of
the interaction of newly formed Ti-F bond at 927 cm™.?° The newly
formed Ti-F bond indicates the incorporation of F~ ion into TiO,
crystal lattice in TNF samples. Due to the decreased amount of fluorine

in the calcined sample (TNE2 at 500 and 700 °C), the peak at 927 cm™
corresponding to Ti-F bond has been slightly vanished (Figure 7.4).

% Transmittance
&

1405
4000 3500 3000 2500 2000 1500 10000 S00

Wavenumber (cm'1)
Figure 7.4: FTIR spectra of the TiO, samples (a) TC and (b) TNF
dried at 100 °C.
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7.2.3. Raman spectra

Intensity (a.u.)

Raman shift (cm‘1)

Figure 7.5: Raman spectra a) TC, b) TNFI1, c) TNF2, d) TNF3
calcined at 500 °C.

The formation anatase phase via ammonium fluoride doping is further
confirmed by Raman analysis. According to factor group analysis,
there are five Raman active modes { 145 (E,), 197 (E,), 639 (E,), 399
(Big) and 513cm’™ (Aigt Byg) } for anatase TiO, and four for rutile
phase { 143 (By,), 447(Ey), 612(A,y) and 826 cm™ (By,) }.7'** Two
intense peaks at 145 and 639 cm™, and two less intense peaks at 399
and 513 cm™' clearly shows the presence of anatase phase for the doped
and control sample calcined at 500 °C as shown in Figure 7.5. Presence
of brookite phase in the sample, TC at 500 °C is confirmed from the
observed Raman peak at 251 and 321 cm’', which are the characteristic
Raman peaks of brookite phase (Figure 7.5-a). The peaks at 447 and
612 cm™ appears along with other characteristic peak of anatase phase
in TC at 700 °C indicating the conversion of anatase to rutile in the

control sample and which is consistent with the XRD results (Figure
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7.6). Figure 7.6-b confirms the complete rutile formation occurred in
the control sample, TC at 800 °C. Absence of rutile phase in the
Raman spectra of doped samples even at 1000 °C (Figure 7.7)

confirms high temperature anatase phase purity of TNF2 catalyst.
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Figure 7.6: Raman spectra of the control sample TC at a) 700 and b)
800 °C.

A —a
—b
—c

Intensity (a.u.)

A a N |

A
200 400 600 800

Raman shift (cm‘1)

Figure 7.7. Raman analysis of TNF2 catalyst calcined at a) 700, b)
800, ¢) 900 and d) 1000 °C.
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7.2.4. Diffuse Reflectance Spectroscopy

The diffuse reflectance spectral analysis was carried out to study the
optical absorption properties of TNF and TC samples at various
calcination temperatures. Figure 7.8 clearly shows the absorption
characteristics of N, F — codoping on TiO,. As in the previous report,
control sample TC shows an absorption edge at 390 nm in the UV
range. The absorption spectra of the doped sample exhibit a red shift in
the absorption band when we compare with that of pure TiO, sample,
TC (Figure 7.8A). It is also observed that when doping concentration
increased from 0.5 to 4 %, the absorption edge shifted to higher
wavelength in the visible region (Table 7.2). Li et al observed that F-
doping did not cause any significant shift in the fundamental
absorption edge of pure TiO,.”*® However, Burda et al reported N-
doping shift the band gap absorption onset from 380 to 600 nm.”* Due
to the combined effect of both nitrogen and fluorine on TiO;, a new
absorption band at 390-540 nm in the visible range was observed for
the TNF2 sample calcined at 500 °C (Figure 7.9).1°0
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21 28 3.5 4.2 4.9
Wavelength (n m) Bandgap energy (eV)

Figure 7.8: A) Diffuse reflectance spectral analysis and B)
corresponding Tauc plot of a) TC, b) TNF1, c) TNF2 and d) TNF3
calcined at 500 °C.
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Similarly, Figure 7.9 shows that as the calcination temperature
increases from 300 to 500 °C, the absorption band at 390-540 nm is
retained as such. However, further increase in the calcination
temperature to 700 °C almost lost the absorption band intensity, which
may be due to the escaping tendency of N and F as the calcination
temperature increases. XPS spectra confirm the presence of N and F in

TNF2 catalyst at 500 °C as shown in Figure 7.14.

Absorbance

-

200 300 400 500 600 TOO 800 900

Wavelength (nm)

Figure 7.9: Diffuse reflectance spectra of TNF2 catalyst at a) 300, b)
500 and c) 700 °C.

Usually, the photocatalytic reaction rate is directly proportional to (I4$)
" (n=1/2 for high light intensity and n=1 for low light intensity), where
I, is the photon number absorbed by the photocatalyst/second and ¢ is

5

the band gap transition efficiency.”” The enhancement in the

photocatalytic activity through NH4F doping can be partially explained
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on the basis of an increase in the value of I,¢ which results from the
intense absorption of radiation from the visible region of solar light.**
The observed red shift in the absorption spectra of TNF sample from
UV to visible region increased the number of photogenerated
electrons and holes in photocatalytic reactions, which results an

enhancement in the photocatalytic activity.

The band gap energy can be determined from the tauc plot of (aho)l/ 2

against photon energy (hv) as shown in figure 7.8B (where a is the
tauc function) and which can be calculated by extrapolating the
interception of the tangent of the plot. The calculated band gap
energies of the doped and undoped sample calcined at different

temperature were shown in Table 7.2.

Table 7.2. DRS data of TC and TNF2 samples.

Calcination Band gap energy (eV)

temperature
(0 TC TNF1 TNF2 TNF3 TNF4
100 3.16 3.14 3.12 3.02 3.0
300 3.23 2.65 2.47 2.45 2.43
500 3.22 2.72 2.64 2.6 2.57
700 3.24 2.96 2.77 2.76 2.74

7.2.5. TEM

Figure 7.10 shows the TEM and HRTEM images of TC and TNF2
powders calcined at 500 °C. From TEM, the average crystallite size
calculated for TC and TNF2 sample is 11 and 22 nm respecively.

These results reveal that TNF sample has larger anatase crystal size
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compared to the control TC. This is ascribed to the fact that greater the
amount of F~ ions incorporated into the TiO, xerogel network, stronger
is the promoting action of anatase TiO, crystallization.'” This would
favour the formation of larger TiO, crystallites in TNF2 compared to
undoped TiO; at 500 °C. The selected area diffraction (SAED) pattern
of F~ doped (TNF2 at 500 °C) sample (inset of Figure 7.10D) showed
sharp polymorphic ring connected via distinct spots point out the sharp
diffraction pattern and crystallinity of anatase TiO, and it is in

accordance with the data obtained from the XRD results.

Figure 7.10: TEM images of (A) TC, B) TNF2 sample and HRTEM
images of C) TC and D) TNF2 (all the samples were calcined at 500
°C) inset shows the corresponding SAED pattern.
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7.2.6. FESEM images

FESEM technique was used in order to determine the shape and
morphology of the calcined materials. Figure 7.11 shows the FESEM
images of TC and the modified TNF2 nanoparticles calcined at 500 °C.
From the image shown in Figure 7.11B, it is evident that the undoped
Ti0; particles at 500 °C are highly agglomerated and no definite shape
or morphology can be seen. However, doped TNF2 sample at same
temperature calcination (Figure 7.11A) clearly show the presence of
individual particles grouping up to form large agglomerated, rugged
structures. Clearly, the modified TNF2 particles were 15- 25 nm in size
with uniform distribution and that of TC is in between 10-20 nm at a

calcination temperature of 500 °C.

EHT= 100041 Signal A # bnLens 17 dud 2017
D= 20 mm Mag= 188K X

Figure 7.11: FESEM images A) TNF2 and B) TC calcined at 500 °C.
7.2.7. Surface area analysis

The surface area, pore volume and desorption pore size of the
synthesized TiO, sample were measured using the BET surface area

analyzer. Figure 7.12 shows the nitrogen adsorption-desorption
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isotherms of doped and undoped TiO, at 500 °C. The adsorption
and desorption isotherm of all the titania samples exhibit Type IV
behaviour with a typical hysteresis loop and which represents the
mesoporous nature of the material.* The mesoporous nature of the
samples is also evident from the adsorption and desorption pore size
measurement (Table 7.3). TNF2 sample display slightly higher surface
area than TC and which showed a dependence of ammonium fluoride
on the surface area of TiO,. FESEM images clearly shows the
existence of highly agglomerated structure for TC than TNF2 at 500
°C and this aggregation of particle will reduce the surface area of

undoped TiO,.

100 -
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Figure 7.12: Nitrogen adsorption-desorption isotherm of a) TNF2 and
b) TC at 500 and ¢) TNF2 at 700 °C.
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Table 7.3. Surface area (BET) and pore parameters of TC and TNF2

samples.
Sample BET surface area Pore volume BJH desorption
(mz/g) (cm3/g) pore size (nm)

TC100 79.19 0.219 8.76
TC500 34.54 0.092 12.96
TNF100 139.27 0.102 342
TNF500 82.35 0.130 9.32
TNF700 18.46 0.1001 31.97

7.2.8. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out to explore the

incorporation of nitrogen and fluoride ion in the doped sample (TNF2)
at 500 and 700 °C. Figure 7.13 A and B shows the XPS survey
spectrum of TC and TNF2 sample calcined at 500 and 700 °C and
peaks appeared at 684.9 (Fls) and 400.8 eV (Nls) for TNF2

sample indicating the successful doping of fluorine and nitrogen

atom on TiO,.
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Figure 7.13: XPS survey spectra of A) TC and B) TNF2 sample
calcined at a) 500 and b) 700 °C.

The high resolution XPS spectra of Fl1s and N1s region of TNF2
sample at 500 and 700 degree calcination are portrayed in Figure
7.14B. Yu et al observed the presence of higher binding energy peak
at 688.4 eV for substitutional lattice fluorine ion and peak centered at
684.6 eV is to be associated with surface fluorination. The
photoelectron peak observed at a binding energy of 684.9 eV for
TNF2 sample at 500 °C confirm the surface fluorination via the
formation of terminal Ti-F bond.**’ However after 700 degree
calcination the intensity of XPS peak of Fls is diminished due to
the slow evaporation of elemental F, suggesting that the F ion is
not stable in TiO, surface at such a high temperature (Figure

7.14B).

In the case of surface fluorination, F~ ion replaces an isoelectronic
OH group to form terminal Ti-F bond without generating

reduced centres as well as no alteration in the charge. However,
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the free hydroxyl molecules may occupy on the surface of TNF2

samples, which enhanced the photoactivity of titania.
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Figure 7.14: High resolution XPS spectra of A) Nls and B) Fls of
TNF2 sample at a) 500 and b) 700 °C.

It was previously reported that two peaks, peak 1 at the range of 400-
402 eV and peak 2 at 396 eV, were observed for N-doped sample.
Generally peak 2 can be considered as the sign for the presence of Ti-
N bond through the replacement of oxygen atom by nitrogen in the
TiO, crystal lattice.”®* The signal observed at 400.8 eV for TNF2 at
500 °C shows the absence of Ti-N bond formation, which suggests the
presence of nitrogen as a result of chemisorbed N, molecule in the

doped sample.*""!

Blue shift in the binding energy peak of Ti2p and Ols is observed
for TNF2 from TC at 500 °C, which represents a change in the

32,33

oxygen environment (Figure 7.15 C and D). TiO;, having

oxygen rich compositions usually exhibit a light yellow colour
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(inset of Figure 7.15D). The light yellow colour of TNF sample
well support the oxygen rich nature as evidenced from the XPS
and the control sample doesn’t exhibits such oxygen richness as
evidenced from its pure white colour. High temperature
Calcination again shifted back the binding energy peak of TNF2 to the
peak position of TC at 500 °C indicating the absence of oxygen rich
environment in TNF2 at 700 °C.
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Figure 7.15: High resolution XPS spectra of A) Ti2p and B) Ols of a)
TC at 500 °C, b) TNF2 at 500 °C, c) TC at 700 °C and d) TNF2 at
700 °C.

The valence band XPS (Figure 7.16) shows that the valence band
edge is located at 2.71 eV and 2.14 eV for TC500 and TNF500
below the Fermi energy confirming the substantial binding energy
shift of 0.57 eV by introducing oxygen richness.”? Since the
optical band gap of TC at 500 °C is 3.22 eV, the conduction band
minimum would occur at -0.51 eV as depicted in the DOS
diagram (Figure 7.17). From Figure 7.17, TNF2 at 500 © displays

a conduction band minimum at -0.5 eV.>!
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Figure 7.16. Valence band XPS spectra of A) TC500 and B) TNF500.
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Figure 7.17: Density of States (DOS) of A) TC500 and B) TNF500.

7.2.9. Zeta () potential measurements

The Zeta (&) potential is the electrostatic potential that exists at
the shear plane of a particle, which is related to both surface
charge and the local environment of the particle.>* In order to

have a better understanding on the charge on the TiO, surface
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which may favour the selectivity of dye mixture during the
photocatalysis reaction, C(—potentials of TiO, nanoparticles
dispersed in distilled water were measured and the result is
pictorially represented in Figure 7.18. TNF2 at 100 (-23.3 mV)
and 500 °C (-12.4 mV) showed negative surface charge whereas
the control sample TC at 100 (0.183 mV) and 500 °C (1.08 mV)
showed positive surface charge. The surface charge of TNF2 at
500 °C was decreased by 10.9 mV from TNF2 at 100 °C because
of the increased mobility of ions by getting thermal energy
through calcination. Calcination at 700 °C further decreased the
zeta potential value to -4.97 mV from -12.4 mV due to the same

reason as that of TNF2 at 500 °C.

—a,=0183mV
— b, t=233mV
—¢, =108 mV
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Figure 7.18: Zeta potential measurements of a) TC100, b) TNF100, c)
TC500, d) TNF500, e) TC700 and f) TNF700.
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7.2.10. Measurement of hydroxyl radical concentration

The photocatalytic activity was further confirmed by the detection of
hydroxyl radical formed on the surface of TNF and TC samples. Figure
7.19 and 7.20 shows the changes in the intensity of fluorescence
spectra of terephthalic acid solution containing prepared TiO, catalyst
at various calcination temperatures exposed for 10 minute irradiation
of UV light. The PL intensity is shown maximum at about 425 nm for
the N, F codoped TiO, sample, TNF2 calcined at 500 °C. However, no
fluorescent emission is observed in the absence of UV light irradiation
or the N, F —T10; sample. This result indicates that fluorescence arises
from the chemical reactions between terephthalic acid and OH radical
formed on the illuminated TiO, sample.” Consequently, it can be
suggested that the amount of OH radicals generated on the surface of
Ti0O; is proportional to the PL intensity. This result also inferred that
the holes generated by the UV light excitation acquire sullcient
oxidation power and can be transferred to the surface adsorbed
hydroxyl groups and /or water molecules. In addition to these, it should
be noted that along with effective route that holes attack hydroxyl
groups or water molecules, another well-known route of producing
OH' radicals is that the photogenerated electrons on the conduction
band participate in redox reactions on the TiO, surface.” All these
results obtained in Figure 7.19 and 7.20 imply that the samples
showing higher PL intensity has the highest photocatalytic activity.
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Figure 7.19: PL changes observed during illumination of a) TC, b)
TNF1, c¢). TNF2, d) TNF3 and e) TNF4 samples calcined at 500 °C
for 10 minute in 10~* M NaOH solution of terephthalic acid under UV
illumination (excitation at 315nm).
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Figure 7.20: PL changes observed during illumination of TNF2
samples calcined at a) 300, b) 500 and c) 700 degree temperature for
10 minute in10* M NaOH solution of terephthalic acid under UV
illumination (excitation at 315nm).
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7.2.11. Photocatalysis

The photocatalytic degradation efficiency depends upon several
parameters such as crystallinity, number of hydroxyl radical formed on
the surface of TiO,, assemblage of crystal phase and optical properties.
The synergistic effect of these various properties plays a major role in

the photodegradation efficiency of the prepared catalyst.

The photocatalytic property was studied using both TC and TNF
samples synthesized at a calcination temperature of 300,500 and
700 °C under UV and sunlight and the corresponding reaction rate
constant obtained from the degradation kinetics were summarised in
Figure 7.21. Generally, the photodegradation reaction of methylene
blue follows pseudo first order kinetics. Comparing the photocatalysis
in the presence of UV and sunlight, reaction rate for the degradation of
methylene blue under direct sunlight irradiation is more compared to
UV light irradiation. Usually, the photocatalytic reaction rate is
directly proportional to (I,$) " (n=1/2 for high light intensity and n=1
for low light intensity), where I, is the photon number absorbed by the
photocatalyst/second and ¢ is band gap transition efficiency.”” Upon N,
F codoping, TiO; increases its wave length of absorption from UV to
visible region and decreases its band gap energy to lower value. The
enhancement in the photocatalytic activity in sunlight through doping
can be partially explained on the basis of an increase in the value of I,¢
which results from the intense absorption of radiation from the visible

region of solar light.* '
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Figure 7.21: Reaction rate constant for the degradation of methylene
blue by different wt% ammonium fluoride doped TiO, at 300, 500 and
700 °C under A) UV and B) direct sunlight.

The calcination temperature seems to influence the photoactivity of
both doped and undoped samples and same trend was followed by both
with increase in calcination temperature. That is, both the doped and
undoped sample initially rise the photocatalytic activity with
calcination temperature and maximum is obtained at 500 °C. Above
500 °C, the photoactivity seem to decrease and which clearly shown in

Figure 7.21.

From the rate constant calculated through the degradation kinetics,
highest activity was obtained for 1 wt% ammonium fluoride doped
TiO, (TNF2) at 500 °C with a value of 0.1074 min™ under sunlight
while its control sample has only a value of 0.03 min™. Figure 7.22
shows a decrease in the concentration of methylene blue content in the
presence of TNF catalyst in different dopant concentration at 500 °C
with respect to undoped sample at the same temperature. All the N, F
codoped catalyst calcined at 500 °C has 100% anatase phase and there

is no contribution from the phase structure of titania to differentiate the
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photo activity. It is well known that crystallite size strongly depends
the photocatalytic activity of nanocrystalline titania and so the
crystallite size of TNF catalyst determines the highest activity. To get
better photocatalytic activity for nano TiO,, the reported critical size
limit is approximately 15 nm and above or below this value, the
photoactivity of titania decreases.’®?” Maximum number of hydroxyl
radicals formed on the surface of TiO; at critical crystallite size limit
and factor support the better photocatalytic performance of TNF2
catalyst at 500 °C. From Table 7.1, it is understood that crystal size of
TNF2 at 500 °C is 15.05 nm and which strongly support the highest
activity. Figure 7.19 and 7.20 clearly shows that maximum number of

hydroxyl radical formed on TNF2 catalyst calcined at 500 °C.

| | |
20 40 60 80

| | |
0 20 40 60

80 0
Time (min)

Figure 7.22:PhotodegradationVs time plot of methylene blue using
a)TC, b)TNF1, ¢)TNF2, d)TNF3 and TNF4 calcined at 500°C A) UV
light B) Sunlight.

The high resolution XPS of Ti2p of TNF2 at 500 °C (Figure 7.14B)
confirm the oxygen richness of the sample and which support the

higher photodegradation efficiency of the sample. XPS spectra of Fls
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of TNF2 catalyst strongly suggest the replacement of hydroxyl
molecule on the surface of TiO, by fluoride ion. The replaced hydroxyl
molecules easily converted to hydroxyl radical and boost the
photodegradation efficiency of TNF2 catalyst at 500 °C. Higher
temperature calcination (700 °C) again decreased the photodegradation
efficiency by half and which is due to the decreased fluorine content in
the sample (confirmed from XPS- Figure 7.14B). The difference in the
photocatalytic activity of TNF2 at 500 and 700 °C indicate the

significance of fluorine in the photocatalysis of TiO,.

7.2.12. Amplified photoactivity of titania at high temperature

calcination

The photocatalytic study of TNF2 sample is further extended to high
temperature calcination due to the anatase phase stability observed for
the sample at high temperature calcination. There are several factors
which depends on the phase transformation of anatase to rutile such as
grain size, surface area of the anatase phase, presence of impurity,
surface structure and concentration of anion vacancy.’*~ ***! This
transition follows first order kinetics and the activation energy for this
conversion is approximately 418 kJ/mol. Thermal treatment facilitates
the breaking of Ti-O bond in the anatase phase and simultaneous
rearrangement of atoms will boost the anatase to rutile
transformation.” Several researchers have discussed the anatase to
rutile phase transition and how different type of additives affects these
phase transformation. Of these Periyat ef a/ developed 20% anatase

phase at 900 °C for sulphur doped TiO," Fagan et al recently
reported the stability of 100% anatase phase even at 1000 °C for N, P,
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F codoped TiO,,* etc. However, we prepared 100% anatase TiO,

stable at 1000 °C through simple F-doping by sol gel technique.

Table 7.4: Anatase and rutile phase composition present in the control

and modified samples at different temperatures.

Sample
Temi)oe(lj';lture TNF2 TC
Anatase Rutile Anatase Rutile
700 100 0 14 86
800 100 0 0 100
900 100 0 0 100
1000 100 0 0 100

The anatase phase stability of nanocrystalline TiO, powders upon
codoping with N and F has a significant influence in improving the
photocatalytic efficiency of TiO, samples calcined at higher
temperature. Table 7.4 shows the anatase to rutile phase composition
obtained from the X-ray diffraction technique of TC and TNF2 sample
at different temperature. X-ray diffraction study revealed that TNF2
sample calcined at 1000 °C exist in 100% anatase form, whereas those
of the control sample completely converted to rutile form at 800 °C
(Figure 7.2 and 7.3). Raman spectra also confirm this high temperature
anatase phase stability of TNF2 sample as shown in Figure 7.6 and 7.7.
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Table 7.5: Reaction rate constants of the TNF2 and TC at different

temperatures.
Reaction rate constant of the samples (min'l)
Temperature UV light Direct solar light
0O TNF2 TC TNF2 TC
800 0.0323 0.0045 0.0372 0.0041
900 0.0264 0.0018 0.0296 0.0013
1000 0.0136 0.0008 0.0154 0.0009

The photocatalytic activity of this high temperature stable anatase TiO,
is characterized by methylene blue degradation in aqueous solution.
Rate constant for the reaction was obtained by plotting the natural
logarithm of the absorbance against irradiation time for the TNF2 and
control samples calcined at higher temperature are tabulated (Table
7.5). All the TNF2 samples at different temperature shows
significantly higher photocatalytic efficiency compared to the control
titania prepared under identical conditions. Figure 7.23 shows the
absorption spectra of methylene blue and corresponding kinetic data in
the presence of TNF2 and TC sample calcined at 1000 °C. The
photocatalytic activity of TNF2 sample calcined at 1000 °C exhibit a
degradation rate of 0.015 min™', whereas the control sample shows a
negligible amount of photocatalytic activity at this temperature (rate
constant 0.0009 min™). The higher photocatalytic activity obtained for
TNF2 sample may be attributed due to the existence of photoactive
higher crystalline anatase phase at higher temperature calcination. The

existing literature showed that, rutile phase exhibit negligible
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photocatalytic activity and 100% rutile phase is confirmed for TC
sample above 700 °C. This may be a reason for the decreased
photoactivity of TC sample at higher temperature calcination. It is also
observed from Table 7.5 that the photoactivity of TNF2 sample seems
to decrease as the calcination temperature increases to 1000 °C. The
decreasing tendency of photoactivity of TNF2 sample with temperature

is due to the increasing particle size (Table 7.6).
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Figure 7.23: absorption spectra of methylene blue degradation as a
function of time using A) TC and B) TNF2 at 1000 °C. Inset shows the
corresponding kinetic data of both TC and TNF2 sample respectively.

Table 7.6: Crystallite size of (101) peak of anatase phase at different

temperatures.
Crystallite size of (101) peak of anatase
Temperature (°C) (nm)

TC TNF2
700 28.4 19.38
800 Absent 22.41
900 Absent 25.62
1000 Absent 32.1
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7.2.13. Selective photocatalysis

Absorbance

Wavelength (nm)

Non-selective
photocatalysis

Absorbance

e

400 600 700

500
Wavelength (nm)

Absorbance

500 500
Wavelength (nm)

Scheme 7.1.Schematic representation of selective and non-selective
photocatalysis

High temperature stable nanocrystalline anatase TiO, is well known
for its aqueous mediated non-selective photocatalysis and we report the
photocatalytic activity of N, F-codoped anatase TiO, for the
degradation of methylene blue in the previous section, section 7.2.10.
Among the prepared TNF catalyst in different composition, the best
photocatalyst was found to be the TNF2 -catalyst having 1:1
composition of ammonium fluoride and Ti(OPr),. In addition to the

photocatalytic degradation of methylene blue by TNF2 catalyst, it
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exhibit selective photocatalysis at lower as well as higher temperature
calcination. So the selective photocatalytic study was carried out on
best active TNF2 catalyst in comparison to the control sample, TC in
different calcination temperature using an equiv molar mixture of MO

and MB.

7.2.13.1. Adsorption study: Prior to photocatalytic study, adsorption
study should be performed for 2 hr under dark using TNF2 and TC
samples prepared at different calcination temperature to remove the
error due to initial adsorption effect.*> There is no appreciable
change in the wavelength of absorption in the case of calcined
samples before and after 2 hr indicating the absence of adsorption
(Figure 7.24). However, TC100 (control sample died at 100 °C)
shows a slight decrease in the absorption value of both methylene
blue and methyl orange and this may be due to the slight
amorphous nature of the sample. Whereas, TNF2 sample dried at
100 °C (TNF100) slightly adsorb methylene blue only due to the
negative charge of catalyst in addition to the amorphous
characteristics. The amorphous nature of the sample (TNF100 and
TC100) is confirmed from XRD (Figure 7.25) and charge of

TNF100 is from zeta potential measurements (Figure 7.18).

226



Absorbance
Absorbance

400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

Absorbance
Absorbance

400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 7.24. Adsorption characteristics of A) TNF100, B) TNF500, C)
TC100 and D) TC500 samples under dark (a - absorbance of MB and
MO before adsorption and b - corresponding adsorption after 2 hrs)

7.2.13.2. Photocatalytic selectivity: Nano crystalline TiO, exhibits
non-selective photocatalysis in the presence of UV light,
however, doping with non-metals induces selectivity to TiO,.”
TNF100 can selectively degrade positively charged pollutants
from the dye mixture due to the negative charge present on the
surface of TiO,. Negative charge on the surface of TiO, attracts
positively charged pollutants towards it and simultaneously
degraded. Moderate crystalline nature decrease the photocatalytic
selectivity of TNF100 in comparison with the high temperature
calcined sample TNF500. Negative charge (-23.3 mV) of

TNF100 can be confirmed form zeta potential measurements and
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moderate crystallinity from X-ray diffraction technique. Figure
7.25 shows the XRD patterns of TNF and TC samples dried at 100 °C.
The broadness of 110 peak of anatase phase indicates the moderate
crystalline nature of pure and doped samples. Raman spectra of also
support the slight amorphous characteristics of both TNF2 and TC

sample at 100 °C as obtained from x-ray diffraction studies.
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Figure 7.25: A) X-ray diffractogram and corresponding Raman
spectra of a) TC and b) TNF2 sample dried at 100 °C.

Previous reports showed that TiO, exhibit photocatalytic
selectivity in the presence of UV light depending upon the
crystallite size, surface charge, crystalline nature and surface
area.” Combined effect of both surface charge and crystalline
nature of nano Ti0O, sample results the preferential degradation of

one of the pollutant from the mixture.

So far no literature report is available on the selectivity of high
temperature stable anatase TiO, nanomaterials towards the
degradation of organic dyes. Hence the most exciting observation

in this study is the selective photocatalysis exhibited by the high
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temperature stable TNF500 and TNF700 in UV light. Figure 7.27
shows the absorption spectra and corresponding concentration
versus time plot of TC500 and TNF500. TC500 sample degraded
both MO and MB dye in almost equal rate whereas the TNF500
selectively degraded the MB dye only leaving MO dye as such.
This can be easily explained from the zeta potential measurement
of the TC and TNF2 samples. TC100 and TC500 samples show
the zeta potential value 0.18 mV and 1.0 mV respectively,
whereas TNF100 and TNF500 samples showed a high negative
value of 23.3 mV and 12.4 mV. This negative surface charge on
TNF2 sample definitely will enhance adsorption of more amount
of positive charged MB dye on the surface and gets degraded at a
faster rate. Moreover, the selective degradation of MB by TNF
sample calcined at higher temperature will also be facilitated due
to the replacement of OH  ion on the surface of TiO; by F" ion and
form surface fluorinated TiO; as evidenced from XPS. The free
OH’ ion present on the surface of F~ terminated TiO, can easily
attract oppositely charged dye towards itself and promote the
degradation of MB dyes.

Figure 7.26: TEM images of TNF2 sample at 500 °C
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The photocatalytic selectivity of TNF2 sample at 500 °C can also
be explained on the basis of (001) facet formation (Figure 7.26).
Zhang et al reported that formation of (001) facets of anatase Tio2
exhibit excellent photocatalytic selectivity and theses (001) facet
can preferentially adsorb and degrade methylene blue dye than

methyl orange.

The Ti-O-Ti bond angles on exposed (001) facets are very large
and 2p states on the surface oxygen atoms are destabilized and
reactive. Adsorption on (001) facets mainly react with the oxygen
atoms, and when the surface Ti-O-Ti bond is broken, the reactive
Ti-O preferentially bonds with ionization atoms S* in MB or N*
in MB than O in MO. Furthermore, many reports shows that
under irradiation photoproduced electrons move to the (101)
facets while photoproduced holes move to the (001) facets of
anatase Ti02. The lower ionization energy of MB (5.3 eV) makes
MB as a better electron donor and this make MB to easily adsorb
on and interact with electron deficient (001) facets of anatase

Ti102, which leads to higher selective photodegradation of MB.

However, the decrease in the selectivity of TNF700 may be due
to the decrease in surface charge and higher crystallinity. Higher
crystalline nature of the sample degrades all the substituent which
is adsorbed on its surface whether it is charged or not.
Crystallinity of TNF700 is quite high when we compare with that
of TNF500 (Figure 7.1 and 7.2).
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Figure 7.27: UV-Visible absorption spectra and corresponding
concentration versus time plot of (A and B) TC500 and (C and D)
TNF500.

The selectivity of the prepared photocatalyst can also be
expressed in terms of ratio (r) of the rate constant for the
degradation of MO and MB.** The corresponding ‘r’ values for
the photodegradation of MB and MO for TC and TNF sample
calcined at different temperatures were depicted in Figure 7.28.
The value of ‘r’ equal to 1 indicates non-selectivity and r value
greater than 1 shows the increase in selectivity of the dyes by the
photocatalyst. Hence higher ‘r’ value (35.17) is observed for
TNF500 and it decreases to 29.7 for TNF700. From XRD it is
clear that TNF700 has higher crystalline nature, which may be a

231



reason for the decrease in selectivity and increase in
photocatalytic activity. Thus presence of hydroxyl ions on the
surface of TiO,, surface charge and higher surface area of
TNF500 may be the reason for the higher selective photocatalytic
degradation of methylene blue than methyl orange by TNF500.
However, decreased amount of selectivity in TNF sample at 700
°C may be attributed to the higher crystalline nature, decreased
surface charge due to decreased amount of fluorine on TiO;

surface and decreased surface area.
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Figure 7.28. Reaction rate constant for the degradation of dye mixture
by various catalysts carried out under UV light.

7.3. Conclusions

High temperature stable nanocrystalline anatase TiO;

photocatalyst were synthesized by simple sol-gel method using
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ammonium fluoride modifier. As synthesised TiO, sample
showed fully selective degradation of cationic organic dye
methylene blue (MB) from a mixture of cationic (methylene blue)
and anionic (methyl orange) dyes. The control TiO, sample
without any modification showed non-selective degradation of
both cationic (methylene blue) and anionic (methyl orange) dyes.
This observed selectivity could have wide implications in the
recovery/destruction of precious dyes or toxic compounds from a

mixture of pollutants.
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8.1. Introduction

Water contamination by organic pollutant is one of the major
issues for the worldwide concern. A significant amount of water
pollution covers dye effluents from textile industry. Most of the dyes
cause serious environmental and health issues and it is essential to
eliminate them from waste water before mixing into the fresh water
bodies. Diverse range of techniques have been developed to remove
these dyes from waste water, among them photocatalytic dye
degradation is considered as an environmental friendly approach.l’2
Photocatalytic degradation/oxidation follows free radical mechanism.
Performance of indiscriminate oxidizing agents like highly oxidizing
holes and hydroxyl radicals will result complete mineralization of
contaminants to CO,, H,O and harmless inorganic anions.>* This non-
selective nature of TiO, has some constraints in the selective
degradation of certain organic moiety from their counterparts. In order
to overcome this, researchers focus on the synthesis of TiO,

nanomaterials for selective degradation.’

Attraction of the targets towards the photocatalyst is one of the
effective ways to achieve selective degradation by TiO,. For example,
P25 photocatalyst selectively degrade 4-hydroxybenzoic acid over
benzamide at pH<6.4 and reverse process takes place at pH>6.4 under
simulated sunlight.® Negatively charged surface generated upon the
incorporation of Faujasite type zeolite on P25 and can selectively
adsorb and degrade positively charged dyes such as rhodamine B,
anilinium ion and tetramethyl ammonium ion.” These two reports

strongly suggest the selective degradation exhibited due to the
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introduction of polar nature on the surface of TiO,. Fluorinated hollow
Ti0, anatase microspheres (HTS) have been reported for the selective
degradation of anionic dye methyl orange (MO) in comparison to
cationic dye methylene blue (MB).*’ Surface modified HTS by either
surface rehydroxylation through NaOH washing or calcination at 600
°C preferentially degrade MB over MO. This selective degradation of
MB exhibited by modified HTS is related to its structural features like

exposure of (001) facets along with (101) phase.®’

Recently, improvement in the photocatalytic efficiency of TiO,
by extending its optical response into the visible and IR range has been
studied extensively.'®!" The present chapter is a modified form of the
previous chapter, chapter 7, in which we describe the photocatalytic
degradation of N, F codoped TiO; catalyst and corresponding selective
photocatalysis exhibited by the same catalyst at lower and higher
temperature calcination. Here we report a novel design for visible light
activated mesoporous titania (TiO,) for selective photocatalysis. Here
selectivity is achieved by introducing the polar nature on the surface of
TiO, through electrostatic interaction between oppositely charged
dopants. Surface charge on TiO; helps it to attract oppositely charged
ions from solution; thereby TiO; can selectively degrade both anionic
and cationic pollutants. This hypothesis was tested with commonly
used dyes in textile industry, viz, methyl orange and methylene blue.
The photocatalytic selective decomposition of positively and
negatively charge dye can be controlled by varying the concentration
of dopant. An extra advantage of this method is that selective

photocatalysis can be achieved under natural sunlight as well.
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8.2. Results and Discussion
8.2.1. X-ray diffraction technique

The PXRD patterns of the TNFM samples at 100 and 500 °C
are shown in Figure 8.1 and it confirm the anatase phase formation
(JCPDS 75-1537) for all the prepared samples. The crystallite size of
(101) plane of the anatase phase was calculated using Scherrer
equation and the results are tabulated in Table 8.1. The PXRD patterns
of all the samples dried at 100 °C shows the reflection corresponds
(101) plane with appreciable intensity, which confirms the crystalline
nature of the samples. As the concentration of Mn®" changed from 0.3
to 0.8 weight percentages, the crystal size of all the samples dried at
100 °C vary in between 4 to 8 nm (Table 8.1). According to Zhang and
Bandfield, anatase phase is thermodynamically stable below 11 nm and
this supports the anatase phase stability in the crystalline state of
TNFM, TC and TNF samples dried at 100 °C."* The TNFM calcined at
500 °C shows more crystallinity and crystallite size than the samples
dried at 100 °C. However at 500 °C, the intensity of characteristic
peaks of anatase phase of TNFMO0.3 decreases with increase in
concentration of Mn”>" which promotes the conversion of anatase to
rutile phase (Figure 8.1B). Devi et al found that localized charge
perturbation produced by Mn”" and its higher ionic size (0.80 A) would
persuade oxygen vacancies on the anatase grains surface promoting
bond rupture and favored rutile phase formation, which is consistent

with the observed results.'>!*
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Figure 8.1. PXRD patterns of a) TNFMO0.3, b) TNFMO0.5, ¢c) TNFMO0.6
and d) TNFMO0.8 at A) 100 and B) 500 °C.

Table 8.1. Crystallite size of TNFM samples

Sample Crystallite size (nm)
100 °C 500 °C
TNFMO.3 5.40 16.4
TNFMO.5 4.78 15.3
TNFMO0.6 4.34 9.9
TNFMO.8 7.4 12.5

Figure 8.2 shows the x-ray diffraction pattern of TC, TNF and TM at

100 °C and the calculated crystallite size of these samples were found

to be 5.25, 4.67 and 4.32 respectively.
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Figure 8.2: X-ray diffraction pattern of a) TC, b) TNF and ¢) TM
dried at 100 °C.

8.2.2 FT-IR spectra

FT-IR is a powerful tool to analyze the structural features of the
chemical compounds. The FT-IR spectra of TNFM (0.3, 0.5, 0.6 and
0.8) samples have been recorded and displayed in Figure 8.3. The
observed broad peak at 3400 cm ' in the entire sample and a single
peak at 1651 cm ™' for TNFM samples and 1637 cm™' for TC and TNF
sample correspond to the surface adsorbed water and hydroxyl groups

15,16

respectively. The characteristic absorption band of Ti-O-Ti

bridging stretching mode lies at around 500 cm ™' (Figure 8.3)."” The
spectrum shows bands at 3186 cm ' and 1406 cm ', which can be

attributed to the N-H stretching and bending vibration of NHj4

18,19

respectively. The peak observed at 1588 cm ' is due to the CO,

molecule liberated from the decomposition of acetic acid.’,*' The two
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peaks located at around 658 and 614 cm ' corresponds to Mn-O
stretching and bending vibrations respectively.”> These peaks confirms
the integration of Mn®" ion with titanium ion. The Ti-F vibrational
mode is seen in the FTIR spectra of TNF sample at 927 cm ™' (Figure
8.3b), which indicates the successful doping of fluorine into TiO,
matrix.®” The gradual decrease in the intensity of Ti-F bond was also
observed with increase in Mn concentration. An observable peak at
1024 cm™' can be attributed to & (Ti~OH) deformation and the peak
intensity increased with the concentration of Mn®" ion, showing the

highly deformed crystal lattice of TNFMO.8."
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Figure 8.3: FT-IR spectra of a) TC, b) TNF, ¢) TNFMO0.3, d)
TNFMO.5, ) TNFMO.6, f) TNFMO0.8 and g) TM dried at 100 °C.
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8.2.3. SEM/EDS

Composition and morphology of the as prepared TiO, nanoparticles
were analyzed through SEM (Scanning Electron Microscopy) analysis
and EDS. Figure 8.4 represents the SEM image and Energy Dispersive
Spectra (EDS) of TNFMO0.3, TNFMO0.6 and TNFMO0.8 samples at 100
°C. The wt% of manganese and fluorine obtained from EDS analysis is
shown in Table 8.2. The evaluation of TNFM powders by the SEM
technique confirms the presence of Mn®" and F~ in the TiO, matrix. In
the light of EDS spectroscopy, the increase in concentration of Mn*"
ion in TNFM samples from TNFMO0.3 to TNFMO0.8 are clearly
observed, whereas the amount of fluoride ions remains constant in all
the samples (Table 8.2). The presence of carbon in all the samples is
due to the use of carbon grid as sample holder for the analysis

technique.

0

Figure 8.4. SEM/EDS spectra of A) TNFMO0.3 B) TNFMO0.6 and C)
TNFMO0.8

243



Table 8.2. Atomic percentage of Mn and F ion in the TNFM

samples.
Sample Atomic Percentage of
Mn F
TNFMO0.3 2.40 17.93
TNFMO0.6 342 17.72
TNFMO0.8 4.33 18.02

8.2.4. TEM analysis

Further TEM and HRTEM analysis were employed for examining the
morphological and crystalline features. Figure 8.5 represents the TEM
and HRTEM images, which confirm the crystalline nature of the
samples as evidenced from Powder X-ray diffraction technique. The
average crystallite size obtained from HRTEM analysis were 5.39, 4.3
and 6.99 nm respectively for TNFMO0.3, TNFMO0.6 and TNFMO0.8
samples which supports the size calculated using Scherrer equation.
HRTEM images of all samples exhibit a fringe width of around 0.35
nm correlating to (101) plane of anatase TiO, and the results are in
agreement with the interplanar distance values (d) obtained from the

PXRD results.
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Figure 8.5. TEM and HRTEM images as prepared A) TNFMO0.3, B)
TNFMO0.6 and C) TNFMO0.8 samples.

8.2.5. UV-Visible spectra

The UV-Visible light absorption experiments were carried out to
examine the absorption characteristics of the synthesized samples. The
UV-Visible absorption spectra of TNFM samples dried at 100 °C
exhibit characteristic absorption in the visible range and are displayed
in Figure 8.6. Tauc plots were constructed by plotting (ocE)l/ Vs E
with a being the absorption coefficient, the band gap energies were
calculated (Figure 8.6B). The optical absorption of TNFM samples has
a red shift with increase in concentration of Mn®" ion and is shown in

Figure 8.6. The obtained band gap energy of TNFM samples at 100
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Absorbance

and 500 °C are tabulated in Table 8.3 and which shows that,
calcination extends the visible light absorption of TNFM samples from
visible to IR region. It has been reported that fluorine doping does not
lead to a significant red shift.” Here the introduction of Mn*" ion into
F doped TiO, leads to a considerable red shift in the absorption
spectrum corresponding to lower band gap energy which may further

help to increase selective degradation of dyes under sunlight.
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Figure 8.6. UV-Visible absorption spectra and corresponding band gap
energy of a) TC, b) TNF, c) TNFMO0.3 d) TNFMO0.5 ¢) TNFMO0.6 f)
TNFMO0.8 and g) TM dried at 100 °C.
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Table 8.3: Bandgap energy of TNFM samples

Sample Bandgap energy (eV)
100 °C 500 °C

TNFMO0.3 2.68 1.66
TNFMO0.5 2.38 1.61
TNFMO0.6 2.32 1.57
TNFMO0.8 2.16 1.16
TNF 3.12 2.64
TC 3.16 3.22
™ 2.08 1.09

8.2.6. BET measurements

BET analysis provides specific surface area of materials by nitrogen
multilayer adsorption as a function of relative pressure. The nitrogen
adsorption and desorption isotherms are shown in Figure 8.7 and the
surface area obtained from BET analysis is tabulated in Table 8.4. The
adsorption and desorption isotherms of all the samples show type IV
behavior with the typical hysteresis loop and this is the characteristic
feature of mesoporous materials.”*'" Table 8.4 shows that TNFMO0.3
and TNFMO0.8 have higher surface area when compared with other two
samples and it may be due to the excess concentration of F~ and Mn*"
ions respectively present on the surface of TiO,. The decrease in

surface area of TNFMO.5 and TNFMO.6 is due to the agglomeration of
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F~ and Mn”" particles due to the electrostatic attraction in almost equal
proportions. The surface area of TNFMO0.3 is lower than that of the
TNFMO.8 due to the larger size of F~ ion (133 pm) than that of Mn*"
ion (81 pm).”> BJH analysis was employed to determine pore size and
specific pore volume by using adsorption and desorption techniques.
The mesoporous nature of the samples is evident from the adsorption
and desorption pore size measurement using BJH method (Table 8.4)
and the type IV isotherm behavior with the typical hysteresis loop as
shown in Figure 8.7. As evidenced from Table 8.3, the pore size of all

samples ranges from 4 to 7 nm.
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Figure 8.7. Type IV isotherm of (a) TNFMO0.3, (b) TNFMO.5, (¢)
TNFMO.6,(d) TNFMO0.8 and B) a) TC and b) TNF.
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Table 8.4: Physical properties from N, adsorption and desorption
studies of TNFM samples.

Sample BET surzface Pore vg)lume BJH de:sorption

area (m“/g) (cm’/g) pore size (nm)
TNFMO0.3 83.68 0.121 4.79
TNFMO0.5 54.25 0.093 7.64
TNFMO.6 32.39 0.075 6.11
TNFMO.8 104.46 0.124 4.89
TC 79.19 0.219 8.76
TNF 139.27 0.102 3.42

8.2.7. XPS

To confirm the presence of dopants (F and Mn) and to analyze their
chemical states in TiO,, XPS analyses were carried out. The wide area
XPS spectrum of TNFMO0.3 and TNFMO0.8 shows significant amount of
manganese and fluorine with a trace amount of nitrogen in addition to
titanium and oxygen in TiO, matrix (Figure 8.8). The following
binding energies are used in XPS measurements: Ti2p at 458 eV, Ols
at 530 eV, Fls at 684 eV, Mn2p at 642 eV, Nls at 400 eVand Cls at
284 eV. The existence of these peaks in the XPS spectra of TNFM
samples shows the presence of fluorine and manganese ions in TiO,.
The amounts of manganese (atomic wt%) in TNFMO0.3 and TNFMO0.8
are 2.38 and 4.34 respectively and are in accordance with the wt%
obtained from EDX data (Table 8.2). The atomic wt% of fluorine in the
above two samples are 17.26 and 17.92 respectively, which also

support the EDX data as in Table 8.2.
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Figure 8.8: XPS survey spectra of a) TNFMO0.3 and b) TNFMO0.8 at
100 °C.

The binding energy peak at 641.9 eV corresponding to Mn2ps,; and at
653.3 eV to Mn2p;,, was observed in the high resolution XPS spectra
of Mn2p, which indicates that the oxidation state of Mn ion in TNFM
sample is +2 (Figure 8.9A).% The satellite feature at around 647 eV is
confirmed from Figure 8.9A, which is not shared by other oxidation
state of manganese ions and is the characteristic peak of Mn ion in +2
oxidation state.”® Figure 8.9B shows the high resolution XPS of Fls
region at 684.4 eV indicating successful doping of fluorine as a dopant
in TiO,. Yu et al observed the presence of higher binding energy peak
at 688.4 eV for substitutional lattice fluoride ion and peak centered at
684.6 eV is to be associated with surface fluorination.> The peak
obtained at 684.9 eV for TNFM sample confirms the surface

fluorination via the formation of terminal Ti-F bond through the
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replacement of surface hydroxyl group.”® Figure 8.9C represents the
XPS of Ti 2p which shows the signals correspond to Ti2ps, and
Ti2p;, at 458.5 and 464.4 eV respectively.27 In the TNFM samples, the
XPS of Ols displays a center peak with another peak at 531.4 eV,
which indicates the presence of lattice oxygen (Ti-O-Ti) and surface
bound Ti—OH groups, respectively (Figure 8.9D). A slight negative
shift in the peak position if Ti2p and Ols are observed for TNFMO0.8
sample at100 °C, which indicates the oxygen vacancy site produced in

TNFMO.8 sample.
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Figure 8.9: High resolution XPS spectra of A) Mn2p, B) Fls, C) Ti2p
and D) Ols of a) TNFMO0.3 and b) TNFMO0.8 samples (Inset of C and
D represents the enlarged images of the respective spectra at a specific
region).
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8.2.8. Selective photocatalysis

8.2.8.1. Adsorption study: Prior to photocatalytic study, adsorption
study should be conducted for 2 hr under dark using all TNFM samples
dried at 100 °C to remove the error due to initial adsorption effect.
Experiments were performed by stirring a mixture of 25 mL each of
MB and MO solution with 0.1g of the catalyst. The entire TNFM
sample adsorbs methylene blue and methyl orange in different
proportion based on their charge and amorphous characteristics.
TNFMO0.5 and TNFMO0.6 at 100 °C adsorb both methyl orange and
methylene blue dyes in almost equal proportion due to the slight
amorphous nature of the sample. TNFMO0.3 adsorb more methylene
blue dye molecule than methyl orange, whereas reverse adsorption is
happened in the case of TNFMO0.8 as shown in Figure 8.10. This
preferential adsorption of both TNFMO0.3 and TNFMO0.8 is because of
the negative and positive charges exist respectively on the surface of
catalyst in addition to the amorphous nature of the catalysts. X-ray
diffraction study account for the amorphous nature of the sample
(Figure 8.1A) and zeta potential measurements support the charge

on the surface of TiO, (Figure 8.11).
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Figure 8.10: Adsorption characteristics of TNFM samples dried at
100 °C.

8.2.8.2. Selective photocatalysis

The enhanced visible light absorption features of the TNFM samples
were electively utilized in selective photocatalysis. For this venture,
the photodegradation of a mixture of anionic (MO) and cationic (MB)
dyes were carried out with each TNFM photocatalyst. The degradation
behavior of each TNFM sample is shown in Figure 8.13 (Scheme 8.1).
TNFMO.3 selectively degraded the positively charged Methylene blue
(cationic) dye whereas the TNFMO0.8 selectively degraded the
negatively charged Methyl orange (anionic) dye (Figure 8.13).
However, selective photocatalysis is not much noticeable in TNFMO0.5
(Figure 8.13B) and TNFMO0.6 (Figure 8.13C). Similarly, for

comparison photodegradation study of the dye mixture were carried
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out on TC and TNF samples. TNF catalyst selectively degraded MB
than MO (Figure 8.14), where as TC could degrade both MB and MO
in equal rate (Figure 8.14).

TNFMO.3 \ TNFMO.8

TNFMO.6

Scheme 8.1: Schematic representation of selectivity exhibited by

TNFM samples

To have a better understanding on the selectivity of dye mixture, the
surface charge existed on the photocatalyst surface were investigated
through Zeta ({)-potential measurement. The (&) potential is the
electrostatic potential that exists at the shear plane of a particle, which
is related to both surface charge and the local environment of the
particle.”® Zeta potential graph of synthesized TNFM samples dried at
100 °C are shown in Figure 8.11. Inset of figure 8.11 shows the zeta

potential value of TNF, TC and TM catalyst at same temperature. For
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comparison, the (—potential value of all the synthesized photocatalyst
at 100 and 500 °C was also plotted and pictorially represented in
Figure 8.12. The zeta (&) potential measurement showed that TNFMO0.3
(—14.8 mV) and TNFMO.5 (—4.97 mV) have negative surface charge
whereas TNFMO0.6 (+1.02 mV) and TNFMO0.8 (+12 mV) showed
positive surface charge. As the concentration of Mn®" increases, there
was a considerable decrease in the negative charge on the surface up to
TNFMO0.6 due to the neutralization of F~ ion by Mn**. Further addition
of Mn”" introduces more positive charge on the surface of TNFMO.S8.
This variation of negative and positive charge on the surface of TiO; is
conducive for the selectivity in photocatalytic degradation activities of

the synthesized photocatalysts.
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Figure 8.11: Zeta potential data of TNFM samples at 100 °C ( Inset
shows the zeta potential curve of TNF, TC and TM samples at 100 °C).
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Figure 8.12: Zeta potential value of all the prepared samples at a) 100
and b) 500 °C.

{ — Potential measurements uphold the existence of negative charge on
TNF, positive charge on TM and almost zero charge on TC catalyst.
Due to the negative charge on TNF catalyst, the adsorbed MB dye can
easily degrade from the dye mixture than MO. Whereas the control
sample TC, non-selectively degrade both MO and MB due to the
absence of surface charge on TC. Liu et al. have reported that hydroxyl
modified fluorine mediated photocatalyst can easily adsorb and
degrade MB over MO from the dye mixture.® Similarly, the positively
charged TM can simultaneously adsorb and degrade oppositely
charged MO dyes than MB. The Zeta (§) potential measurements
confirm that the charge on the surface of nanoparticle can be controlled
by electrostatic attraction between oppositely charged dopants.

Stability limit of nano particle is =30 mV > x > +30 mV, where x
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represents the (-potential of colloidal suspension of TiO, nanoparticles.
This stability is attained due to the electrostatic repulsion existing
between particles adsorbed on the surface of TiO,, which also prevent

them from aggregating.®*~

This is a good indication that there is a
great degree of electrostatic attraction between oppositely charged
dopants, since & potential values of TNFM samples exist within the
range of —15 mV to +15 mV. In TNFMO0.3 negative charge was
originated on the surface of TiO, from the left-over F ion after
neutralization with Mn®" causing the adsorption of positively charged
dye, methylene blue. The negatively charged dye methyl orange was
adsorbed on the positively charged surface of TNFMO0.8 as a result of
the excess Mn®" ion on its surface. Almost equal adsorption can be
found in TNFMO0.5 andTNFMO0.6 due to complete neutralization of F
and Mn”" ions. Adsorption and corresponding degradation patterns in
all the TNFM samples is due to surface charge present on TiO;
nanomaterials as shown in Figure 8.12. The non-selectivity of
TNFMO0.5 and TNFMO0.6 are the result of electrostatic charge
neutralization of F~ and Mn*" ions adsorbed on the surface of TiO,.
This charge neutrality was confirmed from C-potential measurements
as shown in Figure 8.11. Here the selectivity was achieved in a single
system just by varying the charge on the TiO, surface by simply
changing the dopant concentration. Negative surface charge on
TNFMO0.3 and positive surface charge on TNFMO0.8 respectively
motivate the preferential adsorption of MB on TNFMO0.3 and MO on
TNFMO.8. This led to the selective degradation of adsorbed MB on
TNFMO0.3 and MO on TNFMO0.8 from the mixture of dyes in a single

system. Zeta potential of TNF is due to the respective adsorption of

257



anionic (F ) dopant on the surface of TiO,. The surface adsorption of
F ion is confirmed from XPS technique as observed in Figure 8.9B.
The non-selective nature of the control sample is because of the

absence of charge on its surface and is obtained from zeta potential

measurements.
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Figure 8.13. Concentration Vs time plot showing the degradation of
MO and MB mixture with A) TNFMO0.3, B) TNFMO0.5, C) TNFMO0.6
and D) TNFMO0.8 (All the samples were dried at 100°C).
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Figure 8.14: Rate constant value of TNF, TC and TM catalyst at
100 °C.

The selectivity of the prepared catalyst can also be expressed in terms
of the ratio (r) of the rate constant for the degradation of MO and MB.
The value of ‘r” equal to one indicates non-selectivity and the value of
‘r’ exceeds one indicates increase in selectivity of the dyes by the
photocatalyst. The corresponding ‘r’ value TNFMO0.3 is ~13 showing
higher selectivity compared TNFMO0.8 having an ‘r’ value ~ 4 (Figure
8.13).
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Figure 8.15: Rate of degradation of MB and MO by TNFM catalysts
calcined at 500 °C.

Figure 8.15 shows the high temperature photocatalytic degradation of
the mixture of MB and MO by TNFM catalyst. In the case of TNFM
samples, calcination decrease or we can say almost lost the
photocatalytic selectivity. This may be attributed due to the fact that
calcination improve the crystalline nature as well as diminish the
surface charge on TNFM samples. Higher crystalline substances have a
tendency to degrade all the molecule that can degrade and does not

take into account the charge and nature of the sample.’
8.3. Conclusions

Mesoporous nanocrystalline TiO, materials for selective photocatalysis

were prepared using titanium isoporpoxide, ammonium fluoride and
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manganous acetate. These TiO, nanomaterials were characterized by
Powder X-ray diffraction (XRD), FTIR spectroscopy, BET surface
area measurement, UV—Vis spectroscopy, SEM and TEM. These
mesoporous nanocrystalline TiO, showed high selectivity towards dye
degradation. Selective photocatalysis study showed that methylene
blue was selectively degraded at lower concentration of Mn®" whereas
methyl orange was degraded at higher concentration. The selectivity
exhibited by these TiO, nanomaterials has wide applications in the

destruction of toxic substance from their valuable counterparts
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CHAPTER ¢
CONCLUSIONS




This thesis work deals with the synthesis, characterization and
application of various non-metal and metal modified TiO;
nanomaterials for non-selective as well as selective removal of

pollutants through photocatalytic reactions.

Chapter 1 gives a general introduction to titanium dioxide (TiO,) and
its applications as well as mentioned different synthesis technique,
mainly concentrating on the sol-gel method giving step by step
description of the sol-gel process. An introduction to the different
modification techniques available on TiO, and factors that affect
TiOyphotocatalysis are discussed concisely. Objectives and overview

of the present work are also discussed in this chapter.

Chapter 2 explains the strategy adopted for the synthesis of nonmetal,
metal co-doped TiO; systems. Sol-gel method and simple mechanical
mixing (via stirring the dopant with TiO,;) were employed for the
preparation of the co-doped TiO, system, where Ti [OCH(CH3);]4,
different N,S containing modifiers, NH4F and manganous acetate were
used as the sources for TiO,, N and S, N and F, and Mn respectively.
In all the co-doped systems, percentage of TiO, was taken as constant
and varied the concentration of dopants. A brief explanation of
physico-chemical techniques used for the characterization of the
material was also presented in this chapter. This includes X-ray
Diffraction (XRD), Raman Spectroscopy, FTIR analysis, Energy
Dispersive ~ X-ray  Analysis (EDX), Scanning  Electron
Microscopy(SEM), UV-Visible Diffuse Reflectance Spectroscopy
(UV-Vis DRS), Transmission Electron Microscopy (TEM), BET
Surface Area Measurements and X-ray Photoelectron Spectroscopy
(XPS).
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Chapter 3 to 7 describes the results and discussion on modified TiO,
nanomaterials samples in comparison with unmodified TiO, and its
detailed photocatalytic activity study. The modifiers used are thiourea,
explained in chapter 3, thiosemicarbazide explained in chapter 4,
sulfanilic acid explained in chapter 5, cysteine explained in chapter 6
and ammonium fluoride explained in chapter 7. All these modified
TiO, samples are well characterized using various physico-chemical
characterization techniques and compared with unmodified TiO, and
the prepared samples were successfully employed for the removal of a
dye, methylene blue which can be considered as a model contaminant.
The wvarious physicochemical properties and corresponding
photocatalytic efficiency of all the prepared systems in chapter 3 to 7

are summarized in Table 9.1.

Table 9.1: The various physicochemical properties and corresponding

photocatalytic efficiency of samples studied in chapter 3 to 7.

Sample Calcination | Crystallite | Surface | Reaction rate
Shows temperature | size (nm) area constant for
maximum showing (mz/g) the
efficiency maximum degradation of
in each efficiency MB
chapter UV | Direct
light | solar
light
TC 500 13.6 3454 | 0.038 | 0.030
TU2 700 15.45 31.29 | 0.064 | 0.088
TSC3 700 20.25 25.83 | 0.048 | 0.064
TSA2 500 11.08 75.79 | 0.088 | 0.103
TCS2 700 21.6 4993 | 0.101 | 0.108
TNF2 500 12.02 82.35 | 0.075 | 0.105
TC 700 32.1 6.36 0.001 | 0.006

265




Generally photocatalytic degradation by TiO, follows free radical
mechanism and which follows complete mineralization of pollutant
non-selectively. Hence second major aim of this thesis work is to
achieve selectivity in the photocatalytic activity of TiO,. Chapter 7
explains selective photocatalytic activity of N, F- codoped TiO, using
NH4F as a modifier and its effect on the anatase to rutile
transformation of TiO,.NH4F doped TiO, catalyst (TNF) exhibit fully
selective degradation of cationic organic dye MB from a mixture of

cationic (MB) and anionic (MO) dyes at lower and higher temperature.

Chapter 8 further explains the tuning of selective photocatalysis by
modifying the as prepared NH4F modified TiO, photocatalyst by using
manganese and detailed how Mn”>" cation affect the selective
photocatalytic behavior. Manganese ion tune the photocatalytic
selectivity by varying the concentration of Mn®" on ammonium
fluoride doped TiO;.Selective photocatalysis study showed that
methylene blue was selectively degraded at lower concentration of

Mn”" whereas methyl orange was degraded at higher concentration.
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