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ABSTRACT

In the present study, two methods of TiO, synthesis, namely sol gel and ultrasonication was
adopted for preparation of novel C doped nanocrystalline titania. Carbon doping was
achieved by modification of the parameters of the conventional synthesis methods and
without using external carbon source. For sol gel method, the amount of acid was varied and
for sonication method, sonication time period was varied to investigate their effects on the
final photocatalyst. Calcination temperature was lower so that the carbon from the precursor
can interact with the band gap of TiO, and create additional electronic levels. This helped the
samples achieve visible light absorption. Photocatalytic activity was evaluated using
methylene blue as the model dye. For sol gel method higher acid content led to stable
crystalline structure and prevented carbon interaction with TiO,. For ultrasonic assisted
synthesis, higher sonication time failed to lower the band gap. Kinetics followed first order
model (L-H model) with highest rate constant value of 0.03169 min™ for sol gel method and
0.0029min* for sonication method. Low surface area and band gap may be the reason behind
such low activity of sonicated TiO,. All the prepared photocatalyst displayed significant
photocatalytic activity in visible range thus showing enhanced performance over

conventional white titania.
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Chapter 1

1 Introduction

1.1 Semiconductor Photocatalysis

Environmental pollution and destruction as well as the lack of sufficient clean and natural
energy resources are some of the most serious problems presently faced on a global scale.
The increase in world population and the rampant unregulated industrial growth have all led
to accelerated energy consumption, while the uncontrolled release of toxic agents and
industrial waste into the air and waterways has resulted in pollution-related diseases, global
warming, and abnormal climatic changes[1]. Hence it becomes imperative to develop clean
energy efficient sustainable technologies for the severe environmental problems, which have
become a major concern. Photocatalysis, in which the inexhaustibly abundant, clean, and safe
energy of the sun can be harnessed for sustainable, non-hazardous, and economically viable
technologies, is a major advance in this direction. Photocatalysis refers to the acceleration of
a chemical reaction in the presence of substances called photocatalysts, which can absorb
light of appropriate wavelengths depending on the band structure[2], [3]. In photocatalysis,
the photocatalyst is activated with either UV light, visible light or a combination of both, and
photoexcited electrons are promoted from the valence band to the conduction band, forming
an electron/hole pair (e-/h+). The photogenerated pair (e-/h+) is able to reduce and/or oxidize
a compound adsorbed on the photocatalyst surface. The general requirements of a
photocatalytic system are low band gap, suitable morphology, high surface area, stability and
reusability. Semiconductors such as TiO,, Fe;03, WO3, ZnO, CeO,, CdS, ZnS are selected as
photocatalysts due to their narrow band gap and distinct electronic structure[4]. However the
most important discovery that extensively promoted the field of photocatalysis was the
“Honda-Fujishima Effect” first described by Fujishima and Honda in 1972[5]. This well-
known chemical phenomenon involves electrolysis of water, which is related to
photocatalysis. Photoirradiation of a TiO, (rutile) single crystal electrode immersed in an
aqueous electrolyte solution induced the evolution of oxygen from the TiO, electrode and the
evolution of hydrogen from a platinum counter electrode when an anodic bias was applied to
the TiO, working electrode. Since this pioneering work by Honda/Fujishima, photocatalysis
employing various semiconductors, specifically TiO,, has been the focus of intense

investigations by a number of researchers all over the world. Considerable efforts have been



devoted to the design of photocatalytic systems exhibiting a high conversion efficiency of

light into chemical energy.

1.2 Titanium Dioxide

Titanium dioxide discovered in 1821, is considered to be one of the top 20 inorganic
chemicals of industrial importance[6]. Ever since its commercial production began around
1916, an exponential growth of research has been seen in this area[7]. Titanium dioxide does
not occur in nature but is derived from ilmenite or leucoxene ores. It was identified in black
sand from Menacchan Valley in Cornwall. German chemist M. H. Klaproth discovered the
element in the TiO, form, as rutile[8]. The dominant physicochemical properties of TiO,
nanostructures are classified in terms of their crystallinity, purity, structure, chemical
composition, size- and/or shape-distribution, dimensionality and defect centres, which can be
easily modified by changing the parameters during various synthetic methods. TiO,
nanostructures have been widely explored owing to their extensive applications across a

myriad of areas, which is discussed in more details in the following sections.

1.3 Chemical structure of TiO,

TiO, belongs to the family of transition metal oxides. There are four commonly known
polymorphs of TiO, found in nature: anatase (tetragonal), brookite (orthorhombic), rutile
(tetragonal), and TiO, (B) (monoclinic)[9]. Besides these polymorphs, two additional high-
pressure forms have been synthesized from the rutile phase. These are TiO, (I1) [10] with a
PbO; structure and TiO, (H) [11] with a hollandite structure.

e Rutile: Rutile TiO, has a tetragonal structure and contains 6 atoms per unit cell
(Figure 1a). The TiOg octahedron is slightly distorted[12], [13]. The rutile phase is
stable at most temperatures and pressures up to 60 kbar, where TiO, (I1) becomes the
thermodynamically favorable phase. Zhang et al [14] found that anatase and brookite
structures transformed to the rutile phase after reaching a certain particle size, with the
rutile phase becoming more stable than anatase for particle sizes greater than 14 nm.
Once the rutile phase formed, it grew much faster than the anatase. The activity of the
rutile phase as a photocatalyst is generally very poor. However, Sclafani et al [15]
concluded that the rutile phase can be active or inactive, depending on its preparation
conditions.

e Anatase: Anatase TiO, also has a tetragonal structure but the distortion of the TiOg

octahedron is slightly larger for the anatase phase [16], [17], as depicted in Figure 1b.



Muscat et al. [18] found that the anatase phase is more stable than the rutile at 0 K,
but the energy difference between these two phases is small (=2 to 10 kJ/mol). The
anatase structure is preferred over other polymorphs for solar cell applications
because of its higher electron mobility, low dielectric constant and lower density [9].
The increased photoreactivity is because of the slightly higher Fermi level, lower
capacity to adsorb oxygen and higher degree of hydroxylation in the anatase phase
[19]. Selloni [20] reported that the reactivity of (001) facets is greater than that of
(101) facets in an anatase crystal.

e Brookite: Brookite TiO, belongs to the orthorhombic crystal system. Its unit cell is
composed of 8 formula units of TiO, and is formed by edge-sharing TiOg octahedral
(Figure 1c). It is more complicated, has a larger cell volume and is also the least dense

of the 3 forms and is not often used for experimental investigations[16].

The properties of anatase, rutile and brookite forms are listed in Table 1
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Figure 1 Rutile, Anatase and Brookite phases



Table 1 Crystal structure data for TiO,

Properties Rutile Anatase Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic
Lattice constant (A) a=4.59c=2.95 a=3.78 ¢=9.51 a=9.18 b=5.44
c=5.15
Molecule (cell) 2 2 2
Volume/molecule 31.21 34.06 32.17
(A)
Density (g/cc) 4.13 3.79 3.99
Ti-O bond length (A) 1.949 1.937 1.87-2.04
O-Ti-O bond angle 81.2° & 90° 77.7° & 92.6° 77°-105°

TiO, is a large band semiconductor, with band gaps of 3.2, 3.02, and 2.96 eV for the anatase,
rutile and brookite phases, respectively [21]. The valence band of TiO; is composed of the 2p
orbitals of oxygen hybridized with the 3d orbitals of titanium, while the conduction band is
only the 3d orbitals of titanium [22]. When TiO, is exposed to near-UV light, electrons in the
valence band are excited to the conduction band leaving behind holes (h*), as shown in
Figure 2. The excited electrons (e) in the conduction band are now in a purely 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" recombination [23]. Anatase TiO, is
considered to be the active photocatalytic component based on charge carrier dynamics,
chemical properties and the activity of photocatalytic degradation of organic compounds. It
has inherent surface band bending that forms spontaneously in a deeper region with a steeper
potential compared with the rutile phase [24] thus surface hole trapping dominates because
spatial charge separation is achieved by the transfer of photogenerated holes towards the
surface of the particle via the strong upward band bending. However, in the rutile phase, the
bulk recombination of electrons and holes occurs, so only holes very close to the surface are

trapped and transferred to the surface.




1.4 Applications of TiO;

The major applications of TiO, are as follows

e TiO; is an effective opacifier in powder form where it is employed to provide
whiteness and opacity to products such as paints, coatings, plastic, paper, inks and
even in toothpaste.

e In cosmetic and skin care products, TiO; is used both as a pigment, sunscreen and a
thickener due to its high refractive index, strong UV light absorption capabilities and
its resistance to discoloration under UV light[13][25].

e TiO, is widely used for superhydrophobic surfaces, antifogging, self-cleaning
surfaces. It also finds use in antibacterial applications

e The most popular use of TiO; is as a photocatalyst for various applications such as
dye degradation[26]-[28], solar cells[29], production of hydrogen from water[30]—
[33], sensors[34], rechargeable batteries[35], super capacitors[36] and environmental
remediation[37].

e TiO; also finds application in cancer drug delivery[38].



Chapter 2

2 Literature Review

2.1 TiO; nanopaticles as a photocatalyst

The primary criteria for an efficient semiconductor photocatalyst are that the redox potential
of the charge couple, i.e., e /n*, must lie within the band gap domain of the photocatalyst. The
energy level at the bottom of conduction band determines the reducing ability of
photoelectrons while the energy level at the top of valence band determines the oxidizing
ability of photogenerated holes [39]. The ordinate represents the internal energy not the free
energy. The free energy of an e /h* pair is smaller than the band gap energy because e /h*
pairs have significant configurational entropy arising from the large number of translational
states accessible to the mobile carriers in the conduction and valence bands. Apart from
possessing suitable band gap energy, an ideal semiconductor should also be easy to produce
and use, cost effective, photostable, non-hazardous for humans and the environment,
effectively activated by solar light and able to catalyze the reaction effectively. Most of the
reported photocatalysts possess limitations, e.g., GaAs, PbS, and CdS are not sufficiently
stable for catalysis in aqueous media as they readily undergo photo corrosion and are also
toxic[40]. ZnO is unstable because it readily dissolves in water [41] to yield Zn(OH), on the
ZnO particle surface, which inactivates the catalyst over time. Fe;,O3, SnO,, and WO3 possess
a conduction band edge at an energy level below the reversible hydrogen potential, thus
systems using these materials require application of an external electrical bias to complete the

water splitting reaction and achieve hydrogen evolution at the cathode [42].

TiO, is close to being an ideal photocatalyst and the benchmark for photocatalysis
performance. TiO, is cheap, photo stable in solution and nontoxic. Its holes are strongly
oxidizing and redox selective. For these reasons, several novel heterogeneous photocatalytic
reactions have been reported at the interface of illuminated TiO, photocatalyst, and TiO,-
based photocatalysis has been researched exhaustively for environmental clean-up

applications.

2.2 Synthesis of TiO, nanoparticles

Synthetic methods of multiphase TiO, play a crucial role in the development of
nanostructures from zero-dimensional (0D) to three-dimensional (3D) structures. The
synthesis of multiphase TiO, nanostructures in a variety of shapes with controlled
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morphologies, sizes (around 100 nm) and more complex nano-structures are of substantial
interest due to their exceptional properties and prevalent application possibilities straddling
from physico-chemical to biological fields[43]. With a high degree of synthetic control, the
size and shape of multiphase TiO, nanostructures can be easily tuned from the micro- and
nanometre to the molecular level and from spherical nano-particles to nano-rods/-tubes/-
wires. Moreover, owing to its excellent stoichiometry (Ti/O: 1/2), multiphase TiO, nano-
structures have always been a subject of enormous research interest and there is emerging
attention paid now to the controlled synthesis or fabrication of structurally stoichiometric
TiO, with diverse shapes, with results reported on single and mixed phase TiO, polymorphs.
The synthesis of multiphase TiO, nanostructures, therefore, is very interesting in terms of: (i)
the structural phases (anatase-, brookite- and rutile-TiO,), (ii) the well-controlled
morphogenesis (nano-particles, -tubes, -wires, -rods, —crystals and -flowers), and (iii) the

particle size (regime 1-100 nm) for a variety of techno-logical and biosafety applications[44].

Generally, two fundamental strategies have been developed to broadly prepare TiO,

nanostructures: the top-down approach and the bottom-up approach.

2.2.1 Top down approach

Basically, the top-down approach is a miniaturization technique, in which small structures are
fabricated from larger ones. The key advantage of this approach are that the components, e.g.
in the production of integrated circuits, are both patterned and assembled in position, so that
no separate fabrication step is needed. Lithography, attrition or milling, quenching, etching
and successive cutting are all typical examples of the top-down approach for the synthesis of

metal oxide nanomaterials[45].

2.2.2 Bottom up approach

In this context, synthesis through a bottom-up approach, in which molecular precursors react
to form the final larger structures, is a unique approach for the preparation of TiO;
nanoparticles owing to its exceptional versatility. In the bottom-up approach, the molecular
precursors self-associate, interact and combine with each other in a coordinated way to give
rise to simple and more complex nanostructures. The bottom-up approach has four major
branches: (i) physical, (ii) chemical, (iii) hybrid and (iv) biological. Nowadays, these
synthetic routes have been established for the engineering of emerging multi-phase TiO,
nanostructures (spherical, elongated and planar with sizes smaller than 100 nm)[46]. The

existing physical, hybrid and/or biological synthesis methods typically involve toxic



organic/inorganic reagents and need sophisticated instrumentation with complicated
reaction conditions to produce the required materials, which are low in quantity as well as
quality, even with a low-yield of the required material[47]. Thus, the technological
challenge has moved to the facile synthesis of multiphase TiO, nanostructures via chemical
routes and that could maintain their activity, selectivity and suitability over long-term
operation in various potential technological and biosafety applications. In addition, the
chemical method is an easy way to produce multiphase-TiO, nanostructures using hazardless
precursors in a short reaction time and at low cost for high scale-up with high purity in high
throughput and good yield in industrial production. Due to numerous advantages such as
simplicity, inexpensive instrumental set-up, easy operation and good control over the
experimental conditions, the chemical routes are encouraged from the view-point of practical
application. The chemical synthesis processes to obtain multiphase crystalline TiO,
nanostructures, including amongst others sol gel or even hydrothermal approaches, wet
chemical solution and precipitation methods, have become increasingly popular in recent
years to achieve the goals of identically shaped, uniformly sized, perfect crystals, defect-free
and high-purity materials. The bottom up approach provide numerous advantages such as (i)
precise control of the structural phases and stoichiometry, (ii) control of the size, morphology
and homogeneity, (iii) reproducible process suitable for the large-scale, cost-effective and
high-purity production of nanomaterials, (iv) short reaction conditions and inexpensive
procedures. Some of the popular synthesis methods are discussed below.

e Sol Gel: The sol- gel method is broadly used to synthesize oxide materials, especially
TiO, nanomaterials. Processing by this method involves the transformation of a sol (a
colloidal suspension of nanometre-sized solid particles in a liquid phase) into a gel (a
3D network of metal- oxygen bonds, containing a continuous solid skeleton attached
to a continuous liquid phase), which is then usually thermally treated to obtain the
desired material. When the liquid is removed from the sol, the sol turns into a gel. The
first gel derived from a metal alkoxide was synthesized by Ebelmen as early as
1846[48]. Amongst all the available processes, the sol— gel approach is mainly based
on the controlled hydrolysis, the condensation of appropriate precursors and inorganic
polymerization reactions. The sol— gel process includes four steps: (i) hydrolysis, (ii)
polycondensation, (iii) drying and (iv) thermal decomposition. The precursors of
metal alkoxides hydrolyze with H,O or alcohols according to the hydrolysis process,
followed by either H,O or alcohol condensation. Additionally, H,O or alcohol, an



acid or a base can also assist hydrolysis of the precursor. In the case of acids, a
reaction takes place between the alkoxide and acid to form a solution. After the sol
formation, the solution is condensed to a gel and the solvent (H,O or alcohol) must be
removed. A higher annealing/calcination temperature is needed to decompose the
organic/inorganic precursor[5]. Furthermore, the sol- gel method usually results in
materials that are amorphous or badly crystalline because they are fabricated at or
near room temperature. A thermal treatment (annealing or calcination) is normally
needed to transform the gel into the final required crystalline material. The
development of Ti-O-Ti chains is favored with low content of water, low hydrolysis
rates, and excess titanium alkoxide in the reaction mixture. Three dimensional
polymeric skeletons with close packing result from the development of Ti-O-Ti
chains. The formation of Ti(OH), is favored with high hydrolysis rates for a medium
amount of water. The presence of a large quantity of TiOH and insufficient
development of three-dimensional polymeric skeletons lead to loosely packed first
order particles. Polymeric Ti-O-Ti chains are developed in the presence of a large
excess of water [49].From the study on the growth kinetics of TiO, nanoparticles in
aqueous solution using titanium tetra iso propoxide (TTIP) as precursor, it is found
that the rate constant for coarsening increases with temperature due to the temperature
dependence of the viscosity of the solution and the equilibrium solubility of TiOs.
Secondary particles are formed by epitaxial self-assembly of primary particles at
longer times and higher temperatures, and the number of primary particles per
secondary particle increases with time. The average TiO, nanoparticle radius
increases linearly with time, in agreement with the Lifshitz-Slyozov-Wagner model
for coarsening[50].In another study Jiago Yu et al. stated that TiO, thin films with
different surface structures can be prepared from alkoxide solution containing (PEG)
via sol-gel method. Surface structure and photocatalytic activity of the resultant films
are mainly dependent on the amount of PEG addition to precursor, larger the amount
added to precursor larger the size and no. of pores developed in the resultant films.
The transmittance of the film decreases due to the scattering of light by pores of larger
size and bigger number in the films. Photocatalytic degradation experiments show that
methyl orange is efficiently decolorized in the presence of the TiO, thin films by
exposing its aqueous solution to ultraviolet light and the suitable surface structures
remarkably enhance the photocatalytic activity of TiO, films [51]. The photocatalytic
activity of TiO, films depends on such factors as pore size and number, the amount of
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-OH, the surface area and transmittance of TiO, films. Transparent TiO, thin film
photocatalyst was prepared on a SLG substrate via a sol-gel method by Watnabe et al.
In this experiment an appreciable amount of sodium diffuses out of a SLG to the TiO;
layer during the coating process, resulting in a formation of electron-hole
recombination center. TiO; film formation, leading to a highly photoactive transparent
TiO, coated SLG, these results are reasonable because photo-induced
hydrophilicizing effect is caused by surface structural change of TiO, topmost layer.
It is considered that although sodium diffusion does decrease total amount of
generated electron-hole pairs resulting in decrease in photocatalytic oxidation power,
it does not affect topmost surface structural change so much [52].

Hydrothermal: Hydrothermal synthesis is normally conducted in steel pressure vessels
called autoclaves with or without Teflon liners under controlled temperature or
pressure with the reaction in aqueous solutions. The temperature can be increased
above the boiling point of water and finally reaching the pressure of vapor saturation.
The temperature and the amount of solution added to the autoclave are largely
responsible for determining the internal pressure produced. It is widely used in the
ceramics industry. Hydrothermal synthesis is commonly used to grow synthetic
quartz, gems and other single crystals with commercial value. The method has
proved to be extremely efficient in the search for new compounds with specific
physical properties[53]. For example, TiO, nanoparticles were prepared by
hydrothermal reaction of titanium alkoxide in an acidic ethanol-water solution, TTIP
was added drop wise to mix with ethanol and water solution at pH 0.7 with nitric acid,
under this acidic ethanol-water environment were mainly produce primary structure of
the anatase phase. The sizes of the particles were controlled to the range of 7-25 nm
by adjusting the concentration of Ti precursor and the composition of the solvent
system[54]. Besides TiO, nanoparticles, TiO, nanorods have also been synthesized
with the hydrothermal method. Zhang et al. obtained TiO, nanorods by treating a
dilute TiCl4 solution in presence of acid or inorganic salts. The morphology of the
resulting nanorods can be tuned with different surfactants or by changing the solvent
compositions [55].

Sono-chemical method: Ultrasound has been very useful in the synthesis of a wide
range of nano structured materials, including high-surface area of transition metals,

alloys, carbides, oxides, and colloids. The chemical effects of ultrasound do not come
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from a direct interaction with molecular species. A number of different arrangements
of equipment have been used for the introduction of the ultrasound irradiation into the
electrochemical systems. The first and simplest setup used was made up of a
conventional electrochemistry cell, immersed at a fixed position in the ultrasound
bath[56]. A lot of studies were carried out using this set up [57] but the power
transmitted inside the electrochemistry cell was low and the results depend strongly
on its positioning because of heterogeneous distribution of the ultrasound field [58].
Another arrangement is the introduction of an ultrasonic horn system (often referred
to as an ultrasonic probe) directly into an electrochemistry cell. This allows the
ultrasonic waves to be directed onto the electrode surface and provides much more
efficient power control. Various types of sono-electrochemistry cells with ultrasound
probes have been reported. Hamed Arami et al. described a procedure to prepare
titania nano particles by dissolving TiO; pellets into NaOH solution and irradiating
the solution in an ultrasonic bath at ambient temperature [59].In another study Jimmy
C. Yu et al stated that mesoporous TiO, can be synthesized directly under high
intensity ultrasound irradiation by using triblock copolymer, brookite phase was
formed due to ultra sound irradiation. As a result of using triblock copolymer, the
brookite content increased, along with the pore size and crystalline sizes of anatase
and brookite [60]. Zhu et al. utilized ultrasonic irradiation process for preparing titania
nanotubes, direct sonication of the raw powder and NaOH aqueous solution mixture
at high sonicating power, resulted in the formation of titania whisker[58].

Reverse micelles method: The reverse micelle method has the unique advantage that
the numerous nanoscale water pools existing in the micelle suspension are ideal
microreactor for synthesizing nanoparticles. The TiO, nanoparticles synthesized by
using the reverse micelle method were all amorphous hydrates of TiO,; hence the
practical applications of this method were restricted. Micelles and inverse micelles are
common method to synthesize TiO, nanomaterials. Zhang et al. synthesized Shuttle-
like crystalline TiO, by hydrolysis of titanium tetrabutoxide in the presence of acids
with NP-5 (Igepal CO-520)-cyclohexane reverse micelles at room temperature[61].
The crystal structure, morphology, and particle size of the TiO, nanoparticles were
largely controlled by the reaction conditions, and the key factors which affected the
formation of rutile phase at room temperature included the acidity, the type of acid
used, and the microenvironment of the reverse micelles. In another study carried out

by Lim et al., TiO, nanoparticles were prepared by the controlled hydrolysis of TTIP
11



in presence of reverse micelles formed in CO, with the surfactants of ammonium
carboxylate perfluoropolyether and (PDMAEMA-b-PFOMA)[62]. It was found that
the crystallite size prepared in the presence of reverse micelles increased as either the
molar ratio of water to surfactant or the precursor to surfactant ratio increased.

Microwave method: Using microwave irradiation it is possible to synthesize
nanoparticles with exact parameter control in a short time and also change particle
properties and particle size as required. The principal frequencies of microwave
heating are between 900 to 2450 MHz. Microwave dielectric heating not only
enhances the rate of formation, it also enhances the material quality and size
distributions. At lower microwave frequencies, conductive currents flowing within the
material due to the movement of ionic constituents can transfer energy from the
microwave field to the material. At higher frequencies, the energy absorption is
primarily due to molecules with a permanent dipole which tend to re-orientate under
the influence of a microwave electric field. Microwave assisted synthesis being faster,
cleaner, and more economical than the conventional methods. The fields of
application for these produced nanoparticles range from medical uses (drug delivery
systems, formulations) to use in many industries, i.e. vehicle manufacturing (coatings,
windshields, energy storage), cosmetics (sun protection, shampoo, toothpaste), textile
production (outdoor clothing, shoes) and electronics (circuit boards, solar cells, LEDs,
touch screens)[63]. Corradi et al. found that colloidal titania particle suspensions can
be prepared within 5 min to 1h via microwave radiation, while 1 to 32h was needed
for the conventional synthesis method of forced hydrolysis[64]. Nanocrystalline
titanium dioxide in the anatase phase has been obtained using urea and TiOCl, by
microwave hydrothermal method. A mixture of urea and TiOCl; in 5:1 molar ratio is
processed in a microwave hydrothermal autoclave for 3 min to precipitate anatase
powders; oven-dried powders indicated the formation of single phase anatase in the
XRD spectrum[65]. In another study, TiO, nanoparticles have been prepared by
microwave assisted sol-gel method by annealing the fine powder at 600°C for 1 h[66].
Ma et al. developed high quality rutile TiO, nanorods with microwave hydrothermal
method & found that they aggregated radially into spherical secondary
nanoparticles[67]. Wu et al. synthesized TiO, nana tubes by microwave radiation via
reaction of anatese, rutile & mixed phase of TiO, crystals with NaOH solution under a

certain microwave power[68].
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2.3 Mechanism of TiO, photocatalysis

There are 2 types of photochemical reaction proceeding on a TiO, surface when irradiated
with UV light, one includes the photo-induced redox reaction of adsorbed substances and the
other is photo- induced hydrophilic conversion of TiO, itself[69]. With the absorption of
photons with energy larger than the band gap of TiO,, electrons are excited from the valence
band to the conduction band, creating electron-hole pairs. These charge carriers migrate to
the surface and react with the chemicals adsorbed on the surface to decompose these
chemicals[70]. The photo generated holes in the valence band diffuse to the TiO, surface &
react with adsorbed water molecules, forming hydroxyl radicals (-OH) [71]. The
photogenerated holes & the hydroxyl radicals oxidize nearby organic molecules on the TiO»,
followed by electrons in the conduction band which participate in reduction processes, these
react with molecular oxygen in the air to produce superoxide radical anion (O;).This
photodecomposition process usually involves one or more radicals or intermediate species
such as OH, Oy, H,0,, or O,, which play important roles in the photocatalytic reaction
mechanisms. The photocatalytic activity is largely controlled by (i) the light absorption
properties, e.g., light absorption spectrum and coefficient, (ii) reduction and oxidation rates
on the surface by the electron and hole, (iii) and the electron-hole recombination rate. A large
surface area with a constant surface density of adsorbents leads to faster surface
photocatalytic reaction rates, implying larger the specific surface area, the higher the
photocatalytic activity is. Higher the crystallinity, fewer is the bulk defects, and higher the
photocatalytic activity. High temperature treatment usually improves the crystallinity of TiO,
nanomaterials, which in turn can induce the aggregation of small nanoparticles and decrease

the surface area[72]. Figure shows the general mechanism of TiO, photocatalysis.
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Figure 2 Mechanism of TiO, photocatalysis

2.4 Limitations of TiO;
Despite being one of the efficient photocatalyst, TiO, finds limited commercial application

due to some inherent drawbacks, which are listed below.

Anatase has a relatively high band gap of about 3.2eVV which is one of the main
drawbacks of TiO,. For photocatalysis light of energy greater than the band gap of the
semiconductor, excites an electron from the valence band to conduction band. For
anatase UV light of wavelength less than 387nm is required. Hence Anatase has the
ability to perform only under ultraviolet radiation of sunlight, which is only 5% of the
total spectrum.

Due to its poor affinity to organic pollutants, the adsorption of organic wastes onto
TiO, surface is relatively low resulting in slow photocatalytic degradation rates. Since
photocatalytic degradation occurs on the surface of TiO,, mass transfer limitation has
to be minimized.

In most photocatalytic processes, the nanoparticles tend to undergo agglomeration due
to the instability of the nanosized particle, which may hamper the light incidence on
the active centers and consequently decrease the activity. However it should also be
noted that small particles also exhibit higher scattering, which can again reduce the
activity compared to large ones.

One practical challenge to overcome is to recover the nanosized TiO; particles from

the treated water in regards to both the economic concern and safety concern.
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To overcome the limitations, various countermeasures have been proposed by researchers.
The purpose of such countermeasures was to improve photocatalytic efficiency, induce
visible light absorption, and achieve long term stability to enhance recycle and reuse abilities
of TiO,.

2.5 Strategies for improving TiO, photoactivity

2.5.1 Morphological modifications

Various strategies have been adopted for improving the photocatalytic efficiency of TiO,.
They can be summarized as either morphological modification, such as increasing surface
area and porosity, or as chemical modification, by incorporation of additional components in
the TiO; structure. Although visible light active (VLA) TiO, photocatalysts require chemical
modifications, which will be reviewed in the next section, their overall efficiencies have been
significantly enhanced by controlling the semiconductor morphology. The most commonly
used TiO, morphology is that of monodispersed nanoparticles wherein the diameter is
controlled to give benefits from the small crystallite size (high surface area, reduced bulk
recombination) without the detrimental effects associated with very small particles (surface
recombination, low crystallinity) [73]. One dimensional (1D) titania nanostructures
(nanotubes, nanorods, nanowires, nanobelts, nanoneedles) have been also formed by
hydrothermal synthesis but high emphasis was given in titania self-assembled nanotubular
films grown by electrochemical anodization on titanium metal foils. Advantages of such
structures is their tailored morphology, controlled porosity, vectorial charge transfer[74] and
low recombination at grain boundaries that result in enhanced performance in photoinduced
applications, mainly in photocatalysis[74][75]. An interesting use of TiO, nanotubes in
photocatalytic applications is the growth of freestanding flow-through membranes[74].

2.5.2 Development of visible light active titania photocatalyst
e Doping with metals: Over the past decades, metal-doped TiO, (e.g., Cu, Co, Ni, Cr,
Mn, Fe, Ru, Au, Ag, Pt) photocatalysts have been widely studied for improved
photocatalytic performance on the degradation of various organic pollutants under
visible light irradiation [76], [77][78]. TiO, particles can be simply substitutionally or
interstitially doped with different cations, can form mixed oxides or a mixture of
oxides. The dominant parameters include the character and concentration of dopants

and the applied thermal treatment[79]. Many controversial results are reported in the
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literature since even the method of doping (e.g., impregnation, coprecipitation, and
solegel methods) leads to different morphological and crystalline properties of the
photocatalyst[80]. The effect of metal ion dopants on the photocatalytic activity is a
complex problem. The visible light photoactivity of metal-doped TiO, can be
explained by a new energy level produced in the band gap of TiO; by the dispersion
of metal nanoparticles in the TiO, matrix. Electrons can be excited from the defect
state to the TiO;, conduction band by photons with energy equal to hv. An additional
benefit of transition metal doping is the improved trapping of electrons to inhibit
electron hole recombination during irradiation. Deposition of metal nanoparticles with
a large work function, such as Ag[81] onto TiO; surface has been found to efficiently
retard the e'h” recombination because of the Schottky barrier formed at the metal TiO,
interface. Decrease of charge carriers recombination results in enhanced
photoactivity. Here, the metal nanoparticles act as a mediator in storing and shuttling
photogenerated electrons from the TiO, surface to an acceptor. lliev et al.
[82]demonstrated that deposition of Pt or Ag on the surface of TiO, greatly enhanced
the photocatalytic degradation of oxalic acid due to the increased separation of e'h”
and higher rate of O, reduction. Besides the above causes for the enhanced
photoactivity of metal-doped TiO,, there is another factor that should be taken into
account in the photocatalytic process. Since surface sites can also be occupied by
metal ion dopants, the surface properties as well as the point of zero charge value of
TiO, may be altered by doping, depending both on the type and amount of the dopant
metal. Consequently, a modification of adsorption properties takes place. However, it
was found that the photocatalytic activity of metal-doped TiO, could be influenced by
dopant concentration. Ambrus et al. [83]reported an improved photocatalytic
performance for the optimum Fe dopant concentration. Beyond the optimum
concentration of dopant, the photodegradation rate decreased. It was concluded that
the dopant ions below an optimum dosage level can act as electron hole separation
centres, and thus enhance the photocatalytic efficiency, while the dopant ions with
dosage level exceeds optimum value, can act as electron hole recombination centres
which are detrimental to the photocatalytic activity. Besides, metal doping showed
other drawbacks: thermal instability of doped TiO, and requirement of more
expensive ion-implantation facilities. In addition, although noble metals coupling

could be efficient in improving the photocatalytic reactions, the cost-effectiveness
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needed by industrial application usually causes their replacement by more economical
transition or non-metals doping.

Doping with non-metals: Compared with metal dopants, non-metal dopants, such as
C, N, S, B, P, Fand I [84]may be more appropriate for the extension of the
photocatalytic activity of TiO, into the visible region because their impurity states are
near the valence band edge, but they do not act as charge carriers, and their role as
recombination centres might be minimized. Numerous contributions have been
devoted recently to developing effective TiO, photocatalysts doped with non-metal
elements to extend the light absorbance of TiO; into the visible region[84], [85].
Among all non-metal-doped TiO, materials, N- and C-doped TiO, nanomaterials have
been found to exhibit superior photocatalytic activity under visible light irradiation.
Until now, much effort has been focused on the research of N-doped TiO; (N-TiOy).
There have been a large number of publications that deal with the preparation of N-
TiO, by physical or chemical methods, including sol-gel, sputtering, ion implantation,
mechano-chemical and plasma-enhanced chemical vapor deposition method [80].
However, different conclusions concerning the state of doped nitrogen in the N-TiO;
lattice and the mechanism of band gap narrowing have been derived. For example,
Asahi et al.,[86] proposed that substitution-type doping using N was effective for the
band gap narrowing of TiO, due to the mixing of N 2p with O 2p states in the valence
band based on spin restricted local density approximation calculations on anatase. The
N 2p state hybrids with O 2p states in anatase TiO, doped with nitrogen because their
energies are very close, and thus the band gap of N-TiO, is narrowed and the material
becomes able to absorb visible light. However, Irie et al.,[87] found that interstitial
type doping of N atoms was related to the photo-threshold energy decrease, which
induced localized N 2p states within the band gap just above the top of the valence
band, facilitating the production of oxygen vacancies. lhara et al. [88] reported that
oxygen-deficient sites formed in the grain boundaries is important to emerge vis-
activity and nitrogen doped in part of oxygen-deficient sites are important as a blocker
for re oxidation. Zhao and Liu [89] concluded that TiO, doped with substitutional
nitrogen has shallow acceptor states above the valence state. In contrast, TiO, doped
with interstitial nitrogen has isolated impurity states in the middle of the band gap.
These impurity energy levels are mainly hybridized by N 2p states and O 2p states.
Besides N-TiO,, the carbon doped TiO, (C-TiO,) has also received special attention
[90]. Sakthivel and Kisch [91]reported that C-TiO, was five times more active than
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N-TiO; in the degradation of 4-chlorophenol by visible light. In the investigation of
C-TiOy, similar to the N-TiO,, there was also a debate as to whether the doped type of
carbon is substitutional or interstitial. This was accounted for by the crystal form and
synthesis method of TiO..

Metal deposition: Modifications of TiO, with transition metals such as Cr, Co, V and
Fe have extended the spectral response of TiO, well into the visible region also
improving photocatalytic activity. Deposition of noble metals like Ag, Au, Pt and Pd
on the surface of TiO, enhances the photocatalytic efficiency under visible light by
acting as an electron trap, promoting interfacial charge transfer and therefore delaying
recombination of the electron-hole pair[92]. Hwang et al. showed that platinum
deposits on TiO; trap photo-generated electrons, and subsequently increase the photo-
induced electron transfer rate at the interface. Seery et al. showed enhanced visible
light photocatalysis with Ag modified TiO; [93]. While Gunawan et al. demonstrated
the reversible photoswitching of nano silver on TiO, where reduced silver on a TiO,
support exposed to visible light (>450 nm) resulted in excitation and reverse electron

flow from silver to the TiO, support, oxidising silver (Ag’°— Ag") in the process[94].

Coupled semiconductors: Many efforts have been made in the synthesis of different
coupled semiconductors such as ZnO/TiO,, CdS/TiO,, and BiSs/TiO,[92]. The
synthesized couples significantly enhance the photocatalytic efficiency by decreasing
the recombination rate of the photogenerated electron-hole pairs and present potential
applications in water splitting, organic decomposition, and photovoltaic devices[95].
These composites were also considered as promising materials to develop a high
efficiency photocatalyst activated with visible light. They can also compensate the
disadvantages of the individual components, and induce a synergistic effect such as an
efficient charge separation and improvement of photostability[92]. Therefore, visible
light-driven coupled photocatalysts that can decompose organic material are of great
interest[96].

2.6 Carbon doped TiO,
Addition of small amount of carbon impurity to TiO; in a controlled manner is referred to as

C-doping of titania. The added C-impurity gives the semiconductor TiO, an excess of

conducting electrons or an excess of conducting holes which is crucial for making visible

light active. The white color of the pure titania changed to grey/ black depending on the

amount of carbon in titania. The general chemical formula may be represented as TiO,-x Cx
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and the x value varies depending on the preparation condition. The incorporation of
carbonaceous species may be responsible for the absorption tail in the visible-light region.
The carbons in the doped samples may play the roles, such as(i) it is the sensitizer for visible-
light absorption, (ii) it can also be the lattice defect of TiO, to form interface states that
effectively lower the band gap[97]. Various titanium and carbon precursors that have been
used for the preparation of CDT are summarized in Table 2. It is clear from this table, the
preparation methods used are hydrolysis followed by thermal treatment, Ti metal burning in
flame, oxidative annealing of TiC, spray pyrolysis of Ti and C —precursors and Ti metal
sputtering and then RF treatment with CO, also utilized. The Ti precursors employed are
titanium alkoxides such as tetrabutyl titanate (TBT) and titanium tetra-isopropoxide (TTP), Ti
metal, TiCl4, and TiC with carbon sources such as CO, CO2, m ethane, natural gas, hexane,
acetylene, alkoxides, carbide and tetrabutyl ammonium hydroxide (TBAH). Heat treatments
up to 600°C vyield anatase and above 800°C result in the rutile type. Presence of carbon is
reported to prevent phase transformation. However, crystal phase depends on the temperature

and preparation conditions.

Table 2 Different methods for synthesis of C doped TiO;

S| No. Method of doping Carbon precursor Reference
Controlled combustion of Ti metal in natural gas
1 Natural gas [98]
flame at 850C
Hydrolysis reaction of TiCl4 and tetrabutyl tetrabutyl
2 ammonium hydroxide followed by calcination at ammonium [99]
550°C hydroxide
High temperature oxidation of TiC at 350-800°C in )
3 ) TiC [100]
air
4 TiC oxidative annealing at 800°C for 2 h TiC [101]

Anodization of titanium foil followed by propane
5 ] ) Propane [102]
flame annealing for 3 min

Film deposition on glass plates by sputtering Ti

6 metal under CO,/Ar gas mixture in a RF magnetron CO, [103]
sputtering apparatus
. ] ] [104]
TiCl4 & glucose solution spray pyrolysis followed
7 S ) Glucose
by calcinations in air at 400-850°C for 5-10 min
8 Ti sheet oxidation (flame pyrolysis) with methane Methane [105]

Hydrolysis of titanium iso-propoxide & heating
9 ) Glucose [106]
with glucose at 160°C for 12 h
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2.7 Research Gap

Despite the increased use and development in the past decades, TiO, based photocatalyst

technology still suffers from some major barriers which impede its commercialization. The

key research gaps that require more attention are as follows

Lack of simple, efficient, cost effective technique for enhancement of visible light
photoactivity of TiO, limits commercialization. The existing strategies, like doping,
for improving visible light activity are expensive, often release undesirable gaseous
by-products, and require thermal treatment at high temperatures as well as toxic
unstable precursors.

The synthesis procedures for visible light active photocatalysts are energy demanding
and tedious which attributes to higher preparation cost resulting large scale
application difficult.

Much research has been carried out on photodegradation of organic pollutants by
TiO, nanoparticles where the end products are carbon dioxide and water.
Photocatalysis can also be used to degrade complex organic molecules to yield value
added products. Little work has been reported on this issue, like photodegradation of
lignin aqueous solution to give valuable products like acetic acid and succinic
acid[76].

Majority of the works in photocatalysis are carried out in batch mode. Thus there is an
urge for the design of a prototype for the convenience of photocatalytic degradation of
pollutants in the continuous mode as well as particle recovery for understanding

practical problems associated with it.
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2.8 Objectives

The objectives of the present study are

Vi.

To develop a simple cost effective strategy for preparation of photocatalysts to

achieve utilization of visible light.

Optimization of catalyst synthesis in order to obtain catalyst with well-defined crystal

structure, smaller particle size and high affinity to organic pollutants.

Development of TiO, catalyst with high photocatalytic, long term stability and easy

regeneration ability.

Characterization of the prepared photocatalyst by advanced analytical techniques like
XRD, FESEM, XPS, etc.

Study the photocatalytic activity of prepared catalyst via degradation of organic

contaminants.

Study the effects of operational parameters on the photocatalytic activity of the

prepared photocatalyst.
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Chapter 3

3 Experimental Methods

3.1 Experimental Design

{ Methodology J
TiO,
/ \ NP
1
H,0 HCI
! - ,\
XRD Photocatalysis
Sol L )
\ / I { I 3
FTIR UV Spectroscopy
/ \ { | 3\ 4 I '
Photocatalytic
L SEM J|| | degradation study |
| Sol-gel I l Sonication I I \ /
XPS
l TiO, I [ TiO, ] ) | ’
KNP NP / ' A

/ \ UV-Vis DRS /

Figure 3 Schematic of overall experimental plan

3.2 Materials and methods

All materials used were of analytical grade. Titanium (IV) butoxide, Ti(OBu)s 99.7%
purchased from Sigma Aldrich was used as titanium source for preparation of titania
nanoparticles. Pure ethanol (99%) purchased from Merck was used as solvent. Deionized
water was used for the hydrolysis of titanium butoxide and for preparation of all sols and
solution. Hydrochloric acid (Merck 95%) was employed as catalyst. Methylene Blue
(C16H18N3SCI.3H,0) obtained from E. Merck, India was used as the model dye without
further purification. The solutions were prepared by dissolving the required amount of dye in

distilled water.
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3.3 Preparation of TiO, nanoparticles

Two synthesis methods, sol-gel and ultrasonic method were used for the synthesis of C doped

TiO, nanoparticles. Titania nanoparticles were obtained via sol-gel route using butoxide as

the precursor. In a typical procedure 10ml titanium butoxide was mixed 10ml pure ethanol

followed by drop wise addition of 5ml deionized water under constant stirring in room

temperature. The pH of the sol was maintained by adding hydrochloric acid. The white sol

thus obtained was stirred for 12h and aged for 1 day. The suspension was then centrifuged

and washed with deionized water to get the solvent free particles which was kept for drying at

100°C for 12hr. Subsequent calcination of the obtained powder at 250°C resulted in the

formation of TiO, nanoparticles. For sol gel process, the amount of acid was varied keeping

all other synthesis parameters constant. The description of samples of sol gel synthesis is

given in the table 3:

Table 3 Sample Description for sol gel synthesis

Name Amount of acid added (ml) Calcination Temperature (°C)
T-1 1 250

T-0.75 0.75 250

T-0.5 0.5 250

T-0.25 0.25 250
T-0 0 250

For ultrasonic method, the obtained sol after 15min of initial stirring was sonicated in bath

sonicator for different time periods. The aging part as well as the subsequent steps is similar

to that of sol gel process. The description of samples of sol gel synthesis is given in the table

4:

Table 4 Sample description for ultrasonic synthesis

Name Sonication Time(h) Amount of acid added (ml)
S-0.5 0.5 1

S-1 1 1

S-3 3 1

23




3.4 Characterizations of prepared photocatalyst

Several techniques were employed for the characterization of the samples. FTIR (Perkin
Elmer) was mainly used as a qualitative technique for the study of the surface chemical
functional groups on titania nanoparticles. In order to determine the crystal phase
composition and the crystallite size of the photocatalysts, X-ray diffraction measurements
were carried out at room temperature using a Rigaku Giegerflex D/Max B diffractometer
with Cu-K radiation in the region 26=10-80°. The microcrystalline structure and surface
characteristics of the photocatalysts were investigated by using field emission scanning
electron microscopy (JEOL JSM-7610F Plus). The powdered samples were placed on a
carbon tape and then coated with a thin layer of gold-palladium in an argon atmosphere using
agar sputter coater. XPS spectra were taken with PHI Versa Probe Ill. The shift of the
binding energy owing to relative surface charging was corrected using the C1s level at
284.6eV as an internal standard and Ar+ sputtering was employed to clean the surfaces. The
UV-is diffuse reflectance spectra (DRS) were measured using a UV-Vis spectrophotometer
(Perkin ElImer LAMDA 950) with an integrating sphere attachment and BaSO4 was used as
the reference.

3.5 Photocatalytic degradation experiments

The photocatalytic oxidation of methylene blue (MB) in TiO, suspension under UV
illumination was investigated in order to evaluate the photocatalytic activity of the prepared
TiO, nanoparticles. Methylene Blue (MB) was chosen as the model dye for the
photodegradation experiments. In a typical experiment 0.3g photocatalyst was added under
stirring to 100ml of 10mg/L MB dye at pH 10 and kept in dark for 30min to establish the
adsorption equilibrium before it was irradiated. The mixture inside a 500 ml beaker remained
in suspension by magnetic stirring. A 150W UV lamp was used as UV light source and a
water jacket was used to maintain the temperature. A fixed quantity of MB suspension was
taken at regular intervals during irradiation period and centrifuged to remove the
photocatalyst. The remaining dye in the solution was measured at 664.70 nm with a
spectrophotometer (Perkin Elmer Lambda 25). For visible light photocatalysis, a 250W
visible range lamp (A> 400nm) was used. Operating parameters such as catalyst loading, dye
concentration and time were varied to investigate their effects on the photocatalytic activities

of prepared photocatalysts.
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Chapter 4

4 Results and Discussion

The TiO, photocatalysts prepared using modified sol-gel and sonication routes were further
characterized by advanced analytical techniques and results are summarized in this section. It
is imperative from the results that a new type of material mainly C-doped titania has been
successfully developed in this study through a very simple and cost-effective route which has
not been reported by other researchers previously as per author’s knowledge. The
photocatalytic activity of these newly developed materials showed impressive results under
visible light which has been summarized in section 4.2.

4.1 Characterization of prepared photocatalysts via sol gel and sonication routes

4.1.1 XRD analysis

Figure 4 shows XRD patterns of the synthesized photocatalysts by sol gel method. It can be
observed that samples T-0.25, T-0.5 and T-0.75 showed distinct anatase peaks. For sample T-
1 two peaks corresponding to anatase and rutile phases can be observed. T-0 showed weak
anatase peak at 25.49 implying that it is mostly amorphous. As the amount of acid is
increased to 0.5ml the anatase peak gets sharper. When the amount of acid is increased to 1ml
the rutile phase is observed as the dominant phase. Hence it can be concluded that acid

addition helps in the formation of crystal phases.

Figure 5 shows the XRD patterns of photocatalysts prepared via sonication route. While
sonication periods of 30min and 1h yielded distinct anatase and rutile peaks, that of 3h
showed anatase as the dominating phase. The content of rutile phase (Xg) in the crystalline
Ti0, sample was calculated using the following equation:

IR
14K

Xr =

IR
T

Where Ir is the intensity of the most intense line of the rutile phase for the (110) plane of
rutile, 1 is the intensity of the most intense line of anatase phase for (101) plane of anatase

and K is a constant equal to 0.79[107]. With increasing sonication time from 0.5h to 3h, the
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rutile content was found to increase from 0.459 to 0.54. Hence higher sonication time leads to

transformation of anatase to rutile phase of TiO..

Table 5 Anatase Rutile content calculation

Xa (Anatase content)

Ratio of anatse to

Sample Name Xr (Rutile content) 1o X rutile content
= XalXr
S-0.5 0.459 0.541 1.17
S-1 0.535 0.465 0.869
S-3 0.54 0.46 0.851
1250 .

Counts (a.u)
a
(=
o
f
N 1 N

2Theta

Figure 4 XRD patterns of TiO; via sol gel route for varying acid amount
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Figure 5 XRD patterns of TiO, via sonication route for varying sonication times

4.1.2 FESEM analysis

Figure 6 and Figure 7 shows the morphological features of the titania nanoparticles
synthesized by sol-gel and ultrasonic method. As can be seen, for both sol-gel and ultrasonic
method the titania particles are spherical in nature. A great degree of agglomeration amongst
the nanoparticles was also observed for both the methods.
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Figure 7 FESEM image of sonication assisted TiO,
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4.1.3 Chemical Analysis

Figure 8 illustrates the survey spectrum for the photocatalyst prepared by both methods. The
survey spectra shows distinct characteristic peaks for Titanium, Oxygen and Carbon. From
the spectrum it is confirmed that C is present in the samples. This further verifies the results
of FTIR spectra. The deconvoluted peaks for different elements are presented in Figures 9-
14. The deconvoluted Ti 2p spectrum has 3 peaks centered at around 457eV, 459V and
463ev. The peaks at 457eV and 463eV are attributed to Ti 2psz and Ti 2p12[108]. The middle
peak around 459eV can be due to presence of Ti** owing to the Ar* sputtering during XPS
measurement[109]. The carbon 1s spectrum reveals 3 peaks at around 283eV, 285eV and
287eV. Peak at 283eV occurs due to elemental carbon and peaks at 285eV and 287eV are
similar to those of oxidized carbon species on the surface. Literature suggests that these two
peaks refer to the carbonate species as interstitial dopant[110]. The deconvoluted O 1s
spectrum has 2 peaks, one at 528eV for Ti-O bond and 530eV for oxygen in hydroxyl or

carbonate species.
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Figure 8 Survey spectra for sol gel and sonicated TiO,
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4.1.4 FTIR analysis

Figure 15 depicts the FTIR spectrum for the particles in the range of 450cm™ to 4500cm™.
The broad band from 3000cm™ to 3800cm™ corresponds to the vibrations of the hydroxyl O-
H groups. The band at 1661cm™ is attributed to bending vibrations of weakly bound water
molecules. For both sol-gel and ultrasonic methods there are two bands centered at 2391cm™,
1510cm™ and 1279cm™. These corresponds to the stretching vibrations of -CHs; and -CH,
groups implying that some organic material is present (most likely from precursor) even after
calcination[111]. The broad band centered at 708cm™ is due to the stretching vibrations of Ti-
O-Ti[111].
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Figure 15 FTIR spectra of TiO, nanoparticles synthesized by (a) sol gel and (b)
sonication method
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4.1.5 UV-Vis Diffuse Reflectance Spectroscopy

In DRS, band gap analysis was performed employing Kubelka—Munk function. The K-M
theory is based on a continuum model (Fig. 16), where the reflectance properties for
infinitesimally small layers are described by differential equations[112]. Here, the letters |
and J represent radiations in the downward and the upward direction, respectively. The
downward flux through a layer of thickness dx is decreased by absorption and scattering
processes, and increased by scattering process of the light travelling upward towards the
surface[113]. Originally, a model known as K-M model was used to describe the behaviour
of light travelling inside a light-scattering specimen, which is based on the following

differential equations:
-di = -(S+K) i dx + S jdx
dj = -(S+K) j dx + S idx

where i and j are the intensities of light travelling inside the sample towards its un-
illuminated and illuminated surfaces, respectively; dx is the differential segment along the
light path; S and K are respectively called as ‘K—M scattering’ and ‘absorption’ coefficients.
The last two quantities (S and K) have no direct physical meaning on their own, even though
these appear to represent the respective portions of scattered and absorbed lights, per unit
vertical length. K-M model holds well when the particle size is comparable to, or smaller
than the wavelength of the incident light. In such situation the diffuse reflection no longer
allows to separate the contributions of the reflection, refraction, and diffraction, implying that
scattering takes place. In the limiting case of an infinitely thick sample, the thickness and
sample holder have no influence on the value of reflectance (R). In this case, the K-M
equation becomes

K _ (1-Ru)?

5T 2R RP)

F(Roo) is the so called remission or Kubelka—Munk function, where Roo=Rgampie/ Rstandard. FOr
parabolic band structure, the band gap (Eg), and absorption coefficient (o) of a direct band
gap semiconductor, are related through equation as follows ahv = Cy(hv-Eg) where a is the
linear absorption coefficient of the material, hv is the photon energy and C; is a
proportionality constant. When the material scatters in perfectly diffuse manner (or when it is

illuminated at 601 incidence), the K-M absorption coefficient K becomes equal to 2a
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(K=2a). In this situation, considering the K—M scattering coefficient S as constant with
respect to wavelength, and using the remission function we can obtain the expression:
[F(Roo)hv]? = Co(hv-Eg). Therefore, obtaining F(Roo) and plotting the [F (Roo) hv]? against
hv, the band gap Eg of a powder sample can be extracted[113].

J(O)T 11(0) x =0 Illuminated Surface

1)

TJ (x)

Unilluminated Surface

Figure 16 Model for Kubelka Munk analysis

Table 6 shows the obtained band gaps of the prepared photocatalysts. It can be seen that as
the amount of acid is increased there is gradual red shift in the band gap of the prepared
material. The optimum band gap was found to be 2.8eV; this corresponds to an absorption
edge of 442nm. For sonication route higher sonication time periods led to slight increase in
band gap. TiO; synthesized with 0.5h sonication period has a band gap of 3.0eV having an
absorption wavelength of 413nm. Since the absorption edges are greater than 400nm, it can
be concluded that the prepared photocatalysts has the ability to absorb visible range light
which was further verified by performing photocatalysis experiments as discussed in section
4.2. The diffuse reflectance spectroscopy plots for T-0 and S-0.5 are shown in figure 17 and

18 respectively.
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Table 6 Band gap from Kubelka Munk function

Sample Name Band gap (eV)
T-1 3.07
T-0.75 3.03
T-05 2.98
T-0.25 2.90
T-0 2.80
S-3 3.1
S-1 3.06
S-0.5 3.00
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Figure 17 UV-Vis DRS plot for T-0
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Figure 18 UV-Vis DRS plot for S-0.5

4.2 Photocatalytic performance of prepared photocatalysts
Photocatalytic activity of the prepared materials under UV light, visible light as well as solar
light are discussed in this section. The effects of various parameters on photocatalytic

performance of the prepared TiO, materials are also discussed in details.

4.2.1 Effect of synthesis and operating parameters for synthesized TiO,

Figure 19 shows the variation in percentage removal of methylene blue dye with varying
amount of acid. It can be observed that that the highest removal is obtained with T-0. This
agrees well with the UV-Vis DRS results as the sample with lowest band gap is expected to
give highest photocatalytic activity. Since T-0 gave highest degradation percentage of 85.8%

it was considered optimum and all other experiments were performed with this sample.
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Figure 19 Photocatalytic degradation of methylene blue for varying amounts of acid for
solgel method

The variation of photocatalytic activity with sonication time in sonication assisted synthesis
of TiO; is shown in figure 20. The maximum degradation (22.54%) was observed for
sonication time of 0.5h. However there was slight variation in photocatalytic activity with
variation in sonication time period. Hence it can be said that sonication method had a greater
role in the phase transformation of the crystalline phases and less on the bandgap narrowing
of the photocatalyst. The higher degradation percentage for S-0.5 compared to S-1 and S-3
may be attributed with the higher anatase content in S-0.5. Anatase titania is known to exhibit
higher photocatalytic activity than rutile phase. Since S-0.5 gave highest degradation
percentage of 22.54% it was considered optimum and all other experiments were performed

with this sample.
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Figure 20 Photocatalytic degradation of methylene blue for varying sonication times for
sonication method

Figure 21 displays the effect of loading on the photocatalytic activity. Increase in loading
from 0.1g/L to 0.3g/L increases the removal percentage significantly from 60% to 85% for
sol gel synthesized TiO,. The trend for sonication assisted TiO, was similar to that of sol gel.
This is due the fact that increase in loading not only increases the surface area but also the
number of electron hole pairs on light absorption. Similar observations were reported
elsewhere[114].
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Figure 21 Effect of loading on photocatalytic activity
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Figure 22 illustrates the effect of initial dye concentration on photoactivity of TiO,. The
degradation was 95.4% for 5mg/L and then drastically fell to 55% for 30mg/L for sol gel
synthesized TiO,. Here also the trend for sonication assisted TiO2 was similar to that of sol
gel. The removal percentage decreased from 34 to 11 when concentration was increased to
30mg/L. The ultraviolet light can penetrate more easily through the solution to irradiate the
TiO, when the initial dye concentration is lower, therefore, photocatalytic efficiency
increased with decreasing initial dye concentration. At high concentrations, large amount of
dye are adsorbed on TiO; particles which prevented dye molecule reaction with free radical
and electron- holes. For this reason, at higher dye concentrations, photonic efficiency is

decreased[115]. These results are in good agreement with Ling and Mohamed result[116].
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Figure 22 Effect of initial dye concentration

4.2.2 Kinetics of photocatalytic degradation

The heterogeneous reaction includes two consecutive steps. Firstly, the reactants are adsorbed
on the surface of the photocatalysts and secondly, the photocatalytic reaction commences. In
general, the adsorption rate is slower than the photocatalytic reaction rate. So the overall
photocatalytic reaction rate is mainly dominated by the adsorption rate. Furthermore, the
adsorption rate can be equivalently expressed using the coverage ratio of the adsorbed
reactants on the surface of the photocatalysts[117]. So the photocatalytic reaction rate r can
be expressed as the following equation, which is widely known as the original Langmuir-

Hinshelwood model.
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dc
r =-—"= kpe

dt
where c is the concentration of the reactant, t is the photocatalytic reaction time, & is the
coverage ratio of pollutants on the TiO, surface, k; is photoreaction coefficient. According to
Langmuir adsorption theory, the coverage ratio is related to adsorption capacity and the
concentration of the reactant. K. was defined as adsorption equilibrium constant to measure
the adsorption capacity of TiO, and coverage ratio 6 can be expressed as:

_ KiC
14K, C

Therefore the photoreaction coefficient r can now be expressed as r = kplflicc

which can be

ac
approximated as r = - G = kapC. The solution to this first order differential equation with

boundary conditions C=C, at t= 0 yields
Hence a plot of In (Co/C) versus t yields a straight line with slope Kap.

Figure 23 shows the effect of contact time on photocatalytic activity. Before photocatalysis,
the solution was kept in dark for 30min to achieve adsorption desorption equilibrium. The
dye removal by adsorption was calculated to be 15% within the 30min dark period for T-0
following which complete degradation took place under UV illumination for 1.5h. However
for sonication assisted synthesis, the adsorption of dye in the dark period was as low as 5%.
Hence it can be said that the surface area of T-0 is greater than that of S-0.5. The kinetics of
the photocatalytic reaction was assumed to follow first order and accordingly a plot of
In(Co/C) vs t was plotted in figure 24. The plot was linearly fitted with a R? value of 0.969 for
T-0 and 0.977 for S-0.5 respectively (Figure 24). The corresponding rate constants were
found out to be 0.03169 min™ and 0.0029min*respectively. Hence the rate constant for sol
gel method is 10 times that of sonication method. The low rate value can be explained by the
high band gap, rutile dominant phase and low surface area of the photocatalyst prepared by

sonication method.
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Figure 24 Kinetics of photocatalytic degradation
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4.3 Comparison of photocatalyst under ultraviolet, visible and solar radiation

Figure 25 shows the dye degradation under 3 light sources, under ultraviolet, visible and solar
radiation. It is seen that both the photocatalysts show photocatalytic activity in visible range.
Under solar radiation it took around 30min for 10mg/L of dye solution to be degraded
completely. Intensity of solar radiation is much higher than that of 150W UV lamp and

250W visible range lamp, hence the higher degradation percentage.
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Figure 25 Comparison of photocatalyst under ultraviolet, visible and solar radiation

4.4 Proposed mechanism of formation of photocatalyst

The synthesis, chemistry and structure of metal alkoxides have been a matter of great interest
to researchers worldwide. Metal alkoxides react vigorously with water producing metal
hydroxides or hydrated oxides. Sol gel process involves complex hydrolysis and
condensation reactions which can be summarized as

M-OR + H,0 - M-OH + ROH  (Hydrolysis)
M-OH + RO-M - M-0O-M + ROH (Condensation)
M-OH + HO-M - M-0O-M + H,0 (Condensation)

where M-OR represents the metal alkoxide and R is an alkyl group. During hydrolysis, a
hydroxylated alkoxide is produced[118]. The condensation reaction involves removal of
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alcohol or water to from M-O-M chains. Hydrolysis of titanium butoxide is vigorous and the
polycondensates formed are a function of their physical size and polymeric morphology[119].
During the hydrolytic polycondensation, an inorganic network is formed by a chain of
hydrolysis and polycondensation reactions. The oxide network extends as far as the
hydrolysis conditions permit. The terminating bonds of this expanding oxide polymer contain
OH and OR groups, which make the overall composition of the resultant condensate
dependent on the size and polymer morphology[119]. The polycondensed material from
titanium or any metal alkoxide can never be 100 per cent oxide since that would require an
infinite polymer with no terminal bonds. The rate of conversion of this OH and OR bonds can
be modified by varying the water/alkoxide ratio, molecular separation by dilution, hydrolysis
medium, catalyst, reaction temperature and other parameters. These OR groups hold the key
for carbon doping because without the presence of any external precursor, the only source of
carbon is from these terminal OR groups. In general a certain amount of acid is used in sol
gel synthesis. The type and amount of acid coupled with other parameters is known to effect
the size and crystallinity of the final TiO, produced[107]. Two major roles of acid can be
obtained from literature. The hydrolytic polycondensation of titanium alkoxides under normal
conditions leads to formation and precipitation of particulate materials. Such precipitate
formation and self-condensation can be prevented by careful control of molecular interactions
during hydrolysis by adding a critical amount of certain acids. The second role of acid is in
the formation of crystalline TiO,. The presence of protons (H+) may act as a chelating agent,
forming a complex with Ti ions and reducing the interaction between the Ti particles. The
condensation step is performed more slowly and in a more orderly manner producing
crystalline TiO,[120]. This can be verified from the XRD patterns of sol gel synthesis (Figure
4) that as the amount of acid increases the crystallinity of the sample also increases. It can be
inferred that the presence of acid prevents carbon doping into TiO, because as the material
becomes crystallized, it becomes more difficult for external impurities like carbon to get
incorporated in the stable crystal structure. Carbon or any dopant creates additional extrinsic
electronic levels in the band gap of TiO; resulting in narrowing of the band gap. Sometimes
carbon doping is also accompanied by oxygen vacancies which further help in visible light
absorption[108]. Normally in sol gel synthesis there is a post calcination step involved.
Calcination at high temperature drive off the residual OR groups by combustion and provides
the energy for crystallization. In the present work calcination is deliberately done at a low
temperature so that there is incomplete combustion of OR groups and some C gets
incorporated. From all the discussions above it can be said that higher acid content forbids
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lesser C interaction with the crystal structure and hence the band gap is higher. For ultrasonic
assisted synthesis, acid content was as high as 1ml and this prevented band gap narrowing.
Sonication for higher times created localized hot spots which helped in better hydrolysis and
OR content in the oxide network was reduced. Acid content allowed for better crystallization
and hence carbon interaction was less, thereby giving higher band gaps than sol gel method.
It is also noteworthy to mention that the sample calcined at 250°C had a blackish brown color
whereas when the temperature was raised, it turned white. Higher temperature removes the
carbon by combustion and so pure white crystalline titania was left behind. The band gap also
consequently increased when high temperature was applied. The diffuse reflectance spectrum

of T-0 when it was subjected to 500°C is shown in figure 26.
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Figure 26 UV-Vis DRS spectra for T-0 when calcined at 500°C
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Chapter 5

5 Conclusions

5.1 Conclusions

In the present study, two methods of TiO, synthesis, namely sol gel and ultrasonication was
adopted for preparation of C doped nanocrystalline titania. The process followed did not
involve use of external carbon precursors and was unique, cost effective and simple. Thus it
can be considered as a breakthrough in the preparation of C doped TiO,. The novel material
thus prepared displayed significant visible light photocatalysis, thereby overcoming the major
drawback of conventional TiO,. For sol gel method, the amount of acid was varied and for
sonication method, sonication time period was varied to investigate their effects on the final
photocatalyst. Calcination temperature was lower so that the carbon from OR groups can
interact with the band gap of TiO, and create additional electronic levels. Carbon doping was
thus achieved without using any external precursor. This helped the samples achieve visible
light absorption. Photocatalytic activity was evaluated using methylene blue as the model

dye. The conclusions from the present study can be summarized as follows:

I.  XRD pattern confirmed the crystalline structure both in sol gel synthesized TiO, and
sonicated TiO,. Spherical morphology along with agglomeration was observed for the
prepared photocatalyst by both the methods. FTIR spectrum revealed the vibrational
bonds present in the structure. XPS measurements confirmed the presence of C in the
photocatalysts.

ii.  For sol gel method higher acid content led to more stable crystalline structure and
prevented carbon interaction with TiO, thereby reducing the band gap.

iii.  For ultrasonic assisted synthesis, higher sonication time failed to lower the band gap.
The effect of on sonication was more pronounced on the crystalline structure as it was
observed that phase transformation from anatase to rutile took place as sonication
time was increased (Table 5).

iv.  Higher calcination temperature removed the carbon impurities responsible for visible
light absorption and increased the band gap.

v.  Lowest band gap (2.8eV) was observed when no acid was used in sol gel method. As
for sonication method the band gap varied slightly with sonication time, the average
band gap being 3.05eV.
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Vi.

Vii.

viii.

5.2

Increase in loading was found to increase the photocatalytic activity since more
charge carriers were produced at higher catalyst concentration. As the initial dye
concentration was increased, keeping all other parameters constant, the dye removal
percentage decreased significantly owing to greater amount of dye molecules in the
solution.

Kinetics followed first order model (L-H model) with highest rate constant value of
0.03169 min™ for sol gel method and 0.0029min™ for sonication method. Low surface
area and band gap may be the reason behind such low activity of sonicated TiO..

The prepared samples showed high degradation values in visible light thus
overcoming the greatest drawback of TiO, which is its inability to perform in visible
light.

Future prospects

In the present study two methods sol gel and ultrasonic method were used to
synthesize the nanoparticle. In each of the methods, only one synthesis parameters
were varied. However there is considerable scope to obtain better photocatalysts by
varying other parameters like alkoxide/water ratio, alkoxide/solvent ratio. The type of
solvent and acid can also be varied to study its effect on the final product.

Methylene Blue was used as the model dye to evaluate the photocatalytic activity.
However experiments must be carried out with complex organic substances like
antibiotics, pesticides. Heavy metal removal for wastewater can also be tried with the
prepared photocatalyst.

All the experiments performed in this study are carried out in batch mode. However
for industrial applications continuous mode is always preferred, hence continuous
reactor has to be designed for practical purposes.

Effect of external dosing like pH, H,O, and ethanol on the photocatalytic removal has
to be investigated.
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