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PREFACE

Nanostructured materials have seen an explosion of scientific and

industrial interest over the last few decades. Nanostructured microstructures

have been obtained for ceramic, metallic, polymer and composite materials.

The different forms in which these materials find applications include dry

powders, liquid dispersions, coatings and films, and bulk solids. Increased

interest in nanomaterials is a result of the unique properties that can be

obtained, and the exciting applications that result from these properties.

Enhanced electrical, mechanical, magnetic and optical properties have been

reported for these materials. Nanostructured materials possess microstructures,

with characteristic dimension 1-100 nanometers.

Titanium oxide is well known for its application as a white pigment in

paints, as filler in pigments and in ceramic glasses as opacifiers. More recently

titanium oxide has also found applications in electronic ceramics as

semiconductors, as catalyst and as photocatalysts. The photocatalytic

applications of titania has been also investigated with respect to its capability in

splitting of water molecules, in the treatment of industrial effluents and in the

development of self-cleaning coatings and catalytic ceramic membranes. 801

gel method has been reported to be an effective route for the synthesis of

nanocrystalline titanium oxide powders and functional coatings. Further, use of

various dopant oxides such asV20 S, Fe203 and CuO has found to improve the

catalytic properties, as well as to influence the anatase to rutile transformation

ix



temperature. Most of the applications of catalytic titanium oxide have been

conducted in presence of particle suspensions and recently nano coatings of

doped titanium oxide are being investigated. Such coatings are usually made by

sol-gel route especially on glass substrates where the end use is projected as
~

self-cleaning surfaces. The electrophilic nature of the catalytic titanium oxide is

reported to be improved in presence of aluminium oxide. Earlier reports have

shown that rare earth oxide doped nano titania could be successfully

synthesized by sol-gel route starting from alkoxide hydrolysis or from titanyl

salt.

In the present work, titania bulk powders as well as functional coatings

were prepared by subjecting titanium tetraisopropoxide solution to a controlled

hydrolysis-condensation process. The effect of doping (lanthana and/or ceria),

co-dopants and chemical leaching is discussed in detail. The suitable precursor

sols were used for the film fabrication on glass surfaces and their

morphological analysis as well as optical characterizations was carried out and

possible correlations were arrived with the sol synthesis procedure.

The thesis is divided into five chapters. Relevant references are given at

the end of each chapter.

A general introduction to nanomaterials, nanocrystaline titania and sol-

gel chemistry is presented in chapter 1. A brief literature review on sol-gel

titania, catalytic/photocatalytic properties, A>R transformation, high surface

area titania, titania coatings and for films and the definition of the research

problem is also provided in this chapter.

x



The second chapter describes the preparation methods and the

characterization techniques employed. Nanosize titanium oxide with and

without addition of dopants (lanthanum oxide cerium .oxide and praseodymium

oxide) was prepared by solution sol-gel method. Titanium tetraisoprppoxide

(Fluka, Switzerland) was used for the synthesis of titanium oxide. Lanthanum

nitrate, and cerium nitrate (Indian Rare Earth Ltd., India) were used for doping.

The sols were used for coating on the glass surfaces and the photoactivity as

well as the morphological features of the coatings was studied.

The third chapter presents a detailed discussion on the physico-chemical

characterization of the powder systems. The role of acetic acid and the dopants

on the structural as well as the textural properties is also discussed in detail.

The influence of dopants on the physico-chemical properties as well as their

influence on photoactivity is also included. A detailed discussion on the high

surface area mesoporous titania systems synthesized through a eo-doping

(pseudo-templating)-leaching process is also provided.

Chapter 4 discusses on the structura l/functional coatings of different

titania compositions. Optical and morphological characterizations of the coated

films are provided and compared with the sol preparation process.

Chapter 5 includes the summary and general conclusion of the thesis.

It may be mentioned that all the chapters of the thesis are presented as

continuation of the earlier chapter and therefore the tables and figures are

numbered continuously.
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Cliapter I

Chapter I

An Introduction to NanolTlaterials, Sol-Gel ChelTlistry with
-(

Special Reference to Titania BasedSystelTlsand Catalytic /

Photocatalytic / Functional Applications

1.1 An Overview on Nanomaterials

Nanostructured materials have seen an explosion of scientific and

industrial interest over the last few years. I Nanostructured microstructures

have been obtained for ceramic, metallic, diamond, semi conducting, polymer

and composite materials. The different forms in which these materials may

appear include dry powders, liquid dispersions, coatings, films and bulk solids.

Increased interest in nanomaterials is a result of the unique properties

that can be obtained, and the exciting applications that result from these

properties. 2 Enhanced electrical, mechanical, magnetic and optical properties

have been reported for these materials.

Nanocrystalline materials are three-dimensional solids composed of

nanometer sized grains, or crystallites (building blocks). 3 Because of their

unique structure, which is characterized by ultrafine grains and a rather high

density of crystal lattice defects, these materials have extraordinary
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fundamental properties that could be exploited to make next-generation super

strong metals, ductile ceramics and wear-free materials. Nanostructured

materials have a microstructure, the characteristic length of which is on the

order of a few (typically 1-100) nanometers 4 and therefore may be in or far

away from thermodynamic equilibrium. Nanostructured materials consisting of

nanometer-sized crystallites (e.g., of Au or NaCI) with different

9

crystallographic orientations and/or chemical compositions are far away from

thermodynamic equilibrium, while those synthesized by supramolecular

chemistry follows thermodynamic equilibrium. The properties of nanomaterials

deviate from those of single crystals (or coarse grained polycrystals) and/or

glasses with the same average chemical composition. This deviation results

from the reduced size and/or dimensionality of the nanometer sized crystallites

as well as from the numerous interphases between adjacent crystallites. 5 The

reduced size in the nanometric range also characterizes the material to transmit

visible light considerably. This feature helps the nanomaterials to act as

transparent envelopes over various substrates without affecting their

aesthetic/original look. Besides, the extremely high surface to volume ratio

possessed by the nanomaterials makes them highly energetic in terms of

surface energy, which in turn let the surface to undergo suitable reactions to

reduce its surface energy. This possibility can be exploited by using the

nanomaterials in catalysis/photocatalysis.



Chapter I

1.2

3

Titanium Dioxide

Titanium oxide has been known for many years as a constituent of

naturally occurring mineral ilmenite (FeO.Ti02) . Extraction of titanium oxide
~

from the mineral is a chemical process followed through a sulphate route or a

chloride route. 6 Many other processes such as plasma decomposition and

direct reduction have also been reported. 7-10 Presently titanium oxide is well

9

recognized as a valuable material with application as a white pigment in paints,

11-13 as filler in paper, 14 textiles and in rubber/plastics. 15 Applications oftitania

have further been extended to active as well as passive coatings for electro-

optical, 16-18 optical, 19-21 electronic 22 and structural applications. 23 Titanium

di ide i d i heterozeneous catalvsi 24-26 h I 27-32 . IIOXI e IS use In eterogeneous cata ySIS, as a p otocata yst, In so ar

cells for the production of hydrogen and electric energy, 33-39 as gas 40-41 and/or

bio sensor, 42 as a corrosion-protective coating, 43-48 as an optical coating, 49-54

in ceramics, and in electric devices such as varistors. 55 It is important in earth

sciences, plays a role in the biocompatibility of bone implants, 56-58 is being

discussed as a gate insulator for the new generation of MOSFETS 59 and as a

spacer material in magnetic spin-valve systems, and finds applications In

nanostructured form in Li-based batteries and electrochromic devices. 60-62

Titanium oxide has attractive properties. It has a quite high refractive

index (-2.4), 63 that favour in the field of passive optical coatings 19-21 and the

wide band gap ('"3.2 eV) combined with the high DV absorption could be

exploited in the field of optically active coatings. 63 Its photoactive potential

and photocatalytic activity are being exploited for practical applications such as
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the photocleavage of water, 32,64-67 photocatalytic decomposition of organics, 68-

82 and in anti-fogging as well as self-cleaning coatings. 83-85 Further, it finds use

in microelectronics 86-87 wastewater purification, 88-89 . .
morgamc

membranes 90-95 and as catalyst support. 96 Titania is also a potential ceramic

sensor element. 97

Titania has been found to exist in three forms, anatase (tetragonal, D4h19_
~

141/amd, a=b=3.782 A, c=9.502 A), rutile (tetragonal, D4hI4-P42/mnm,

a=b=4.584 A, c=2.953 A 98 and brookite (rhombohedral, D2hIS-Pbca,

a=5.436 A, b=9.166 A, c=5.135 A). 99 Anatase and rutile are in tetragonal

structure and brookite is orthorhombic. In all the three Ti02 structures, the

stacking of the octahedra results in three-fold coordinated oxygen atoms. 100

Thermodynamically, rutile structure is the stable one. While the rutile and

anatase structure have many similarities they also differ in a variety of ways. In

both structures, Ti atoms (formally in a +4 oxidation state) are coordinated to

six oxygen atoms (formally 0 2
-) , and the 0 atoms are linked to three Ti atoms.

The octahedron of anatase is somewhat more distorted than that of rutile. The

mass density of the anatase phase is lower, and the band gap of anatase is

somewhat wider, which affects the photocatalytic activity. 101-102 The nature of

chemical bonds in the three titanium oxides studied through ab initio cluster

model approach revealed that there is an increasing covalence in TiO, Ti203

and Ti02. TiO can nearly be described as an ionic compound, and Ti02 can

nearly be described as covalent. 103
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Brookite has an orthorhombic crystal structure and spontaneously

transforms to rutile at ""7S0°C. 104-105 Its mechanical properties are very similar

to those of rutile, but it is the least common of the three phases and is rarely
~

used commercially. In all the three crystalline forms each of Ti4
+ ions are

surrounded by an irregular octahedron of oxide ions; but the number of edges

shared by the octahedron increases from two in rutile to three in brookite and to

~

four in anatase. Both in rutile and anatase the six oxide ions that surround the

Ti4+ ions can be grouped into two. The two oxygen atoms are farthest from Ti4
+

and the other four oxide ions are relatively closer to Ti4
+. In rutile these

distances are 2.01A and 1.92A respectively and in anatase they are 1.9SA and

1.91A (Figure 1). In case ofbrookite the farthest oxide ions are the only ones,

which are equidistant from Ti4
+ ions. At room temperature titania exists in the

anatase phase and at high temperature it exists as rutile. The anatase to rutile

transformation IS a metastable to thermodynamically stable phase

transformation and therefore there is no unique phase transformation

temperature as in the case of equilibrium reversible transformation. 106 Anatase

transforms irreversibly and exothermically to rutile in the temperature range

600-8000C. 107

Different crystalline forms of titania are provided in Figures la-c.

Anatase has a tetragonal crystal structure in which the Ti-O octahedron shares

four corners, as shown in Figure la. 108 Rutile has a crystal structure similar to

that of anatase, with the exception that the octahedra share four edges instead

of four corners. This leads to the formation of chains, which are subsequently
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arranged in four-fold symmetry as shown in Figure 1b. A comparison of

Figures 1 and 2 shows that the rutile structure is more densely packed than

anatase. As a point of reference, the densities of the anatase and rutilephases

are known to be 3.87 g/crrr' and 4.24 g/crrr' respectively. 15 Typical properties

of the major two crystal forms of titania are provided in Table 1.

The current research trend to synthesize, characterize, and investigate

nanomaterials is also being extended to titanium oxide. This material lends

itself quite well to building tiny structures in all sorts of sizes and shapes. Such

nano-Ti02 is typically produced by sol-gel process, where a titanium alkoxide

or halide (TiCI4, TiF4) is hydrolysed, often in presence of a template such as

nano-spheres, nano-rods or anodic porous alumina, 109-113 but other techniques

have been used as well. 7-10

Titanium dioxide has attracted lot of interest from both theoretical 114-115

and practical point of view as an attractive material for metallic oxide

semiconductors. 116-117 The choice of Ti02 in the present work was based on its

importance in environmental purification and treatment of water, since

pollution of water and air is a major concern in the present world. 28,118

Therefore in the present thesis a systematic study of the synthesis and

characterization of photoactive Ti02 is presented and the study was extended

by analyzing the effect of addition of dopants on the photoactivity of titania.

Further, Ti02 films were fabricated out of the various compositions prepared

and the photoactivity of the films was analyzed. Finally, the preparation 

property correlation is drawn with the help of available experimental results.
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Table 1: Typical properties of Ti02 15

7

Crystal form Anatase Rutile

Density (g/cnr') 3.87 4.24

Hardness (moh) 5-6 6-7

Crystal structure Tetragonal, Tetragonal,

Uniaxial, negative Uniaxial, positive

Compressibility coefficient 0.53 - 0.58

(10-6 cm2 Kg-I)

Melting point (OC)

In Air 1830 ± 15

At higher % O2 1879±15

Specific heat (Cal °C-I g-I) 0.17 0.17

Dielectric constant 48 114
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1.3 Nanocrystalline Titanium Oxide

Nano titania has got semiconductor properties owing to the band gap

arrangement on clustering. 119-121 Fine Ti02 semiconductor nanoparticles are
...:

ideal photocatalysts due to their chemical stability, non-toxicity and high

photocatalytic reactivity. 122-125 The photocatalysis by titania semiconductors

has received considerable attention and has been widely studied after the

discovery by Honda and Fujishima in 1972, 27 with the final aim of efficiently

converting solar light energy into useful chemical energy. 126-133 The effective

utilization of clean, safe, and abundant solar energy will lead to promising

solutions not only for energy issues due to the exhaustion of natural energy

sources but also for the many problems caused by environmental pollution.

Ti02 semiconductor photocatalysts have the potential to oxidize a wide range

of organic compounds, including chlorinated organic compounds, such as

dioxins, into harmless compounds such as CO2 and H20 by irradiation with DV

light. 67-74,77 High-purity titania powder catalysts are typically made in a flame

process from titanium tetrachloride. 134 The shapes of the crystallites vary with

preparation techniques and procedures. Typically, (1 0 1) and (1 0 0)/(0 1 0)

surface planes are found, together with some (0 0 1). 135 Several theoretical

studies have predicted the stability of different low-index anatase surfaces. 136-

137 The (1 0 1) face is the thermodynamically most stable surface. 138-139 While

it is difficult to obtain accurate values for surface energies with density

functional theory (DFT) calculations, the relative surface energies are still

meaningful. The calculated Wulff shape of an anatase crystal, based on these
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numbers, compares well with the shape of naturally grown mineral samples.

Interestingly, the average surface energy of an equilibrium-shaped anatase

crystal is smaller than the one of rutile, 138-139 which might explain the fact that

nanoscopic Ti02 particles are more stable in the anatase phase. 138-139

The most common procedures for preparing the titania powders have

been based on the hydrolysis of acidic solutions of Ti(IV) salts, 110-112,140-142 or

by gas-phase oxidation reaction of TiCl4 at high temperatures. 143-144

Alternative methods like vapour-phase hydrolysis, 145 pyrolysis, 146 and sol-gel

synthesis 147-150 of organic precursors (e.g. titanium tetraisopropoxide, TTIP),

have been developed to synthesize titania nanoparticles with high purity. 801-

gel synthesis generally refers to a low-temperature method using chemical

precursors that can produce ceramics and glasses with better purity and

homogeneity 151-156 than high temperature conventional processes.

1.4 Sol-Gel Process In General

The sol-gel process is a versatile solution process for making ceramic

and glass materials. In general, the sol-gel process involves the transition of a

system from a liquid sol (mostly colloidal) into a solid gel phase. By applying

the sol-gel process, it is possible to fabricate ceramic or glass materials in a

wide variety of forms: ultrafine or spherical shaped powders, thin film

. 157-160 · fib· .. b 90-92 161coatmgs, ceramic I ers, rmcroporous morgamc mem ranes, '
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monolithic ceramics and glasses, or extremely porous aerogel materials. An

overview of the sol-gel process is presented in Figure 2.
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Figure 2: An overview of sol-gel process

The starting materials used in the preparation of the sol are usually

inorganic metal salts or metal organic compounds such as metal alkoxides. 162-

165 In a typical sol-gel process, the precursor is subjected to a series of

controlled hydrolysis and polymerization reactions to form a colloidal

suspension, or a sol. Further processing of the sol enables one to make ceramic

materials in different forms. Thin films can be produced on a piece of substrate

by spin coating or dip-coating. When the sol is cast into a mold, a wet gel will
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form. With further drying and heat-treatment, the gel is converted into dense

ceramic or glass articles. If the liquid in a wet gel is removed under

supercritical condition, a highly porous and extremely low-density material
eo«

called aerogel is obtained. 166-169 If the viscosity of the sol is adjusted to a

proper viscosity range, ceramic fibers can be drawn from the sol. Ultrafine and

uniform ceramic powders are formed by precipitation, spray pyrolysis, and/or

emulsion techniques.

Therefore, the motivation behind selecting the sol-gel process is the

higher purity and homogeneity of the product and the lower processing

temperatures associated with the method compared to traditional glass melting

or ceramic powder methods .

. In the sol-gel synthesis, two simultaneous reactions - hydrolysis and

polycondensation - take place when metal alkoxide reacts with water. These

two reactions are sensitive to many experimental parameters such as water

concentration, 170 pH, 171-174 type and amount of solvent, 1;5-176 reaction

temperature, 177-183 and mixing conditions. Therefore, it is essential to

understand the hydrolysis and condensation reactions in a sol-gel process since

the structure of a gel is established at the time of gelation, drying, stabilization

and densification all depend upon the gel structure. 184-186 The variables of

major importance are temperature, nature and concentration of electrolyte

(acid, base), nature of the solvent, and type of alkoxide precursor. 187 In fact

many studies have reported the variation of the gelation time, viscosity, or
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textural characteristics (e.g. specific surface area) of the gel as a function of

experimental conditions. 188-191

Most of the titanium oxide was prepared by hydrolysis reactions

involving salts. 110-112,140-142 The need for finer particle size and well-defined

compositional tolerance along with tailored surface properties lead to

adaptation of sol-gel route. 192 The sol-gel process essentially is the hydrolysis,

of metal alkoxides by controlled addition of water in presence of alcohol due to

the fact that the alcohol with its intermediate polarity makes the apolar alkoxide

and polar water compatible. 193-194 Such hydrolysis produces essentially

primary nanoparticles, which may aggregate on aging of the sol. 195 The pH and

temperature also has considerable influence on the sol-gel system. Final drying

and calcination of the gel produces the metal oxide. 196-198

The parameters such as type of precursors, 199 pH of the system, ambient

temperature, solvents, water/Ti mole ratio, solventlTi ratio, (stabilizer/chelating

agent)/Ti ratio and electrolyte/Ti ratio 200 are need to be considered to obtain

suitable nanometric building blocks. The influence of building blocks on the

microstructure 201-202 and on the physical, chemical and the mechanical

properties need to be understood to tailor the final product. 152,203 Apart from

that, hydrolysis of precursors, 204-205 the commencement of condensation, its

propagation, termination, the nature of polycondensation, effect of solvents on

the process and effect of by-products on further reaction are very important

parameters and many of these factors have been well studied by many
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researchers. Suresh et al 206 showed that hydrolysis of titanium

tetraisopropoxide at pH 4 resulted in a precursor having an anatase to rutile

transformation temperature as high as -., 800°C in place of the usual

temperature of -., 600°C. Trace of anatase phase was seen even at 800°C.

Kallala et al 207 identified the structure of inorganic polymers, produced

as a result of hydrolysis of sol-gel precursors. The hydrolysis and condensation

of titanium alkoxides such as ethoxide, propoxide, butoxide etc. could be

selectively controlled by the inhibition of condensation through W ions, which

prevents precipitation and provided gelation. Depending on the presence of the

inhibitor, the resultant gel could be transparent, turbid or opaque, based on

which different properties for the resultant oxides could be obtained. Attempts

for obtaining nanosize titanium oxide particles, titania-mixed oxide catalysts

and titania for photocatalytic activity is widely investigated. As has been found

in the various applications of titania, the characteristics required for the oxide

are diverse, but specific to the end use. Since hydrolysis of titanium alkoxide

and further condensation of the hydrolysed species can be controlled by

manipulating the synthesis conditions, it has been possible to achieve the

required oxide with reasonable success. Most of the preparative methods are

modifications on the hydrolysis reactions of titanium alkoxides. 208-210 Titanium

ethoxide, propoxide and butoxide are the usual starting alkoxides. The main

approaches to synthesis have been the following:

1. Use of acid catalysts (HCl/HN03) on direct hydrolysis
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2. Hydrolysis in presence of different alcohol-water ratios.

3. Hydrolysis in presence of chelating agents or intermediates.

4. Hydrolysis involving large polymeric molecules in the medium
-I.

5. Hydrolysis involving emulsion templating

6. Hydrolysis of titanium salts (aqueous processing) In place of

alkoxides.

The hydrolysis of titanium alkoxides results in a polymeric gel or a

particulate colloidal gel. Generally, for high surface area powders and

membranes, particulate gels are the precursors. The initial step is the hydrolysis

of the alkoxides. 147, 170, 177,204 This is followed by peptization using acid or

base, 211-216 which is responsible for the stabilization of sol. Shi et al 208

hydrolysed titanium alkoxide under slow and fast rates in presence of nitric

acid and the particle size was observed. It was found that the slow hydrolysis

resulted in a large particle size, --57 nm, while the fast one has --36 nm.

Similarly, when started with titanium butoxide, and isopropoxide, the latter

yielded a slow rate of hydrolysis but also a smaller particle size of --19 run.

This is supposed to be due to the isopropoxide moiety sterically hindering the

hydrolysis reaction. Hydrochloric acid catalyst has been widely used in the

hydrolysis and peptization of titanium alkoxide for obtaining high surface area

oxidesoften for catalyst applications. 175,217 Such processing route yielded finer

crystallite size titania, which had an earlier anatase to rutile transformation

temperature. Long aging of such gels, also, raised the anatase to rutile
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transformation temperature. Ferreira et al 211 have had a detailed study on the

peptization and the associated structural properties like phase assemblage and

anatase to rutile transformation. A detailed study on the peptization of titanium

isopropoxide solution using tetraethyl ammonium hydroxide and Hel has been

carried out. They reported that peptization is efficient compared to the

hydrolysis - peptization in terms of anatase to rutile transformation. The

isopropanol derived as a by-product of hydrolysis was described as responsible

for the destabilization of the colloidal particles, by enhancing their aggregation.

Furthermore, they have suggested a higher ratio of Hel to Ti as responsible for

the earlier rutile formation. Polycarboxylic acid was recently used as a

peptising agent and the formation of nanoparticles of anatase during the anti

aggregation process was attributed to its chelation effect. 218 A few more

reports on acid and base peptization have also been reported. 219

Another factor influencing the particle size is the amount of hydrolysis

water. Hydrolysis with low water content yields smaller grain size for titania

and a lower anatase to rutile phase transformation temperature. However,

contradicting results have also been reported by Barringer and Bowen (1982).

147 They showed that the average particle size of the titania powders decreased

with increasing water concentration or decreasing alkoxide concentration.

Heterogeneous mixture of oxides have been prepared based on titania and

oxides such as silica, 220 zirconia, 128 alumina, 221-222 vanadia 223 and minor

additives, either by preferentially hydrolysing one alkoxide in a salt solution or

peptising suspension of precipitate to nanoparticles. Monophasic alumina-
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titania 224 systems have been prepared by eo-hydrolysis of mixed alkoxides,

and a comparison with heterogeneous catalysts having similar diphasic

counterparts indicated that the monophasic one had much larger efficiencies,
-t.

and could be an excellent substitute for conventional aluminium trichloride -

sulphuric acid systems.

Titanium oxide synthesized in nanometer range shows excellent
"

magnetic / ferromagnetic, 225 optical 19-21 and catalytic properties 226-227 due to

their large surface to volume ratio as well as the quantum size effect 228-231

associated with them. The important challenges in nanotechnology are,

therefore, the real control over its preparative parameters in order to arrive at

suitable properties for specific end uses. Hydrolysis of two metal alkoxides

needs separate control owing to the differing electropositivity of the metal

atoms. 193 Titanium tetraisopropoxide (TTIP) is highly reactive compared to

tetraethylorthosilicate, 193 which is also used as a dopant in the present system,

and hence needs additional control against hydrolysis. Acetic acid is a suitable

stabilizer, which effectively stabilizes the titanium tetraisopropoxide moiety by

either modifying its coordination sphere to six or by ester formation. 232-236

However, silica sol was prepared without a chelating agent, but in presence of a

solvent and by the controlled addition of water. Temperature has also been

found to influence the hydrolysis - condensation process.
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1.5 Effect of Solvents, Catalysts and Camplexing Ligands

Depending on titanium resources and the final target, various solvents

have been used to prepare nanometric Ti02 particles, such as alcohols, 237-238
~

carboxylic acids 239 and water. 240-241 In most cases, some additional reagents

have been used together with the solvent either as a peptizer (e.g., inorganic

acids), 237 or as a stabilizer 242-244 in order to monitor hydrolysis and

condensation reactions. The hydrolysis of titanium alkoxides is rather fast, and

therefore, chelating agents are incorporated to control the rate of hydrolysis.

Common chelating agents reported are acetyl acetone, 245 acetic acid, 246-251

tartaric acid, 252 and certain polymers such as polyvinyl acetate and polyvinyl

alcohol. 253 The influence of ligands on the acceleration of crystallization as

well as their effect on two component systems, prepared by sol-gel process,

was recently reported by Nishide and Mizukami. 242-244 Use of chelating

intermediates in the development of titania coatings have been reviewed

recently, where acetyl acetone, acetic acid and diethanolamine were employed.

254-256 A complexing agent-assisted sol-gel process using an organic ligand as a

modulator can tailor the crystal structure and optical properties of Ti02 thin

films. 257 Takahashi and Matsuoka reported that control of firing temperature,

when diethanolamine is used as a ligand, forms pure anatase and rutile Ti02

films. 254 Kato et al 238,258 reported that the anatase Ti02 film with preferred

orientation is formed when polyethylene glycol is used. Gotic et al 259 reported

a hydroxypropyl cellulose (HPC) stabilized sol-gel preparation of nanosize

Ti02 particles. The particle size and pore distribution in membranes can be
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controlled by using polyethylene glycol or glycerol 260 as a gelling agent or a

surfactant that is adsorbed on the surface of primary nanoparticles. The use of

surfactants 175,217,261 and templating agents 262-266 are attaining great importance
-(

in view of the demand for high surface area, meso / macroporous unsupported

materials for energy applications. 267 Recently, mixed organic media has also

been used for the synthesis of nanocrystalline anatase and rutile titania by

Wanget al. 268

The influence of ligands on the crystal structures and optical properties

of Ti02 was reported by Nishide and Mizukami. 242-244 The authors have also

reported the complexing agent assisted sol-gel process for the preparation of

Ti02-Si0 2 (1: 1) films. Livage and coworkers have 233 studied the role of acetic

acid on the molecular level modification of titanium alkoxide precursors. They

observed the reproducibility of preparation of monolithic Ti02 gels in presence

of acetic acid, which not only acts as an acid catalyst but also as a ligand and

changes the alkoxide precursor at a molecular level and thus modifying the

whole hydrolysis condensation process. The bidentate acetate ligand formation

by the replacement of OR groups directly bounded to the titanium are reported

to be determined by infra-red experiments, which showed the arrangement of

both chelating and bridging acetates leading to Ti(OR)x(Ac)y oligomers. The

reaction sequences investigated through infra-red experiments indicated the

preferential removal of (OR) groups first and bridging acetates subsequently in

the hydrolysis - condensation process, where the chelating acetates were
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removed only upon heating above 200 0 C. Recently, Ivanova et al 269 studied

the role of acetic acid on the thermal transformations of the sol-gel Ti02-MnO

system through FTIR technique. The other reports on the chelating agents

include the work by Moriguchi et al, 270 in which they report the role of n

octadecylacetoacetate as an amphiphilic chelating agent in the two-dimensional

sol-gel synthesis of ultrathin films of titania and zirconia, and that by Trung et

al. 260 They have, recently, reported the effect of glycerol as a new stabilizer in

aqueous and non-aqueous media on the preparation of pseudo-spherical Ti02

nanoparticles of very small size ranging from 4 to 10 run.

Polyethylene glycol (PEG) is an important gelling, dispersion and

filming agent that has been employed many times to prepare the powders and

coatings of nanocrystalline Ti02. 271 Polyethylene glycol coordinates to a

structure formed by the controlled hydrolysis and polycondensation reactions

of titanium tetraisopropoxide chelated with diethanolamine. From the resulting

chemically modified precursor solution, anatase coatings consisting of

nanometer-sized pores and grains with diameters of --30 nm and a preferred

orientation along the c-axis were prepared on quartz-glass plates by a dip

coating method. In contrast, anatase coatings consisting of submicrometer

sized pores and randomly orientated grains were prepared from the solution in

which the poly(ethylene glycol) had been isolated. 272 There is another report

on an improved sol-gel method using PEG as a multifunctional agent and
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inorganic titanate as a precursor for preparing ultrafine and crystallized Ti02

powders, without a high temperature calcination step. 273

The effect of HCI and NH40H catalysts on the control of phase an-d pore

structure was reported by Song et al. 274 According to them, the catalyst

concentration has an immense effect on the porosity of powders. Titania

powders prepared near the isoelectric point with low concentration of NHtOH
'I

showed the highest textural properties and high degree of aggregation. The

porosity consists of both intra-aggregate and inter-aggregate pores and the

average pore diameter of the intra-aggregate pores decreased with increasing

Hel concentration and increased with increasing NHtOH concentration. So, in

order to achieve the desirable properties, a variety of synthetic techniques are

attempted, where each method highlights certain property. Simple hydrolysis of

titanium alkoxide in presence of acid catalysts and controlled hydrolysis by

involving stabilizing agents, which may form intermediate compounds on

hydrolysis in presence of only water and alcohol, resulted in titanium oxide

with different properties. Use of macromolecules in the hydrolysed sol has

indicated the possibility of less agglomeration. Use of size specific emulsion

droplets on which sol-particles can provide a coating and finally result in

mesoporous / macroporous gels has been one of the recent findings. 194 Titania

and silica based porous gel systems are also possible candidate materials as

high efficiency bio and humidity sensors. 275 Report by Suresh et al 206 showed

that hydrolysis of titanium isopropoxide at pH 4 adjusted by the addition of
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dilute HN03 could produce a precursor having an A > R transformation

temperature as high as --- 8000 C in place of the usual phase transformation

temperature of --- 600 0 C. Recently Bosc et al 171 proposed a simple route for

the low temperature synthesis of mesoporous and nanocrystalline anatase thin

films.

1.6 Effect of Temperature

Pratsinis and eo-workers investigated the effect of hydrolysis

temperature on the phase transformation and pore structure of titania in detail.

177 They observed a slight retardation in the phase transformation with

increasing hydrolysis temperature, at a small initial water concentration.

Recently, Zhang et al 179 reported the preparation of single-phase

nanocrystalline anatase from amorphous titania. Their work addresses the

effect of temperature on the tailoring of particle size of nanocrystalline titania.

Gotic et al 276 investigated the microstructure of Ti02, synthesized by

sol-gel procedure. The aim of their and some other group's research was to

obtain nanosized Ti02 with improved properties, which was used for

development of photo anodes in dye-sensitized solar cells 37,277. Liu et al 278

have proposed and improved sol-gel method for the preparation of ultrafine and

crystallized titania powders. In addition, Venz et al 279 reported the physical

properties of chemically modified titania hydrolysates. Again, recently the size

controlled Ti02 nanoparticles were prepared by Chae et al 132 in order to use in
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the field of optically transparent photocatalytic films. Recent reports also

indicate various propositions in the synthesis of nano titania such as by Liu et

al. 280 who proposes a photoassisted sol-gel route for the formation of an early
~

rutile phase.

Bacsa and Gratzel (1996) 281 studied the effect of peptization on the

phase transformation and found that the anatase-rutile phase transformation

was critically dependent on the water / alkoxide molar ratio. 282 Vorkapic and

Matsoukas (1998) 282 investigated the effect of temperature and alcohols on the

size of the titania particles. Due to the various possibilities of sol-gel process in

terms of the variety of products that can be achieved, this process is being used

considerably in present days.

1.7 Anatase - Rutile Transformation

Anatase and rutile are the two polymorphs of titania at atmospheric

pressure. 283-285 The room temperature phase is anatase and the high

temperature phase is rutile. Anatase transforms irreversibly and exothermically

to rutile in the range 400°C to 1200°C 286-287 depending on parameters such as

the method of preparation, 216,288 grain size, 289 morphology, 290 degree of

agglomeration, 291 nature of impurities 292-297 and reaction atmosphere. 298-299

Atatmospheric pressure, the transformation is time and temperature dependent

and is also a function of impurity concentration. The complexity of the

transition is typically attributed to the reconstructing nature. The phase
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transition is a nucleation-growth process and follows the first order rate law

with activation energy of -90 Kcal/mol. 300-305

The anatase - rutile transformation involves an overall contraction of
~

oxygenand a movement of ions so that a cooperative rearrangement of Ti4
+ and

0 2
- occur. The transformation implies that two of the six Ti-O bonds of anatase

structure break to form a rutile structure. 306 Removal of the oxygen ions, which

generate lattice vacancies, accelerate the transformation and inhibit the

formation of interstitial titanium. 307

The impurities that have most pronounce inhibiting action are chloride,

sulphate and fluoride ions whereas that accelerates the transformation includes

alkaline earth and a few of the transition metal ions. 308 Those ions with

valency greater than four reduce the oxygen vacancy concentration and will

retard the reaction. 309-310

The effect of reaction atmosphere shows that vacuum conditions and

atmosphere of hydrogen, static air, flowing air, oxygen, argon, nitrogen and

chlorine affect the phase transformation to different extents. Lida and Ozaki 311

as well as Shannon 312 found that the transformation rate in a hydrogen

atmosphere is greater than in air and under vacuum decreasing as oxygen

partial pressure increases. Oxygen vacancies are formed in hydrogen

atmosphere whereas the interstitial Ti3
+ ions are generated under vacuum. The

rate constant of the transformation in hydrogen was 10 times larger than in air.

307
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It has been reported that at 950°C the phase transformation in Ar/CI2

atmosphere is about 300 times faster than in air. 311 The accelerating effect of

chlorine atmosphere on the anatase-rutile phase transformation involves two

mechanisms that probably occur simultaneously - vapour mass transport and

oxygen vacancy formation in which the first generate nucleation and growth in

the bulk and the second provide pathways for the diffusion of ions. When the

vapour transport is negligible, the .primary mechanism is based on oxygen

vacancies.

The effect of metal cations such as Li, Na, K, Mg, Ca, Sr, Ba, AI, Y, La,

Er, Co, Ni, Cu and Zn on anatase - rutile transformation was studied earlier. 309

A linear relationship between phase transition temperature and ionic radius, for

alkali and alkaline earth metals and group III elements are reported. Transition

metals, which entered the matrix interstitially, gave a high transition

temperature, whereas those dopants introduced substitutionally did not make

any significant change in transition temperature. It was concluded that the

oxidation state together with ionic radii of cations and type of sites occupied

were the important parameters, which control phase transition temperature.

Depending on the ionic radius of dopant compared with radius of

titanium, it can be introduced substitutionally or interstitially or if the size of

the dopant is larger than oxygen, it could be intercalated into the matrix,

producing a lattice deformation. 31
0 The dopants had no effect on the

amorphous gel to anatase transformation temperature, but influenced the

anatase - rutile transformation. If dopant ion size is less than that of titanium,
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anatase phase will be stabilized to a higher temperature. Dopants bigger than

oxygen ion produce large local deformation of lattice. Those dopant ions whose

size falls in between titanium and oxygen stabilize the anatase phase- Those

dopants near to oxygen size can stabilize the titania phase more. The

enhancement or inhibiting effect of additives on anatase - rutile transformation

depends on their ability to enter the Ti02 lattice, thereby creating oxygen

vacancies or interstitial Ti3
+ ions. Oxides of Cu, Co, Ni, Mn and Fe mixed with

anatase Ti02 increases the transformation rate efficiently. Transition metals,

which entered the matrix interstitially, gave a high transition temperature,

whereas those dopants introduced substitutionally did not give a significant

change in transition temperature.

The influence of impurities on the nucleation and growth of rutile from

anatase was studied by Shannon and Pask. 313 They concluded that processes

that create oxygen vacancies, such as the addition of acceptor dopants (ions

with a lower valence than Ti4+) and use of reducing atmospheres accelerate the

anatase-rutile transformation. Conversely, processes that increase the

concentration of titanium interstitials, such as the addition of donor dopants,

inhibit the transformation. Shannon and Pask hypothesized that an increase in

the concentration of oxygen vacancies reduces the strain energy that must be

overcome before the rearrangement of the Ti-O octahedra can occur, and that

cations with a valency less than that of titania (4+) will increase the

concentration of oxygen vacancies, due to the necessity for charge balance.
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Depero et al 314 have studied the anatase - rutile transformation in Ti02

powders and reported an increase of the crystallites and/or of the lattice

perfection accompanied by the transformation on the basis of X-ray

microstructural analysis. The studies were carried out on vanadia-treated Ti02.

The vanadia-treated surface layer was particularly distorted and apparently

acted as a restraint to perfecting by thermal treatments. Only the transition to

rutile was capable of overcoming that restraint by allowing crystallite growth at

the expense of the smaller and distorted anatase crystallites.

Zhang and Banfield 315 observed that the synthesis of ultrafine titania

resulted in anatase and/or brookite, which on coarsening transformed to rutile

after reaching a certain particle size. Based on the inferred lower surface energy

of nanocrystalline anatase, phase stability reversal is predicted at particle size

under 13 nm and supported by coarsening and phase transformation

experiments by Gribb and Banfield 302 as well as by Zhang and Banfield. 289

Once rutile was formed, it grew much faster than anatase. 306 They analyzed the

phase stability ofanatase and rutile thermodynamically to conclude that anatase

became more stable than rutile for particle size <14 nm. Hwu et al 316 have

reported on the dependence of anatase or rutile formation on the preparation

method. Small particle size «50 nm) anatase seemed more stable and

transformed to rutile at "J973 K.

Zhang and Banfield 315 studied the phase transformation behavior of

nanocrystalline aggregates during their growth in isothermal and isochronal
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reactions by using XRD. They suggested that transformation sequence and

thermodynamic phase stability depend on the initial particle sizes of anatase

and brookite. They concluded that, for equally sized particles, for particle size

<11 nm, anatase was thermodynamically stable, and for particle size between

11 run and 35 nrn, brookite was stable, and for particle size >35 nm, rutile was

stable. They cautioned that, for real samples, the particle sizes of different

phases were not equal, and this could alter the direction of the initial

transformation. They concluded that the energetics of these polymorphs were

sufficiently close that they could be reversed by small differences in surface

energy.

Ye et al 317 studied the thermal behavior of nanocrystalline brookite by

thermogravimetric analysis, differential thermal analysis, and diffraction. They

observed a slow transition from brookite to anatase phase below 1053 K along

with grain growth. Between 1053 K and 1123 K, they noticed rapid brookite to

anatase and anatase to rutile phase transformations. Above 1123 K, they

observed rapid grain ,growth of rutile, which became the dominant phase. They

concluded that brookite couldn't transform directly to rutile but through anatase

phase only. Kominami et al 318 observed that nanocrystals of brookite directly

transformed to rutile above 973 K, in contrast to the observation by Ye et al.

Zhang et al 319 measured micro-Raman spectra of nano-sized Ti02

powders prepared by vapour hydrolysis. They obtained amorphous Ti02 at

533 K and predominantly anatase between 873-1173 K. The anatase-rutile
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transformation temperature depended on particle size and was complete at

-1323 K. They noted that the phase transformation of amorphous Ti02 is a

two-step process; amorphous to anatase followed by anatase to rutile. They

proposed that the rutile formation started at the surface and migrated into the

bulk. The}' also noten tbat tbe btOOK\te \m~\lri.t\es as detected b'j Raman

spectroscopy but not by XRD, were present on the anatase surface.

Zhang and Banfield 320-321 proposed that the mechanism of anatase-rutile

phase transformation was temperature-dependent. They suggested that this

transformation was dominated by interface nucleation below 873 K, by both

interface and surface nucleation between 893-1273 K, and by bulk nucleation

above 1273 K.

The anatase-rutile transformation depends on impurities, grain SIze,

reaction atmosphere, and synthesis conditions. Zhang and Banfield reported

that the anatase-rutile phase transformation occurred at higher temperature with

the addition of A1203. 321 They attributed this to suppression of coarsening

caused by surface diffusion. Okada et al 322 and Yoshinaka et al 323 found that

the anatase-rutile phase transformation occurs at higher temperature with the

addition of Si02• Ferreira and Yang 211 showed that synthesis conditions

(chemicals/peptizing agents) affect the crystallinity and anatase-rutile phase

transition temperature. Zaban et al 324 noted that the surface structure of Ti02 is

affected by the preparation conditions. Ahonen et al 325 studied the effect of gas

atmospheres (nitrogen and air) and temperature on the crystal structure and
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transition temperature. Zaban et al 324 noted that the surface structure of Ti02 is

affected by the preparation conditions. Ahonen et al 325 studied the effect of gas

atmospheres (nitrogen and air) and temperature on the crystal structure and

specific surface area. They observed that anatase synthesized in air transformed

to rutile at 973 K, whereas anatase synthesized in nitrogen persisted to

1,173 K. Gouma and Mills 326 studied the anatase-rutile phase transformation in

commercial Ti02 powders with an average particle size of 100 run. Using

transmission and scanning electron microscopy, they concentrated on the

structural evolution (shape and morphology) of the particles. They proposed

that rutile plates are formed initially by a shear force and subsequent coarsening

involved interactions between the transforming particles and surrounding

anatase particles. Studies by Fransisco et al 327 and many others on the anatase

to rutile phase transformation illustrate its technical importance in various

application fields.

1.8 Ti02 Films and Coatings

The films were prepared/attempted for chemical reactions SInce

conventional powder catalyst suffered from disadvantages in stirring during the

reaction and getting it separated after the reaction. 119,328 When the Ti02 is used

in the powder form, two major difficulties occur. First, ultrafine powders will

agglomerate into larger particles, reducing the effective surface area for the
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reaction resulting in an adverse effect on catalyst performance. Second, it is

very difficult to recover Ti02 powders from water when they are used in

aqueous systems, leading to a potential difficulty in downstream separation.

119,328 The catalyst coated as thin film was found to be useful in overcoming

these disadvantages. Also, industrial applications of Ti02 thin films, as a basic

unit of antibacterial ceramic tile or self-cleaning glass 85,329-330 look promising.

The coatings can also be used as passive solar control in architectural

windows. 39 For solar control and prevention of superheating of buildings,

absorbing glasses (coatings) could be used but a part of the absorbed energy

succeeds in infiltrating the buildings by re-emission in the far infrared region.

Using reflective coatings attains more efficient reduction of the entering solar

radiation, which partially changes the colour characteristics of the transmitted

light in the visible region of the spectra. In other words, there must be a

decrease of the admitted light energy level, while keeping the colour

characteristics of the natural light as good as possible. So, a spectral-neutral

transmission is necessary, or if it is possible, a more horizontal spectral

transmission curves in the visible spectral region from 0.4 to 0.8 urn need be

achieved.

Even though lot of research has carried out in the area of Ti02 thin

films, various approaches are still being reported with respect to basic aspects

such as deposition on glass substrates, 331-332 which emphasize the potentiality

ofthe research on Ti02 films and coatings. Different photocatalytic titania were
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compared recently by Du et al. 129 Bosc et al 171 recently developed a simple

route for the preparation of mesoporous and nanocrystalline anatase thin layers.

The method consists of templating the acid hydrolysed titanium isopropoxide

sol with the poly (ethylene oxide) - poly (propylene oxide) - poly (ethylene

oxide) triblock copolymer.

1.9 1i02 Nano Catalysts

Traditionally, Ti02 finds use in mixed vanadia / titania catalysts used for

selective oxidation reactions. 333 The surface science of vanadium and

vanadia/I'io, systems was addressed by several groups. 334-337

In developing novel catalyst systems it is especially critical to develop a

powder with the highest possible surface area, or, equivalently, the smallest

possible particle size Non-crystalline Ti02 powder can be easily obtained ·at

treatment temperatures ~ 300°C, 338 however, crystallized nanosized Ti02, e.g.

anatase phase, would have better catalysis activity. 339-342

In the past two decades, considerable research has been reported in the

synthesis and evaluation of catalytic property of titania based mixed oxides.

These oxides have specific surface areas in the range 150-250 m2/g. The

various mixed oxides reported are with silica, 322,343-346 alumina, 347 lanthanum

oxide 348-349 cerium oxide 93,327,350 and vanadium oxide. 351-352 Fine metal,

particles also have been introduced.
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One of the studies has been to see any preferential reactivity exists for

anatase compared to rutile in reaction with alcohols. 353 The cation coordination

environment is the same in anatase and rutile bulk structures where the role of

oxygen vacancies (defect states) in titania 354 was investigated by water vapour

adsorption and carbon monoxide oxidation. However, the rutile phase showed

higher efficiency in the decomposition of H2S gas than anatase 355 having

similar surface areas. In order to keep the phase assemblage at the desired high

temperatures, the anatase to rutile transformation temperature has to be

controlled, and this is largely achieved, by introducing appropriate dopant

oxides in the precursor gel. Benjaram et al 356 reported the catalytic property of

V20s1 La203-Ti02mixed oxide systems prepared by eo-precipitation route. The

anatase form of titania is believed to possess enhanced catalytic activity,

probably due to its open structure compared to rutile and its high specific

surface area. 303

1.10 Effect of Dopants

Suitably modified titanium oxide has been reported to be efficient

catalysts in chemical reactions. 32,357-360 A high anatase to rutile transition

temperature 347,362 or otherwise high anatase phase stability is desirable for use

of titania in photoreactions at elevated temperatures. The transition

temperatures and hence, the transition from one crystalline form of Ti02 to
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another can be influenced by chemical doping 363-365 or alcohol washing

(butanol). 366 The catalytic and photocatalytic properties are being investigated

widely in the form of bulk powders, films and membranes. 94,367-371

Nanocrystalline titania was synthesized by chemical methods involving sol-gel

approach. Titania undergoes phase transformation from the low temperature

anatase phase to rutile, which is seen to extend to as high as 1000 0 C depending

onthe method of preparation and in presence of dopant oxides. 372-373 The role

ofa few dopant oxides such as Fe203, V205 and CuO 374-379 on the anatase to

rutile transformation is well reported and certain correlation between the ionic

radii of the dopants and anatase phase stability was drawn by Ferreira et al. 380

Anatase-rutile transformation is usually followed by XRD techniques, but

impedance spectral analysis was also used to study the transformation. 381

Bjorkert et al 95 reported the influence of La203 as dopant on the phase

development of A1203: Ti02 ceramic membranes. In their work, lanthana was

used to stabilize y-alumina phase in AI20 3:Ti0 2 composite ceramic

compositions. LaAl203 phase is reported to form at the alumina surface, which

stabilized the y-alumina phase. There are reports on the effects of addition of

metal ion dopants on the quantum efficiency of heterogeneous photocatalysis

of titanium dioxide. 382-385 Also Lin et al 386 reported the effect of addition of

Y203, La203 and Ce02 on the photocatalytic activities of titania for the

oxidation of acetone. A few other reports on lanthanum oxide doped titania

include the work of Gopalan et al 349 and LeDuc et al. 387 The former reports

the evolution of pore structure and anatase phase stability as a result of the
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addition La203. The anatase phase is stable upto 650 0 C and this is explained by

apossible monolayer coverage of lanthana over Titania. Report by LeDuc et al

deals also with textural stability La-Oj-doped Titania prepared by suspending a

commercial titania catalyst in a solution of lanthanum nitrate. A doping level of

5 % La203 was recommended for long-term thermal stability upto 6500 C.

Recently, Francisco et al 327 have studied the effect of ceria on the inhibition of

the anatase-rutile phase transformation in the CuO-Ti02 system.

The high surface area Ti02, which is a necessity for good catalysts,

were also prepared by many researchers. Titanium oxides prepared via sol-gel

method exhibit comparatively high surface areas and hence have an advantage

over conventional materials for potential applications as catalysts, sorbents, or

electrodes. 152,388 The rutile form of Titania, which has a lower surface area and

high refractive index as well as high opacity is used for cosmetics and pigment

applications. On the other hand, the anatase form of titania is believed to

possess enhanced catalytic activity, compared to rutile. 121,257,389-390 However, a

drastic reduction in surface area of titania is reported to occur on heating to

higher temperatures. 106 It has been suggested that the enhanced sintering rate

during the phase change from anatase to rutile is responsible for this drastic

reduction in surface area. 106 Suitable doping can retard the rate of reduction in

surface area at higher temperatures. Kumar et al 347 have earlier reported the

effect of second phases such as yttria and lanthana on the textural properties of

anatase phase. Kumar et al have also studied the pore structure stability of



Chapter I 36

ceria doped structured alumina. Ozawa et al 391 reported the thermal stability of

y-alumina modified with lanthanum or cerium. Koebrugge et al 350 reported the

thermal-stability of nanostructured titania and titania ceria ceramic powders

prepared by the sol-gel process. We have reported the influence of lanthana on

the structural and textural properties of titania. Report by Kasuga et al 392

points toward a silica doping-and-subsequent leaching out to be a possible

method to synthesize high surface area titania. However, the maximum surface

area obtained by them was 150 m2/g at 600°C. Further, Sang et al 393 reported

the preparation of mesoporous titania by selective dissolving of titania-silica

binary oxides. The material showed enhanced photoactivity compared to the

untreated titania. High surface area obtained as a result of the treatment was

reported to be major reason for the enhanced photoactivity. High surface area

titania have also been synthesized by many methods by many

researchers. 175,210,217

1.11 Effect ofAdditives

Titania-silica sol-gel systems have been subjected to studies related to

catalysis 394-396 in various chemical environments. In fact, addition of titania to

a silica gel matrix had synergistic effects. The crystal sizes vary and spherical

titania was dispersed in disc shaped silica matrix. The particle size was in the

range 10-5 nm. The presence of Si-O-Ti bond has been identified. 397
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Titania-silica sol-gel systems exhibit significant changes in the surface

acidities. 398 Certain results from temperature programmed desorption (TPD)

and infra red spectral -data indicated that the total acidity and relative acid

strength of silica decreased as silica was introduced to titania. All the acid sites

on pure titania were originally Lewis type whereas more than 80% on the

mixed oxides were of Bronsted type. The enrichment in reactivity with respect

to Bronsted acid was present in the titania in mixed oxide, while it is not

present in pure titania. This should be due to the local charge imbalance

associated with tetrahedrally coordinated silica, chemically mixing with

octahedral titania matrix. On the other hand, in silica rich mixed oxides,

titanium substituted isomorphously for Si in tetrahedral silica matrix,

eliminating the local charge imbalance carrying Bronsted acidity. Evidence for

the decrease for the Ti-O bond distances by incorporation of Si into mixed

oxide was observed through EXAFS and thus disruption of usual octahedral

coordination of pure titania. 399 This is also associated with formation of

Ti-O-Si linkages in the mixed oxides. Diffuse reflectance DV-VIS

spectroscopy (DRS) has been used to identify the presence of isolated Ti sites

in titania-silica mixed oxides 400 which are understood to be the primary reason

for the extraordinary catalytic activity of titania-silica mixed oxides. Further, it

has also been shown that there should be a high Titania dispersion in the silica

matrix, in addition to the site isolated Titania. The existence of Ti-O-Si bond

in such titania-silica xerogels calcined in the range 400-800°C was also

confirmed by infra red and Raman spectral data. 251,343 Hydrophilicity oftitania
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dispersed silica containing monomodal pore size distribution of about 0.7 nm

has been accounted for the size selective epoxidation reactions of olefins. 220 In

a matrix of silica, titanium oxide along with other oxides such as Mo03 and
-t

wo] were also substituted in a sol-gel medium and enhanced catalytic

properties were observed. The IR spectral data indicate Si-OH vibrations and

MAS NMR data indicate that the molecular dispersion of the metal oxide takes

place in xerogels. 401 These gels have a microporous nature with average pore

diameter of 1.5 run and specific surface area as high as 750 m2/g. Recently,

Warrier et al 344 reported on the effect of silica addition on the high temperature

stabilization of pores compared to the undoped titania. The homogeneously

distributed silica particles in titania matrix, prepared through sol-gel route,

helped the matrix to retain its microporosity considerably even after tempering

for 32 hours.

In order to achieve the high efficiency titania-silica catalysts, a variety

oftechniques are reported. The drying method was investigated with respect to

Ti02-Si02 catalyst system. 402 A comparative evaluation of drying of a titania-

silica precursor sol under high temperature supercritical drying, low

temperature supercritical drying and evaporative drying adopted for xerogels

are reported. Low temperature supercritical drying was shown to be the most

ideal. High epoxide selectivity is reported in titania-silica gels. Partial

hydrolysis of Ti-O-Si bonds was observed which had a sort of correlation
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between oxidation rate and Ti-O-Si connectivity, which is a characteristic of

the Ti dispersion in silica. 403

Alumina-titania systems are reported to be potential solid acid catalysts

and a range of compositions with varying Alffi are synthesized as well as

characterized. 404-407 These compounds have been found to have high specific

surface areas and enhanced acidity than comparable mixed oxides. The

strength and density of the acid sites have been found to be proportional to the

Ti content. Effect of addition of other oxides such as WO) to alumina-titania

was investigated. 408 The tungsten species is present largely as mono oxo

wolframyl species and are strong Lewis acid sites. By absorption of water, the

overall coordination of tungsten grows and it behaves as a strong Bronsted acid

site. There appeared W-0- (Ti, AI) bonds without significant W-0-W bridges.

Vanadium oxide has been loaded on to alumina-silica-titania composite oxide

and the alumina rich or silica rich catalysts are found to have comparable

properties. 336 In such catalysts, specific surface area appears to play a major

role.

Vanadium-titanium oxide catalysts showed presence of Bronsted acid

sites associated with [Vs+] -OH surface sites 409 as was revealed by temperature

programmed desorption study. Catalytic reduction of nitric oxide by ammonia

over vanadia-titania mixed oxide catalysts has indicated that the concentration

of Bronsted acid groups on the catalyst determines. the efficiency. 410

Comparative studies of temperature programmed desorption between titania
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and titania-vanadia mixed oxide catalysts for NO reduction 223 showed that the

mixed oxides were more efficient. Further, mechanism of the vanadia-titania

catalyst indicated a catalyst cycle that consisted of both acid and redox

reactions involving surface V-OH (Bronsted acid sites) and VO species. 226

Many other mixed oxides with titanium oxide were prepared and tested for

various catalytic reactions. Sol-gel mixtures of silica or zirconia with titania

have shown enhanced catalytic property when compared to individual oxides.

Other mixed oxides, which are less reported, but may be, potential candidates

are, chromia-titania and ceria-titania. Chromia-titania was found to be efficient

as selective catalytic reduction of NO by ammonia 379 and the Bronsted acid

site bound ammonia enhances absorption of NO and is responsible for selective

catalytic__ reduction ~!~O~~_~-9~. Chromium ion doped polycrystalline titania

catalysts were further characterized 411 by FTIR and XPS. Two identical

compositions prepared by eo-precipitation and impregnation on analysis

showed that irrespective of the method of preparation, there are two types of

acid sites, Lewis and Bronsted, The latter is characteristic of chromium since

pure titania does not show any Bronsted acid site. The one prepared by co

precipitation containing upto 2% Cr has given better results. Ruiz et al 40

reported that er-doped Ti02 p-type semiconductor thin film could be used for

gas sensor applications. Table 2 pre~ents various titania compositions and the

major chemical conversions reported for catalytic reactions.



Cliapter I

Table 2: Titania aerogels and xerogels and various catalytic systems reported

41

Titania system Reaction system Reference

Gamma-Ray Destruction ofEDTA 412

Water vapour chemisorption and

Ti02 Anatase & Rutile

Ti02-based oxide catalysts

wozno,

Halogen Ions-Modified

Ah03, Zr02, and Ti02 as

Catalysts

V20sffi0 2 aerogel

V20sffi0 2 xerogel

V20sffi0 2 and Cr203/Ti02

Vanadium Oxide

Incorporated into

Mesoporous Titania

ChromiafTi02

CO oxidation

Adsorption of alcohols

Selective catalytic reduction of

NO

Adsorption of alcohols

Selective Catalytic Reduction

(SCR) of NO with NH3 at Low

Temperature

Reduction of NO

Reduction of NO by NH3

Catalytic Removal of Nitrogen

Oxides

Catalytic Oxidation

Reduction of NO by NH3

354

353

413

414

415

416-418

408-409

419

420

379
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A1 203/Si02ITi02N 20 5 Reduction of NO by NH3 225

Ti02/Si0 2 aerogel l-butene isomerisation 421

Ti02/Si0 2 xerogel Si-O-Ti bonds 397

l-butene isomerisation 398

Epoxidation olefins 400

Ti02/Mo031W03/Si02 Oxidation hydrocarbon 401

Pd-Ti02 aerogel Hydrogenation 422

Pt-Ti02 aerogel Hydrogenation 423

1.12 Ti02 Photocatalysts

42

The photoelectric and photochemical properties of Ti02 are in the focus

of active research for the last one-decade. The initial work by Fujishima and

Honda 27 on the photolysis of water on Ti02 electrodes without an external

bias, and the thought that surface defect states may play a role in the

decomposition of water into H2 and O2, has stimulated much of the early work

on Ti02• Unfortunately, Ti02 has a low quantum yield for the photochemical

conversion of solar energy. The use of colloidal suspensions with the addition

ofdye molecules has been shown to improve efficiency of solar cells, 35,36,424

and has moved Ti02-based photoelectrochemical converters into the realm of

economic competitiveness. 425 Another method to improve the quantum yield is

the maninpulation of band gap, 119,426 which necessitates an active research and



C~ter I 43

the researchers all over the world are looking at it. The huge number of

research papers getting published in this aspect shows its technological

importance.

By far, the most actively pursued applied research on titania is its use

for photo-assisted degradation of organic molecules. Ti02 is a semiconductor

and the electron-hole pair that is created upon irradiation with sunlight may

Energy

oxidation

+De

D

Figure 3: Energy scheme of a semiconductor particle in which an electron is

excited by light absorption. Located now in the conduction band it is capable of

reducing species A (in most cases just oxygen from air). When excited by

absorbing a photon hv there remains a positive charge (defect electron or hole)

in the valence band capable of oxidizing species D. In Ti02 the oxidizing

power of such a hole is very high.

separate and the resulting charge carriers might migrate to the surface where

they react with adsorbed water and oxygen to produce radical species. 119These

attack any adsorbed organic molecule and can, ultimately, lead to complete
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decomposition into CO 2 and H20. A schematic representation of photoassisted

reaction is provided in Figure 3. The applications of this process range from

purification of wastewaters; 89 disinfections based on the bactericidal properties

of Ti02 85,329-330,427-430 (for example, in operating rooms in hospitals); use of

self-cleaning coatings on car windshields, 431 to protective coatings of marble

(for preservation of ancient Greek statues against environmental damage. 432 It

was even shown that subcutaneous injection of Ti02 slurry in rats, and

subsequent near-LlV illumination, could slow or halt the development of

tumour cells. 29,433-435 Several review papers discuss the technical and scientific

aspects of Ti02 photocatalysis.. 436-439 An extensive review of the surface

science aspects of Ti02 photocatalysis has been given by Linsebigler et al, 120

and some of these more recent results are discussed.

Other oxides of similar behaviour are, ZnO, iron oxide, cadmium

sulphide and ZnS. ZnO, which is also a reasonable substitute for titania, except

for its property of undergoing incongruent dissolution resulting in formation of

zinc hydroxide coating on the ZnO particles leading to slow catalyst

inactivation. Among the photocatalysts, titania is believed to be the most

promising material due to its superior photoreactivity, nontoxicity, long-term

stability and low price. Titania crystallizes mostly in two polymorphic forms:

anatase and rutile, whose band gaps are 3.23 and 3.02 eV, respectively (Figure 4).

It is generally accepted that anatase titania is more efficient as photocatalyst

than rutile titania. 257,389-390 Some researchers showed that catalysts with mixed
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phases possessed a significantly higher catalytic activity than the pure anatase

phase. 440 Degussa P-25, a standard industrial photocatalyst, which is composed

of 70% anatase and 30% rutile, is a good example. 441 The main reason is

ascribed to better charge carrier separation in the mixed phase. Ohtani et al 442

proposed that a high photocatalytic activity of titania can be achieved when two

requirements are satisfied, namely, a large surface area to absorb substrates and

high crystallinity to minimize the photoexcited electron-hole recombination

rate. However, these requirements are in general conflict with each other,

because the crystallinity increases with calcination temperature while the

surface area decreases. Photoactivity of amorphous titania is negligible 443

compared to that of nanocrystalline anatase, which is greater than that of rutile.

The activity of nanocrystalline rutile increases with decreasing particle size. 444

CB
t
I
I
I
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VB

Rutile

3020 mV

CB

Anatase

Figure 4: Schematic representation of band gaps of anatase and rutile

Conduction band edges of anatase and rutile are nearly at the same level

ofelectron energy, whereas the edge of the valence band of anatase lays 140-
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210 mV lower than rutile. Therefore the photoreduction power of anatase and

rutile is equal but the oxidation power of anatase is significantly higher than

rutile. This makes anatase attractive as species for photocatalytic oxidation
ooL

reactions. In addition, its nature as a solid acid with adjustable surface

properties and active It and Ti4
+ centers make anatas~ attractive for a wide

range of organic reactions. E.g., the synthesis of a-pinene

However, the band gap of titania, 3.2 eV is too large to absorb in the

visible region, which contains the largest amount (-,40%) of solar energy.

Hence, efforts have been made to dope titania with impurities and introduce

states in the band structure about 2 eV below the conduction band minimum of

titania so that the band gap of resultant material would be optimum for the

photo production of hydrogen. Doping of transition metals into Ti02 has been

tried. 357,445-448 However, doped materials suffer from thermal instability,

increase in the number of carrier recombination centers and require expensive

ion implantation facility. Also, it has been argued that creation of oxygen

deficiency introduces localized oxygen vacancy states located at 0.75 to 1.18

eV below the conduction band minimum of Ti02, so that the energy levels of

the optically excited electrons are lower than the redox potential of the

hydrogen evolution (H2/H20) located just below the conduction band minimum

ofTi02 and that the electron mobility in the bulk region will be small because

ofthe localization. 21
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Photocatalytic decomposition of trichloroethylene in water was

investigated 449 in which anatase form was found to be better compared with

rutile form. 257,389-390 Titania prepared by sol-gel route was porous, havi~g high

specific surface area of "- 600 m2/g containing anatase microcrystallites of the

size of ,...,50 A and was highly photoactive. 450 Chloroform was subjected to

photo degradation in a medium containing suspended particles of titania. 451

Similarly, phenol photodecomposition has been reported using fine titanium

oxide. 452 Photocatalytic reactions involving NO were conducted in presence of

Titania. 453 Silica as support and titania as the active catalyst were tested for

photoreactions and compared with the precursor characteristics. 454 Titania

supported on alumina and silica was used for photocatalytic decomposition of

salicylic acid and the titania-alumina system showed improved performance. 394

On analysis, it has been found that titania-silica consisted of matrix isolated

titania quantum particles while the Ti02-AI203 did not have such particles.

PtlPd metal particle carrying Titania was also prepared and tested. Titania film

containing well dispersed Au or Ag metal particles were prepared by sol-gel

method, the effect of the dispersed metal particles on the photo-electrochemical

properties of the titania electrodes has been reported. 455 The photo responsive

formation of gold particles dispersed silica-titania composite gels was further

investigated recently. 456 Photoreduction of such systems containing Au (Ill)

ions yielded gold particles and this principle was used to produce micro

patterns of gold particles on silica-titania films.
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There are reports on the effects of addition of metal ion dopants on

quantum efficiency of heterogeneous photocatalysis of titanium dioxide. 457-459

The enhanced photoactivity of titania doped by rare-earth oxides such as

Europium, Praseodymium and Ytterbium oxides was recently reported

by Ranjit et al. 460 The high activity of oxide ITi02 photocatalysts is attributed

to the enhanced electron density imparted to titania surface by the dopant

oxides. Table 3 presents various titania compositions and the major chemical

conversions reported for photocatalytic reactions.

Table 3: Ti02 compositions for photocatalysis.

Sample Reaction / remark Reference

Ti02 Photocatalytic Transformation of

2,4,5-Trichlorophenol 461

TitaniumDioxide Photocatalytic Oxidation of 462

Cadmium-EDTA

Ti02 Stearic Acid 463

Ti02 Degradation of Bisphenol A in

Water 464

Titanium Oxide Decomposition of NO 465

Ti02 Thin Film Microbial sterilisation 466

Ti02 films Trichloroethylene 467

Ti02 Microsphere Water and Wastewater Treatment 468
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Ti02 aerogel Aquatic decontamination 450

Ti02 suspension Chloroform 451

Ti02 in zeolite Phenol 452

structure Reactions of NO 453

Ti02-W03 Energy storage in the gas phase 469

Ti02-Si02 Oxidation of 2-Chloroethyl Ethyl

Sulfide 470

Ti02-Si02 Binary Photocatalytic Epoxidation of

Oxides Propene 471

Titanium Silicalite Decomposition of Acetic Acid 472

Titanium Dioxide- Photocatalytic Oxidation of

Coated Surfaces Bacteria, Bacterial and Fungal 473

Spores, and Model Biofilm

Components to Carbon Dioxide

Silver-CoatedTi02 Bactericidal Activities 474

Ti02-Supported Gold Cryogenic CO Oxidation

Nanoclusters 475

Defective Ti02 (110) DCOOD Decomposition 476

Surfaces

Cu-deposited Ti02 Bactericidal Activity 477

Ptffi02 CO Photooxidation 478

Au/Au (III)-Ti02 Visible Photooxidation for Water 479

49
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1.13 High Temperature Catalysts

Most of the applications of titania ceramics at high temperature require

pure rutile phase, which is usually formed by heating the titanium salts above

600°C. However, with the expanding applications in the area of catalysts,

photocatalysts, membranes and active humidity sensors, the need for obtaining

anatase phase stable at elevated temperatures become significant. Earlier work

indicates that even as a surface modifier for anatase titania pigments, alumina

was used as a coating in order to improve gloss property as well as to prevent

degradation. Recent identification of 'self-cleaning' surfaces by transparent

anatase coatings on glass, ceramic tiles and bricks 480 necessitates the anatase

phase to be retained at the processing temperature above lOOO°C.

The anatase-rutile transformation temperatures are fairly dependent on

the history of the sample. 308-309 Further, the low temperature densification in

titania could be associated with the phase formation temperature. Early

indicative reports on the incorporation of aluminum oxide, copper oxide,

manganese oxide, iron oxide and zinc oxide postulated that the mechanism for

modification of anatase-rutile transformation is related to oxygen vacancies on

titania. This was also explained that the dispersion of alumina on titania

stabilizes its surface and increases the apparent activation energy for the rutile



ClUlpter I 51

nucleation at titania-alumina interfaces. By using copper chloride as a dopant

solution, a modified titania having nanocrystalline brookite stable at 400°C and

having a narrow band gap than normal titania, could be produced through sol

gel route. 19 However, a detailed investigation using thermal analysis and XRD

techniques on the role of alumina in increasing the anatase-rutile

transformation indicate 481 that a metastable anatase solid solution containing

alumina is formed at relatively low temperatures, and alumina is formed from

exsolution process of the as formed anatase solid solution, in which rutile is

formed at higher temperature. This argument is further supported by the fact

that ec-alumina is formed at as early as 900°C in presence of titania while the

usual oc-alumina formation is above 1100eC. The influence of addition of

zirconia in the raising of transformation temperature of anatase to rutile is also

reported. Since zirconia is not expected to involve in any oxygen vacancy

change in Titania, the role of zirconia was identified to be due to incorporation

ofZr ions into anatase lattice. The formation of a limited solid solution 482 of

zirconia in anatase at low temperature increased the strain energy and thus

leads to a higher anatase to rutile transformation temperature. An investigation

on the effect of several cations of lanthanum, zinc, aluminum, potassium,

sodium, calcium, barium and cobalt on the anatase-rutile transformation has

been reported. 483 The dopants were introduced into the Titania gel in the form

ofnitrates, heat-treated in the range 350-1100°C and was characterized by wide

angle X-ray diffraction (WAXS) and thermogravimetry. Depending on the

ionic radius of the dopant compared with titanium, can be introduced
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substitutionally or interstitially or if the size of dopant is larger than oxygen it

could be intercalated into the matrix, producing a large lattice deformation. The

conclusion of the study is while the dopants have no effect on the amorphous

gel to anatase transformation temperature, the anatase-rutile transformation is

influenced considerably. Anatase phase is stabilized to a higher temperature

when the dopant ion size is less than that of titania. Similarly, dopants bigger

than oxygen ion produce large local deformation of the lattice. Those dopant

ions whose size is falling between titanium and oxygen will stabilize the

anatase phase. Those dopants near to oxygen size can stabilize the titania phase

more. Similarly there is a correlation between the anatase phase stabilization

temperature and charge of the ion times the cation volume.

Lanthanum oxide was doped in Titania membrane precursors in order to

study the thermal stability and it was seen that there was an increase of 150°C

in the anatase to rutile transformation in the doped composition. 484 Sn02,

Ah03, and Fe203 were doped in nanocrystalline Titania precursors and found

that while Sn02 and Fe203 decrease the transformation temperature, Al203

increased the same. However, the interesting fact is that these oxides were

successful in controlling grain growth, which normally occurs in rutile as a

result of the transformation. 152 As is known in the case of nanocrystalline

materials, the grain growth can be regarded as coalescence of smaller

neighbouring grains, where grain boundary motion is mainly involved, and the

role of these dopant oxides would be to restrict the movement of these grain
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boundaries thus lowering the grain .growth. 485 The transformation kinetics in

presence of Fe203 has been reported, 292 where Fe203-Ti02 mixture was heated

in air and in argon atmosphere to different temperatures and the phases ~ormed

were analyzed for using XRD techniques. As found in the earlier study, the

Fe203 primarily decreases the anatase to rutile transformation temperature.

Platinum was incorporated in titania prepared through titanium butoxide

and platinum acetyl acetonate. 486 Platinum promoted the formation of rutile

probably through metal catalyzed dehydroxylation of anatase precursor or

through the presence of Pt02, which has the rutile structure, as an intermediate

phase. Platinum atoms, however, did not go into crystalline structure of rutile.

In another study, chromium (Ill) was incorporated in anatase titania catalyst in

different concentrations and analysis of the cell parameters indicated that there

is a stability limit for the system at -.,1.4 atomic percentage. 487 Acceleration in

the rate of anatase to rutile phase transition was also reported. Further, nanosize

silver was incorporated in titania precursor gel and its effect of A>R

transformation was investigated using impedance spectral measurements. The

transformation was delayed in presence of silver. 381

1.14 Definition of The Research Problem

Titanium dioxide is used in heterogeneous catalysis and as a

photocatalyst for the decomposition of organics, in the treatment of industrial

wastewater, for elimination of harmful bacteria and in the photocleavage of
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water, in solar cells for the production of hydrogen and electric energy and in

antifogging and self-cleaning coatings. Even though, lots of studies are

reported on the synthesis and on various properties of titania, there exist many

gaps in the understanding of the various parameters, which control the

effectiveness of titania as photocatalysts. Further, methods of synthesis for

nano crystalline titania and doped titania with general reference to

effectiveness, to high temperature and on phase stability, reactivity and pore

stability in bulk as well as in transparent nano coatings are still a very potential

field of research. Sol-gel method is one of the most effective methods for

synthesis of such active nano titania. The present study is an investigation into

synthesis of nano size titania by sol-gel process involving an intermediate such

as acetic acid, during hydrolysis-condensation reaction of titanium alkoxide.

The role of acetic acid in modifying the hydrolysis-condensation reactions of

titanium tetraisopropoxide in presence of dopants such as lanthana and/or ceria,

which has been chosen based on the Hard and Soft Acids and Bases (HSAB)

principle. Further, the HSAB principle helps in utilizing the heterodentating

effect of acetate moiety to the fullest. Due to the specific reaction mechanism,

the process is found to be repeatable, which is a concern in the sol-gel process.

Therefore, in the present work an attempt is made to

1. Study the synthesis of nanocrystalline titania and lanthanum and or

cerium oxide doped titania through a modified polymeric sol-gel route.

2. Study the effect of acetic acid (stabilizing agent) and lanthanum and/or

cerium (Ill) nitrate (dopant precursors) on the texturing of
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nanocrystalline doped-titania and to correlate its chemical sequences

with the structural and textural (surface area, porosity and pore volume)

properties.

3. Modify the textural features by a eo-doping-chemical leaching process,

where silica was employed as the co-dopant.

4. Study the chemical interaction between titania and lanthana and/or ceria

based on the HSAB principle.

5. Investigate the A>R transformation as well as photocatalytic efficiency

in detail.

6. Fabrication and detailed morphological investigation of transparent,

photoactive, self-cleaning, nanocrystalline titania coatings on glass

surfaces.
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ChapterII

Experimental and Characterization Techniques

2.1 Chemicals Used

1. Titanium tetraisopropoxide (Fluka, Switzerland, 99.99%)

2. Tetraethylorthosilicate (Fluka, Switzerland, 99.99%)

3. Alumina (A16SG, ACC-Alcoa, Kolkata, 99.9%)

4. Lanthanum Nitrate (IRE, India, 99.99%)

5. CeriumNitrate (IRE, India, 99.990/0)

6. Acetic Acid (S D Fine Chemicals, India)

7. Propan-2-o1 AR (S D Fine Chemicals, India)

8. Sodium hydroxide LR (Qualigens India Ltd.)

9. Nitric Acid 69% GR (Merck, India)

10. Polyethylene glycol 300 LR (S D Fine Chemicals, India)

11. Glycerol AR (8 D Fine Chemicals, India)

12. Methylene Blue (Qualigens India Ltd.)
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2.2 Experimental Methods

2.2. 1 Synthesis of Nanocrys talline Ti tania

Inthe present study nanocrystalline titania is prepared by a modified sol

gel technique. Acetic acid is used as stabilizing agent against hydrolysis. Acetic

acid modifies the co-ordination sphere of titania and makes it more stable

against hydrolysis. Further, dopants were added to the partially hydrolyzed

titanium tetraisopropoxide solution as their respective nitrates.

2.2.1.1 Synthesis ofUndoped Ti02 Sol

Titanium tetraisopropoxide (TTIP) was used as received. Ti4
+ moiety

owing to its extremely high reactivity with water 193 requires a pre-stabilization

against hydrolysis. Therefore glacial acetic acid was used as a stabilizing /

catalyzing agent. Titanium isopropoxide stabilized with acetic acid usually

follows a condensation pattern producing linear chains and enclosing small

pores that result in high surface area. This is because the acid-catalyzed

condensation is directed preferentially toward the ends rather than the middles

of chains. 233-236 Synthesis started with the addition of titanium

tetraisopropoxide (3.56g) to glacial acetic acid (7.16 ml). Glacial acetic acid

modifies the coordination sphere of titanium 233-236 to a more stable state.

Dropwise addition of 78.85 ml deionized water accomplished the hydrolysis

under vigorous stirring conditions. The solution is then stirred for

homogenization for a period of 3 h. After trial and error methods, the titanium

tetraisopropoxide/acetic acid/water mole ratio was fixed as 1:10:350.
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2.2.1.2 Synthesis ofLa-Os-doped Ti02 Sol

Lanthanum nitrate hexahydrate [La(No))).6H20, 99.99%] was used as

such. In a typical experiment for the preparation of 1% La-Oj-doped Ti02,

stoichiometric quantity of lanthanum nitrate solution (0.53 ml) was addesI

dropwise to the Ti02 solution prepared as discussed in section 2.2.1.1 after Ih

stirring. Stirring continued for 2 more hours to ensure the homogeneity of the

mixture. Separately, 0.1, 0.5, 2.0, 5.0 and 10 wt. % LaO) doped Ti02

compositions were also prepared by the same procedure (Figure 5).

2.2.1.3 Synthesis ofCeOrdoped Ti02 Sol

Cerium nitrate hexahydrate [Ce(NO))).6H20] was purified by filtration

and made up to 5% aqueous solution. The solid content was accurately

measured by gravimetric method. For prepanng 1% Ce02-doped Ti02,

stoichiometric quantity of cerium nitrate solution (0.53 ml) was added

dropwise to the partially hydrolysed titanium tetraisopropoxide solution

prepared as discussed in section 2.2.1.1 after 1h stirring. Stirring continued for

2 more hours to ensure the homogeneity of the mixture. Separately, 0.1, 0.5,

2.0 and 5.0 wt. % of Ce02 were also prepared by the same procedure

(Figure 5).

2.2.1.4 Synthesis ofSi02So!

Tetraethylorthosilicate was used as received. In case of silica, the lower

reactivity of Si4
+ moiety little demands the presence of stabilizing agent

compared to Ti4
+ moiety. 19) However, anhydrous isopropanol was used as a

solvent to make the polar water and non-polar alkoxide compatible in the
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Titanium tetraisopropoxide
+

Acetic Acid

Deionised water
1 hr stirring

Titanium Isopropoxide ~

Solution "'~I-------t

Stirring
2 hr

Doped Titania Solution

3 hr stirring
8 days aging

RE Nitrate
Solution

Co-doped Titania Sol

Dried at 70°C

Doped-Titania Xerogel

Calcination

Doped-Titania Powder

Particle Size Analysis

FTIR, TG, DTA

FTIR, BET Specific Surface Area,
XRD, TPD, Leaching Study, TEM,
Photoactivity Evaluation

Figure 5: Flow chart for the preparation of doped Ti02 powder
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system. 194 Isopropanol was distilled to remove the water content adsorbed to it.

Alkoxide-isopropanol-water ratio was fixed as 1:4: 16 in all the synthesis

procedures of silica in the present work. In a typical experiment,

tetraethylorthosilicate (3.45g) dissolved in anhydrous isopropanol (5.08 ml)

was hydrolysed by the dropwise addition ofO.OOIN-deionized water (4.77 ml).

Stirring for a period of 3 h ensured homogeneity of the sol.

2.2.1.5 Synthesis ofSiOrLa20/Ce02 Co-doped Ti02Sol

Dropwise addition of the stoichiometric quantity of silica sol, prepared

as per section 2.2.1.5, to the La203 doped Ti02 sol (Section 2.2.1.2)

accomplished the formulation of eo-doped composition. A ratio of 94: 1:5

percentage Ti02:La203/Ce02:Si02 (wt %) was selected as the catalyst

composition. The homogeneous distribution of the Si02 phase in the La203

doped Ti02 sol was ensured by appropriate stirring. Repeated particle size

measurements at various intervals of stirring were carried out to see the

distribution of sol particles.

2.2.1.6 Synthesis ofA1203 Sol / Suspension

The finer fraction of alumina was separated after suspending it in

deionized water. pH of the suspension was adjusted to be 3.5 till a stable

colloid is obtained. The average particle size of the sol was measured to be 275

2.2.1.7 Synthesis ofAl20rLa203 Co-doped Ti02Sol

The mixed sol was prepared by adding calculated volume of the Al203

suspension (corresponding to 10 wt % of the total mixed oxide concentration)

to the 1% La-Oj-doped Ti02 sol, synthesised as per section 2.2.1.2, after 1 h
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stirring and the mixture was stirred further for a period of 5 hrs. The coating

precursor sols were prepared by the addition of 0.5 % PVA and 0.1% glycerol

to the above sol. This was labelled as TLA 1O.

Aging for a period of 8 days followed by concentrating over a steam

bath and subsequent drying at 70°C in an air oven produced the doped titania

xerogel. Annealing of the xerogels at different temperatures ranging from 100

1100°C, and soaking for a period of 3 hours have been carried out in an

ambient pressure and normal oxygen atmosphere. Heat treatment was done in a

stepwise manner, i.e., RT to 200°C (2°C/min), 200 to 500 0 e (3°C/min) and

500 to higher temperature (5°C/min). The xerogels were characterized by

various methods. The detailed description is provided in the following section.

2.2.2 Leaching Process

50/0 aqueous NaOH solution was used for leaching. 2 g 5% Si02-1 %

La-Oj-doped Ti02 powder calcined at 700 0 e was dropped into 30 ml NaOH

solution. It is then heated to about 70°C. Stirring the mixture for lh in this

stature accomplished the leaching. The sodium silicate formed as slag was

removed by decanting and the slurry was subsequently washed several times

(20 times) to remove the sodium impurity. The complete removal of NaOH

was primarily confirmed by pH measurement (washed till the pH becomes ~7).

The leached samples were dried in an air oven at 70° e and subsequently heat

treated at 300° e to remove any residual precipitates formed due to the action

ofNaOH.
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A list of total samples prepared for the study is provided in Table 4.

Apart from these samples, the ones incorporated with silica are used for

leaching.

Table 4: List of samples prepared for the study

Ti02 La203 Ce02 Si02

100

99 1

99 1

99 1

95 5

94 1 5

94 1 5

All the compositions are in weight percentage
All the silica-incorporated samples were undertaken leaching

2.2.3 Fabrication of Nano Titania Coatings by Dip

Coating

The film fabrication was carried out on pre-treated glass slides cbtained

from micro slides corp. Dip coating was employed for the fabrication of films

from precursor sols such as titania, doped titania and eo-doped titania samples.

The precursor sols were again modified with the addition of 0.5% PEG and/or

0.5% glycerol to study their effect on the film formation and also to compare

with the optimized compositions employed in this work. The coated glass

slides were subsequently dried at room temperature for 1 h followed by heating

in an electric air oven at 70°C for another 1 h. The samples were annealed to
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4000 C at a heating rate of 1°C/min. and soaked further for 3 h. The detailed

film fabrication procedure is provided below.

Pre-treatment of Glass Slides: The micro slides (size: 75 mm long x 25 mm

wide x 1.35 mm thick) were obtained from Polar Industrial Corporation,

Mumbai. The pre-treatment of the slides was necessary to remove the Na

impurity and to make the glass perfectly wetting. The glass slides were first

boiled in Cone, H2S0 4 for 1 h followed by thorough washing with distilled

water to remove the acid completely. H2S0 4 will selectively extract the free-Na

ions embedded in the glass slides (sheet glass) and convert it into soluble

sodium sulphate. The glass slides were then ultrasonicated in a 80: 1 water

isopropanol mixture for 10 minutes and subsequently dried in an oven at 100eC

followed by heat treatment at 400°C to remove the organic impurities on the

surface if any. The glass slides were kept in the oven at 100°C till the time of

coating. The coatings were carried out using dip coating as well as spin coating

technique.

Dip Coating Technique: KSV Dip coater [KSV Dip coater D, Model

IOOOIUD, KSV Instruments Ltd., Finland] as well as the one fabricated locally

was used for dip coating. Dip coating was carried out using the pre-treated

glass slides kept at 100eC by a dipping-withdrawing process. Coating was done

with different withdrawal speeds such as 0.6, 1.8, 3.0, 4.2 and 6.6 cm/min with

a view to study its effect on the film thickness of coatings. The dip coating

using the locally fabricated equipment was carried out by keeping the glass
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slides in the glass vessel containing the sol and allowing the sol to drain out in

aslow controlled manner through the bore drilled at the bottom of the vessel.

The speed of coating (withdrawal speed) was measured manually using a -<scale

and stopwatch. The schematic diagram of the coating equipment is provided in

Figure 6.

a

a - Glass slide

Figure 6: Schematic representation of the dip-coating unit fabricated.

The coating formulations used in the present study are given in Table 5.

All the compositions are in wt % only (if not stated otherwise).
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Table 5: List of coating formulations used in the present research

65

Ti02 La203 Ce02 Si02 GLY* PEG**

99 1

99 1 0.5

99 1 0.5

99 1

99 1 0.5

99 0.5

94 1 5

94 1 5 0.5

94 1 5 1

* GLY - Glycerol; **PEG - Poly (ethylene glycol)

The coating formulations were restricted to the above compositions for

clarity of discussion and interpretation, even though more compositions have

been attempted on a trial and error basis.

2.2.4 Fabrication of Nano Titania Coatings by Spin

Coating

A drop-spin coating technique was employed for the film fabrication.

Pretreated glass discs were mounted on the rotating disk and the precursor sols

were dropped into it at a rotation speed of 2000 RPM. The speed was increased

to 4000RPM and kept for 1 minute for evaporation of the solvent. The coated

discs were dried in an air oven at 70°C for lh and subsequently annealed to

400°C at a heating rate of 1°C/min. and soaked further for 3h. The 1°C heating
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rate was selected after trial and error method since this rate and soaking at

400°C for 3 h gave almost similar film characteristics with the ones obtained

for bulk powders heat treated at 700-800°C with a heating rate of RT to~200°C

(2°e/min), 200 to 500°C (3°C/min) and 500 to 800°C (5°C/min).

Leaching of coated glass slides was performed by the immersion of

coated glass substrates in 5% NaOH aqueous solution for a period of 1 h at

70°C. The glass slides were taken out and washed several times with deionized

water to remove the sodium impurity. 1, 2, 5 and 10% NaOH solutions were

used for leaching study and the 50/0 NaOH solution was selected for the

detailed analysis.

2.2.5 Photoactivity Evaluation

Methylene blue (MB) degradation experiments were done in presence of

UV light (360 run) in a Rayonet Photoreactor (The Netherlands). The

photoreactor is made up of 24 DV lambs of 360 nm wavelength arranged in

concentric circular fashion. The solution/mixture can be stirred using the

magnetic stirrers provided in the platform and also the base can be rotated to

make sure that the solution is exposed to maximum light throughout the

irradiation. A mixture of aqueous solutions of 15 ml MB (0.16 mg/IOOml) and

10 ml Ti02 (0.32 mg/IOO ml) were kept in the photoreactor for DV irradiation.

The mixture was exposed to DV light for a period of 5 hrs. DV-Vis spectra

were recorded at regular time intervals of irradiation such as after 5 min, 15
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min, 30 min, 1 h, 2h, 3h and 5 h. Similarly, photodegradation was done under

sunlight as well.

-l

The photoactivity of coated samples was also evaluated by similar

experiments. Photoactivity evaluation of the coatings was done by DV light

exposure of the Titania coated glass slides immersed in the methylene blue

solution (2JlI). The degradation profiles were drawn by plotting the maximum

absorbance of the main intensity peak (664 run) of methylene blue at regular

intervals of DV exposure. In fact all the samples are calcined at 400°C at a

heating rate of l°C/min and soaked for a period of 3 h.

The flow chart for the preparation of the eo-doped Ti02 powder is

provided in Figure 7 and those for the eo-doped Ti02 coatings are provided as

Figures 8 and 9. The total samples prepared for the present study are labelled

as provided in Table 6 and these codes are used for further discussions.
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Table 6: Total samples prepared for the study and their abbreviations

68

Sample Abbreviation

Ti02-1 % La203 TL-I

Ti02- 1% La203-1 % PEG TL-PEG1

Ti02- 1% La203-0.5% PEG TL-PEGO.5

Ti02-1% La203-1% GLY TL-GLYI

Ti02-1 % Ce02 TC-I

Ti02-1% Ce02-1% PEG TC-PEGI

Ti02-1% Ce02-1% GLY TC-GLYI

Ti02-1 % Si02 TS-I

Ti02-5% Si02 TS-5

Chemically leached- Ti02-5% Si02 TSN

Ti02-1 % La203-5% Si02 TLS

Ti02-1 % Ce02-5% Si02 TCS

Ti02-1 % La203-50/0 Si02-10/0PEG TLS- PEG1

Ti02- l% La203-5% Si02-I%PEG TLS- PEGO.5

Chemically leached- Ti02-1% La203-5% Si02 TLSN
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Titanium tetraisopropoxide
+

Acetic Acid

Deionised water
1 hr stirring

69

Tetraethylorthosilicate
+

Isopropanol

Deionised water
3 h stirring

Titanium Isopropoxide ~
Solution ..........1-----1

Stirring
2 hr

",

RE Nitrate
Solution

L.....------l~-.t Titania-Silica-RE Oxide Solution

3 hr stirring
8 days aging

Co-doped Titania Sol

Dried at 70°C

"
Co-doped Titania Xerogel

Calcination

"
Co-doped Titania Powder

Particle Size Analysis

FTIR, TG, DTA

FTIR, BET Specific Surface Area
XRD, Leaching Study, TEM,
Photoactivity Evaluation

Figure 7: Flow chart for the preparation of eo-doped Ti02 powder
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Titanium tetraisopropoxide
+

Acetic Acid

Deionised water
1 hr stirring
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TetraethylorthosiIicate
+

Isopropanol

Titanium Isopropoxide
.......

Solution ~

RE Nitrate
Solution

Deionised water
3 h stirring

2 hr stirring
Particle Size Analysis
Dip Coating, Spin Coating

."

". Titania-Silica-RE Oxide Solution

3 hr stirring
8 days aging

"
Co-doped Titania Sol

Particle Size Analysis
Dip Coating, Spin Coating

Particle Size Analysis
Dip Coating, Spin Coating

Dried at 70°C
Calcination at 400° C

."

Co-doped Titania Coating

AFM
UV-Vis Spectral Analysis

Figure 8: Flow chart for the preparation of eo-doped Ti02 coating
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pH - 3.5
5 hr stirring

Titanium tetraisopropoxide
+
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Deionised water
1 hr stirring

Titanium Isopropoxide
.......

Solution ,..,.

2 hr stirring
Particle Size Analysis
Dip Coating, Spin Coating

RE Nitrate
Solution

71

.....

Titania-RE Oxide-Alumina Mixed Solution

5 hr stirring
Aging

Particle Size Analysis
Dip Coating
Spin Coating

Titania Mixed Oxide Sol Particle Size Analysis
Dip Coating, Spin Coating

Dried at 70°C
Calcination at 400° C

Titania Mixed Oxide

Powder / Coating

AFM
UV-Vis Spectral Analysis

Figure 9: Flow chart for the preparation of A1203-La203 eo-doped Ti02 powder

and coating
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2,3 Characterization Techniques

2.3.1 Partic1.e Size Ana1.ysis

-.:.

The technique of dynamic light scattering (DLS) is ideally suited for the

determination of the size of particles in the nanometre size range. The Malvern

Zetasizer, Malvern Instruments Ltd, Malvern UK uses patented optics that

provides exceptional levels of sensitivity and allows the determination of the

size ofsamples that contain very small particles and/or particles that are present

at very low concentrations. In addition, the backscatter optics allows for the

measurement of samples at much higher concentrations than is possible using

conventional DLS instruments using a 90° detection angle. Since the samples

are stable sols, no deflocculant is added to the sample in the present case.

Instead the measurement is done as such.

2,3.2 Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier transform infrared spectra of gels and calcined samples

were recorded in Nicolet Magna-560-IR Spectrometer (USA) to study the

dehydroxylation and bonding characteristics of the gels and calcined powders.

The disc samples were prepared using KBr.

2,3. 3 Thermogravimetry (TG)

Thermogravimetry is a technique whereby a sample is continuously

weighed as it is heated at a constant, preferably linear rate. The decomposition
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features of the gel samples were characterized using the Shimadzu-TGA 50H

in nitrogen atmosphere at a rate of 10°C/min upto 1000°C.

2.3.4 Differential Thermal Analysis (DTA)

In differential thermal analysis, the sample temperature is continuously

compared with a reference material temperature, the difference in temperature

being recorded as a function of furnace temperature as the sample is heated or

cooled at a uniform rate. The gel samples were characterized using the

Shimadzu-50H DTA in nitrogen atmosphere at a heating rate of 10°C/min.

2.3.5 X-ray Diffraction (XRD)

The X-ray powder diffraction patterns of the calcined samples were

recorded in Philips Diffractometer (PW1710), The Netherlands, using Ni

filtered Cu Kn radiation. The samples for XRD were prepared by smearing the

powder on a clean glass plate coated with silicon grease and the smeared

powder on the glass plated was pressed using another glass plate to get a plane

surface. Most of the samples prepared for this study are scanned between 20 to

60° 28 values with a step speed of 2.4°Imino

The percentage of rutile (X) in the samples was estimated from the

respective integrated peak intensities using the equation.

X = (1+ 0.8 IA / IR)-l

Where lA and IR are the X-ray intensities of the anatase and (101) and rutile

(110) peaks respectively. Crystallite sizes were calculated from the peak widths

using the Scherrer equation. 488
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Cl> = kA / (Bcostl)

Where Cl> is the crystallite size, k the shape factor (a value of 0.9 was

used in this study) A- the X-ray radiation wavelength (1.540 A0 for CuKuj and

~ is the full line width at half-maximum height of the main intensity peak after

subtraction of the equipment broadening.

2.3. 6 Ni trogen Sorption Studies (BET Specific

Surface Area Anal.ysis)

The phenomenon of higher concentration of any molecular species at the

surface than in the bulk of a solid (or a liquid) is known as adsorption. The

solid that takes up a gas or vapour or a solute from a solution is called the

adsorbent while the gas or the solute, which is held to the surface of the solid is

called the adsorbate. The variation of adsorption with pressure at a given

constant temperature is generally expressed graphically and is known as

adsorption isotherm.

Adsorption isotherms

The relationship between the magnitude of adsorption and pressure can

be expressed mathematically by an empirical equation known as Freundlich

adsorption isotherm, a = Kpn, where 'a' is the amount of the gas adsorbed per

gram ofthe adsorbent at pressure 'p', 'K' and 'n' are constants depending upon

the nature of the gas and the adsorbent. It is possible to divide the adsorption

isotherms into major five different types (Figure 10).
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Figure 10: Types of adsorption isotherms, Brunauer, Deming, Deming, and

Teller classification together with stepped isotherm

(1) Type I corresponds to unimolecular adsorption. The volume of the gas

adsorbed approaches a limiting value; just enough to complete a

unimolecular layer even when the gas pressure is very high. Microporous

solids also show similar behaviour.

(2) Type 11 and Type III isotherms, the amount of adsorption keeps on rising in

each case with increase in pressure. This is attributed to the formation of

additional layers of physically adsorbed gas molecules.

(3) Type IV and Type V have been observed in cases where there is a

possibility of condensation of gases in the minute capillary pores of the

adsorbent at pressures even below the saturation pressure, 'Po' of the gas.

There is not only the formation of multimolecular adsorbed layers of gas

molecules but also condensation of some of the gas molecules within the
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narrow capillary pores of the adsorbent known as capillary condensation of

the gas.

(4) Type III and Type V are special isotherms showing by gases havin~ less

interaction with solids. Type VI is a stepped isotherm not included in the

classical classification

Nitrogen sorption studies of the samples were carried out using

Micromeritics BET surface area analyzer (Gemini Model, 2360). The calcined

samples were preheated in a flow of nitrogen for about 3 hours at around 200°C

to remove all the volatiles and chemically adsorbed water from the surface.

Adsorption studies were carried out at liquid nitrogen temperature.

Determination ofSpecific Surface Area

The specific surface area is usually determined using the BET equation.

The Langmuir theory of adsorption is restricted to the formation of a

monomolecular layer of gas molecules, on the solid surface and disregards the

possibility for multilayer adsorption. But in the BET theory it is assumed that

multilayer adsorption can take place since the solid surface possesses uniform

localized sites.

The BET equation is PIP0 _1 + C-1 (PIPo)

Where, V

Vm

V(l- PIPo) VmC VmC

volume of the gas adsorbed at the pressure 'P'

volume adsorbed when the surface of the solid is

completely covered with a monolayer of adsorbed gas molecules.
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C = a constant depending upon the nature of the gas.

Since 'C' and 'V m' are constant for a given gas solid system, a plot of

PN(po -- P) against (PIPo) should give a straight line. S~ Vm can be calculated.

The total surface area of the sample can be calculated using the

equation. Surface area, S = VmNA/M, Where, N = Avogadro number, A =

cross sectional area of a single molecule of the adsorbate, M = Molecular

weight of the adsorbate.

Determination of Total Pore Volume

The liquid equivalent of the designated volume adsorbed is the total pore

volume (cc/g), Vtot = (Va) x (D), \Vhere Va = volume adsorbed at PIPo 0.99,

D = density conversion factor.

Average Pore Size

Assuming the pores are of cylindrical shape and open at both ends, the

average pore size of a given sample is calculated using the equation,

Average pore size = 4Vp/SSET

Vp = pore volume, SSET = BET multipoint surface area.

Pore Size Distribution Curves

Pore.size distribution curves are determined from adsorption/desorption

isotherms making use of Kelvin equation, which relates the equilibrium vapour

pressure of a curved surface, such as that of a liquid in a capillary or pore, to

the equilibrium pressure of the same liquid on a plane surface.
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Ini.= - 2yV cosB, where 'P' is the equilibrium vapour pressure of the liquid
Po rRT

contained in a narrow pressure of radius 'r' and 'Po' is the equilibrium pressure

of the same liquid in a plane surface. The terms 'y' and 'V' are the surface

tension and molar volume of the liquid respectively, and 'e' is the contact

angle of the liquid. When nitrogen is used as the adsorbate at its boiling point

of77 K, the Kelvin equation can be written as,

rk = _4._15_ (A)
log(P~)

'rk' is the radius obtained from Kelvin equation, which differs from actual pore

size since condensation occurs to a core of pore that was already covered by an

adsorbed layer. The thickness of the adsorbed layer can be obtained by

comparing the absorption layer with a nonporous one. However, 't', the

statistical thickness, can also be determined by Halsey equation, which for

nitrogen can be written as,
1/3

t = 3.54 { 2.3031:g (PofPJ

A procedure involving only the wall area and based on the cylindrical

pore model put forward by Pierce and modified by Orr and Dall Valle was used

for the determination of pore size determination. 489 The additional area of

multilayer exposed during each step of desorption is calculated from the

volume and radius from a cylindrical model. For the speedy calculation a
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computer programme was written using Visual Basic and used for all the

analysis of the isotherms.

2.3.7 T~erature Programmed Deso~tion of Ammo~a

(TPD)

Ammonia TPD is a method for identifying the strength of acidic sites of

the sample. 490 A known weight of NH3 is adsorbed at room temperature on the

sample taken in. the reactor. The NH3 desorbed at different temperatures is

determined by titrimetry. About 0.5 g of the sample was loaded into a

microcatalytic reactor and degassed in a stream of nitrogen at a temperature of

300°C for 30 minutes. The reactor was then cooled to room temperature and 20

ml NH3 was injected through the sample. The gases emerging from the reactor

outlet- was scrubbed into known quantity of standard sulphuric acid for 15

minutes and the eluted ammonia was estimated volumetrically using the

equation:

Amount of ammonia desorbed = (NNaOH X !1V) x 17f(w x 1000) (mrnol/g)

Where, w = weight of the catalyst in mg/g

The experiment was repeated similarly at different temperatures

100,200,300,400,500,600 and 700°C. The desorption of ammonia at relatively

lower temperatures 100 - 250°C was considered as occurring from weak

Bronsted acid sites, while that occurring at high temperatures 250-650°C was

considered as occurring from Lewis acid sites. The schematic representation of

the locally fabricated TPD set up was provided in Figure 11.
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E = Standard sulfuric acid

Figure 11: Schematic representation of TPD set up

2.3.8 Transmdssion Electron Microscopy (~)

TEM has become the primary tool for the observation of crystal defects,

second phase precipitates, elucidation of the crucial role of intrinsic and

extrinsic dislocations, grain boundaries, interfaces, line and planar defects.

Surface morphology on a nanometer scale is obtained from TEM.
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When high-energy electron beam passes through the thin specimen, the

transmitted beam is ejected on the fluorescent screen. This transmitted beam

gives structural information of the specimen. 490 The TEM gives very high

resolution (in the order of 1A0) and very high magnification (--1 million times).

However, this is obtainable for thin specimens only (--1 OOA0). The bulk

specimen need necessary thinning by various techniques like ion milling,

electropolishing etc. depending on the nature of the material. The powder

specimen is suspended in water or any other medium generally in the ratio

1:100 or 1:1000. Ultrasonic stirring is necessary for agglomerated samples. A

drop of the suspension is placed on the grid supported by carbon or plastic

films. The suspensions form a hemispherical drop on the grid. With time the

liquid is evaporated and the powder is adhered to the supporting film. The grid

is dried and ready for observation under TEM.

TEM of selected samples in the present work were taken in JEOL

3000EX with acceleration voltage 300kV and a resolution of less than 0.2nm.

Diffraction patterns have a camera length of 80 cm. The powder was dissolved

in ethanol, and homogenized in ultrasonic bath for 5 min. Then the 3mm

carbon-coated Cu-grid for TEM-observation was dipped into this dispersion, so

that the powder particles were stacked on the grid. Since they are so small, they

are translucent for the electron beam. The upper limit for this critical thickness

would be about 250 run. Dr. Wilfried Wunderlich of Nagoya Institute of

Technology, Nagoya, Japan did the TEM analysis for the present work.
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2.3.9 UV-Vis Absorption/Transmission Spectroscopy

The photodegradation capacity of titania samples were measured by

taking absorption spectra of the DV exposed titania-methylene blue mixture

solutions. The solution was centrifuged and the solution is taken for the

measurement to avoid scattering of light due to titania particles. In case of

coated films, transmission spectra were recorded in the transmission mode. The

UV-Vis absorption/transmission spectra of the titania-methylene blue mixture

solutions were recorded using Shimadzu DV 2401 PC DV-Vis

spectrophotometer.

2.3.10 Atomic Force Microscopy (AFM)

The surface morphology of the spin coated glass surface was determined

by AFM imaging. A Multimode head with a Nanoscope IV controller from

Digital Instruments (Santa Barbara) was used in contact mode for all imaging,

Repeat scans were used to confirm that the scanning was not affecting the

surface. For non-symmetrical features, two sets of orthogonal scans were used

to confirm that the observed features are real and not due to the scanning

direction of the tip. Prof. Frank J. Berry and Dr. Sharon Moore of Open

University, UK, did the AFM analysis for the present thesis work.
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ChapterIII

Nanocrystalline Catalytic Titania Powders

Abstract

High surface area, nanocrystalline titania prepared through a modified

sol-gel route has been further investigated and the results are presented. The

50ls were characterized for their particle size using Malvern Particle Size

Analyzer. Resultant gel precursors were characterized by thermal analysis and

IR spectroscopy. The precursor gels were further annealed at various

temperatures and then were subjected to measurement of BET Specific Surface

Area, Powder X-ray Diffraction, Transmission Electron Microscopy, DV-Vis

Spectrophotometric Analysis, Temperature Programmed Desorption (TPD)

technique and Photoactivity. Correlation between the properties of the nano

oxide and the preparative route as well as experimental parameters has been

attempted. The FTIR spectra indicated the formation of Ti-O-RE (RE = La and

Ce) bonds. The structural modifications taken place as a result of doping in the

gel structure was reflected as a four step weight loss pattern in the thermogram,

wherein the undoped Ti02 appeared to be undergoing a three step weight loss

pattern. DTA also corroborates with the corresponding changes. Considerable

increase in specific surface area was shown by lanthana-doped Ti02 samples at
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all temperature ranges. Ce02 doped samples have also shown an increase in

surface area but less compared to La-Oj-doped Ti02 samples. Powder X-ray

diffraction and TEM analyses point toward the formation of nanocrystalline

Ti02. The effect of annealing on the crystallite growth and phase

transformation was assessed using XRD. A decrease in crystallite size and

corresponding enhancement in phase transformation temperature was

established with the increasing concentrations of the dopants (both La203 and

Ce02)' However, La203 was found to be more effective than Ce02. The anatase

to rutile transformation temperature increased to ......940°C in presence of

1% La203 from that of undoped Ti02 at 670°C. The crystallite size of titania

ranged between 5-70 nm and the 'critical size limit' was established to be

between '39-47' nm in the present work. The photoactivity evaluation with

respect to methylene blue degradation experiments established 1% La203

doped Ti02 annealed at 700°C to be the better catalyst. The activity was found

to be comparable to or even higher than that of commercial Ti02 samples such

as Degussa P-25 and Hombikat DV 100. The corresponding textural features

were determined to be 52 m2g-1 BET specific surface area and 0.0961 ccg"

pore volume. The surface area ofundoped Ti02 was measured to be ...... 1 m2g-1 at

the same calcination temperature. Moreover, 1% La-Oj-doped Ti02 retained

about 37% of the total pore volume at 300°C, even after calcination to 700°C.

Similarly, doping with 1% Ce02 produced a surface area of 42 m2g-1 at 700°C.

The influence of La203 on the enhancement of surface acidity was also

established by temperature programmed desorption technique. Further, the
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procedure was modified for the preparation of high surface area mesoporous

doped titania. The controlled mesoporosity is achieved through a doping

leaching process; wherein silica is first added to the La-Oj-doped Ti02 sol

precursor and allowed to form a homogeneous sol. Subsequent to gelation,

drying and heat treatment, the amorphous silica phase was leached out

preferentially using 5% NaOH solution. The resultant mesoporous texture, with

fully crystalline matrix and pore walls has got an enormous potential in the

application fields such as high surface area battery electrodes, sensors,

optoelectronic devices, photoactive self-cleaning surfaces and as catalysts.

3.1 Results

3.1.1 Partic~e Size Ana~ysis

Particle size distribution curves of undoped as well as lanthana and for

ceria doped titania sols are provided in Figure 12. The sol precursors are

prepared through a polymeric sol-gel route and the particle size depends largely

on the experimental conditions and presence of dopants. Figures 12A-12F

show the typical particle size distribution curves, which indicate the presence

of nanosize titania and doped titania particles. As is obvious, the final

properties of the material depend on the solution chemistry and the consequent

structural formation in sol-gel derived materials. The undoped titania sol

showed a uniform distribution of particles with an average size ~25 run. When
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it is doped with lanthanum nitrate solution corresponding to 1% by wt. La203,

the particle size got reduced to -18 run. In case of 1 % Ce02-doped Ti02 the

average particle size reduces to -22 nm. This reduction in particle sizes .could

be attributed to the possible capping taking place on addition of RE nitrate

solutions, which will be discussed in detail later on in this chapter. The TLS

and res sols on the other hand show particle sizes in the range -14 and

-16 run respectively after 8 days of aging.

3.1.2 FTIR Spectral Analysis

FTIR spectra of undoped, doped and eo-doped sol-gel titania samples

obtained through the acetic acid stabilized / catalyzed hydrolysis 

polycondensation reactions of titanium tetraisopropoxide (TTIP) and heat

treated at different temperatures were recorded and presented in this section. In

the present route, acetic acid is used as a stabilizing agent for TTIP, which can

either chelate to the same titanium atom or form bridges between two titanium

atoms with its bidentate chelating functionalities. 491-493 Modification of the Ti4+

coordination sphere will be the result in both the cases, wherein the

coordination sphere of titanium is increased from four to six and an effective

stabilization of the isopropoxide moiety against hydrolysis is resulted. 192-193 In

the present attempt, i.e., sol-gel process, Ti02 sol was prepared by the addition

of deionized water to the stabilized TTIP - acetic acid complex, and subsequent

aging and drying produced the xerogel. FTIR should, therefore, establish the

type of acetate ligand bonding such as chelating, bridging etc. and also the
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presence of specific functional groups associated with the system. Hence, a

systematic analyses of both undoped and doped titania xerogels with respect to

different annealing temperatures were carried out with a view to demo~strate

the effect of chelating / stabilizing agent on the crystallization of Ti02, if any.

Further, the role of acetic acid as well as the dopants on the chemical sequences

of the system was also evaluated.

Figure 13 shows the FTIR spectra of undoped Ti02 samples calcined at

different temperatures. Bands corresponding to stretching and bending

vibrations of hydroxyl groups as well as loosely bonded H20 molecules

(at --3400 ern" and 1640 ern" respectively) can be clearly observed in the

spectra. 494 The symmetric and asymmetric stretching vibrations of acetate

ligands arise as a doublet centred at 1417 ern" and 1517 ern" respectively. The

frequency separation (~v - 100 ern") that exists between the vsym (COO) and

the Vasym (COO) bands is consistent with the bridging bidentate acetate ligands

with a percent of chelating ones. 491,495 The band due to the presence ofTi-O-Ti

network appears as a broad band below 1000 cm -I probably due to the presence

ofan amorphous phase. 192,496-498 The undoped titania calcined at 500°C shows

apeak centred at 466 ern", which could be attributed to the anatase Ti-O bond

vibrations. 499 The sample calcined at 700°C shows a peak at 519 and a

shoulder at --413 ern", corresponding to the rutile and anatase Ti-O bond

vibrations respectively. 492,500 Also, with the increase in calcination

temperature, the bands corresponding to -OH species and those due to the
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organic functionalities are vanishing, with the sharpening of the peak centred at

-450-525 cm". The intensified peak corresponding to the vibration232

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 13: FTIR spectra of TU samples calcined at different temperatures.

(a) 80°C; (b) 300°C; (c) 500°C; (d) 700°C; (e) 800°C and (t) 900°C

indicates the formation of extended Ti-O-Ti network with highly crystallinity.

Further, a gradual shift towards the higher frequency region is also occurring

for the peak corresponding to the vTi-O-Ti vibration on calcination, consistent

with the crystallite growth.

Figure 14 shows the FTIR spectra of 1% lanthana doped titania heat-

treated at different temperatures such as 70°C, 700°C and 900°C. The regular

bonds for stretching and bending modes of vibrations of water molecules show

adecrease in the intensity with temperature. Further, the band below 1000 ern"

show increased peak intensity with increasing calcination temperature.

However, all the other bands undergo a gradual decrease in the peak intensity.
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Furthermore, for the 900°C calcined sample, the bands due to the stretching

and bending modes of vibrations of water molecules are also diminished.

Though, the dehydroxylation is complete at this temperature, as inferred.by the

TG analysis, the chances of adsorption of OH moieties to the surface is very

much probable and is generally characteristic of ceramic metal oxides. A high

frequency separation (~v- 110 ern") that exists between the vsym (COO, at

1417 cm", and the V asym (COO), at 1527 ern", bands of lanthana doped titania

is consistent with the presence of more bridging bidentate acetate ligands

compared to the undoped titania gels. 501-502 This enhanced bridge formation

can be between titanium and lanthanum species based on the HSAB principle.

a

b

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 14: FTIR spectra of TL-l samples calcined at different temperatures.

(a) SO°C; (b) 700°C and (c) 900°C
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Furthermore, all the samples show a shoulder at 1029·cm- l
. This is attributed to

the anatase Ti-O bond vibration, which may have nucleated at the sol synthesis

stage itself. According to Djaoued et 01, 499 the anatase and rutile phases can

also be established from FTIR spectra. In the spectra, while the 500°C calcined

sample shows a peak centered at 448 ern", the 900°C calcined sample shows a

splitting of the band to "J 512 ern" and 448 ern". The peak at 448 ern" could be

attributed to the quantum confinement effect of anatase titania particles and the

one at 512 cm" is due to the presence ofrutile phase. 232

The FTIR spectra of different percentages of La-Oj-doped Ti02 samples

(0.1,0.5, 1, 2 and 5 %) calcined at 700°C are presented in Figure 15. All the

spectra show broad bands below 1000 ern" that are centered at "J450-480 ern".

This is attributed to the phonon confinement effect of Ti-O-Ti network, as was

discussed by Doeuff et al. 232 The formation of Ti-O-La bond is reflected in the

FTIR spectra as a broad shoulder like peak in the range 680-890 cm", 503

Further, the bands characteristic of the stretching and bending modes of

vibrations of -OH functionalities show a slight increase with the increase of

lanthana concentration.

Figure 16 represents the FTIR spectra of 1% Ce02-doped Ti02 (TC-l)

samples heat-treated to different temperatures such as 70°C, 700°C and 900°C.

All the peaks are almost similar as that of TL-l samples. A high frequency

separation (~v- 110 cm") that exists between the vsym (COO, at 1417 cm", and

the Vasym (COO), at 1527 ern", bands of ceria doped titania is consistent with
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Figure 15: FTIR spectra of different concentrations of lanthana doped titania

samples calcined at 700°C. (a) TL-O.l; (b) TL-O.2; (c) TL-l; (d) TL-2 and

(e) TL-5

--I

1000 5004000 3500 3000 2500 2000 1500

Wavenumber (cm")

Figure 16: FTIR spectra of TC-l samples calcined at different temperatures.

(a) 80°C; (b) 700°C and (c) 900°C

the presence of more bridging bidentate acetate ligands compared to the

undoped titania gels. 269,491-492,501-502 This enhanced bridge formation can be
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a

lerween titanium and cerium species based on the HSAB principle, 504-505

which will be discussed later in this chapter. Furthermore, all the samples show

ashoulder at 1029 cm-1 attributed to the anatase Ti-O bond vibration. 500

Figure 17 presents the FTIR spectra of undoped titania (TU), TL-I,

rC-I, TS-1 and TS-5 samples calcined at 700°C. The spectra clearly show a

blue shift (-.. 512 ern") ofvTi-O-Ti peak maxima for undoped titania, attributed

to the rutile phase formation. Instead, all the doped titania samples show their

respective vTi-O-Ti bands centered at --460 ern", Further, both the silica doped

titania samples show shoulder bands (overlapped) in the region 940-1100 ern".

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 17: FTIR spectra of undoped and, doped titania samples calcined at

700°C. (a) TU; (b) TL-1; (c) TC-l; (d) TS-l and (e) TS-5

This can arise from the presence of a number of possible vibrations such as

Si-O· stretching vibrations in sequences involving tetrahedrally coordinated
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Ti4+ ions ('-940 cm") 494,506,507 together with Si-O vibrations in Si-OH groups

at approximately the same frequency; Si-O-Si stretching peak (1039-1073 ern")

formed due to the progressive condensation, 508 and Si-O-Ti groups obta<ined by

the hetero-condensation. It can also be noticed that the silica doping enhances

the amount of surface hydroxyl groups, 166 which can be clearly understood

from the presence of a broad band, ranging from 2500 - 3700 cm" for the silica

doped titania samples. The peak broadening as a result of silica addition

indicates the enhancement of hydrogen bonding.

In general the FTIR spectra show the presence of acetate bridges with Ti

and rare earth species, which is stable upto '-350°C, while the undoped titania

shows more chelating acetate ligands.

3.1. 3 Therma~ Ana~ysis

The thermal decomposition features were followed using differential

thermal analysis as well as thermogravimetric analysis. Figure 18 shows the

differential thermogram of undoped alkoxide derived sol-gel titania and those

doped with different percentages of lanthana and ceria such as 1, 2 and 5

percentage (by wt). The undoped titania shows an endothermic peak at '- 90°C

and an exothermic peak at ,-345°C. The endothermic peak 509 corresponds to

the removal of loosely adsorbed water molecules present in the gel network and

the exothermic peak is due to the removal of organic residues incorporated in

the matrix, essentially acetic acid and residual isopropanol. 300,510 The removal

ofacetic acid is an exothermic process since it decomposes in the course of



Cliapter I I I 95

heat treatment and expels as a more stable CO2 form. 51
0 The other physico

chemical changes taking place in the course of heat treatment are condensation

reactions leading to the formation of stronger Ti-O-Ti network and ,~lso an

irreversible phase transformation from metastable anatase phase to

thermodynamically stable rutile form. However, these changes do not reflect in

the DTA pattern since the phase transformation is a process occurring over a

range of temperature. The A~R transformation is mainly a nucleation-growth

process, which is not confined to a particular temperature. 321 Once the rutile

phase is nucleated, after a saturation point called 'critical nucleation limit', the

sites grow in size by a dissolution-reprecipitation process at the expense of

smaller particles. 320 The crystallization and phase transformation are primarily

exothermic processes but due to the above limitations, will not reflect in the

differential thermogram. In the present synthesis method, the anatase phase

nucleation takes place in the sol preparation stage itself, 510 which will further

be discussed in detail in this chapter.

On addition of lanthana as lanthanum nitrate in the solution stage, it is

incorporated as La3
+ ions surrounded by H20 molecules as primary

coordination sphere and nitrate ions as secondary coordination sphere. As

lanthanum/cerium ions are hard Lewis acids they will have a tendency to

coordinate with more electronegative, hard Lewis bases like CH3COO- ions 505

present in the acetic acid stabilized TTIP solution. Consequently, the acetate

ligands coordinate with the La3+ICe3+ ions and act as bridges between titanium

and lanthanum ions. This will stabilize the acetate ligands in the gel network,
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Figure 18: DTA curves of undoped and different percentages of La20J as well

as Ce02 doped titania samples. (a) TU; (b) TL-l; (c) TL-2; (d) TL-5; (e) TC-l;

(0 TC-2 and (g) TC-5



Cfzapter I I I 97

which is reflected as a shift of the exothermic peak in 1% lanthana doped

titania to 357°C from that of 345°C for undoped titania in the differential

thermogram. For higher concentration of lanthana, (2%), the peak occurs as a

doublet centred at 369°C and 383°C. The peak at 383°C could be attributed to

the enhancement of bridging between titanium and lanthanum by acetate

ligands, which stabilize it to exist at higher temperatures. The exothermic peak

at 369°C may be due to the removal of metal-complexed N03- ligands as

nitrogen gas. 511

Figure 19 shows the thermogram of undoped and different percentages

of lanthana as well as ceria doped titania samples. Titania undergoes a three

step weight loss on heat treatment. The first step ranging from 29° - 1000e

corresponds to the removal of physisorbed water. 300 The second gradual

weight loss, ranges from 100 - 315°C, may be due to the combined removal of

hydroxyls, structural water and organic residues like acetate groups,

isopropanol etc., associated with the solid network. 300 The gel matrix will be

strengthened by condensation reactions leading to the formation of Ti-O-Ti

network right from the beginning of hydrolysis to the whole range of heat

treatment temperatures. 193,300 The third weight loss step, that ranges from 315°

-400°C could be mainly due to the removal of acetate moiety incorporated in

the gel network, in addition to the continued dehydroxylation process, which

substantiates the occurrence of exothermic peak in the DTA. 251 Above this

temperature, the thermogram shows almost little change in the sample weight

but in the DTA shows a broad exothermic kind of curve at higher temperature.
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This may be due to the A~R phase transformation, taking place in the course

ofheat treatment. 512

On addition of 1 % lanthana as lanthanum nitrate, the thermogram

changes to a four-step weight loss pattern. The first step ranging from 30° 

70°C is due to the removal of loosely adsorbed water. The second step ranging

from 70° - 245°e is due to the combined effect of dehydroxylation and removal

oforganic residues. 513 The third weight loss step from 245° - 330°C may be

due to the expulsion of gaseous nitrogen originated from the lanthanum nitrate

solution, which is being associated with the metal ions as a bidentate complex

ligand. The fourth weight loss step ranges from 330 - 433°e and could be

attributed to the expulsion of CO2 gas produced as a consequence of acetate

decomposition. 509-510 All the four weight loss steps occurring in the

thermogram corroborate with the peaks in the corresponding DTA, which

substantiates the discussed sequential processes taking place on heat treatment

ofthe xerogel.

The thermal decomposition features of ee02-doped Ti02 xerogels (1, 2

and 5 percentage by wt.) are also presented in Figure 19. On addition of 1 0/0

ceria as cerium nitrate, the thermogram changes to a four-step weight loss

pattern. The first weight loss step, which ranges from 32 - 1000e is due to the

removal of loosely bonded water. The second step ranging from 100 - 240 0e

could be due to the combined effect of dehydroxylation and removal of organic

residues. The third weight loss step from 240 - 270°C may be due to the

expulsion of gaseous nitrogen originated from the cerium nitrate solution,
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which is being associated with the metal ions as bidentate complex ligands.

The fourth weight loss step is from 270 - 380°C and this could be attributed to

e

d

c

b

a

o 200 400 600 800 1000

Temperature (QC)

Figure 19: Thermogravimetric curves of undoped and different percentages of

La203 as well as Ce02 doped titania samples. (a) TU; (b) TL-l; (c) TL-5;

(d) TC-l and (e) TC-5

the expulsion of CO2gas produced as a consequence of acetate decomposition.

300 All the four weight loss steps occurring in the thermogram correspond to

peaks in the respective DTA plots, which substantiate the sequential processes
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taking place on heat treatment of the xerogel. In order to distinguish each of

weight loss, the derivatives are also presented along with the respective

thermogram.

In cerium nitrate aqueous solution, ceria is in the +3 oxidation state

surrounded by 6H20 molecules as primary coordination sphere and 3 nitrate

molecules as secondary coordination sphere. 514 Ce(III) being highly oxophilic

and/or hard Lewis acid 505 has a tendency to coordinate with those oxygen

species produced as a result of hydrolysis of acetate ligands chelated with

titanium ions. This produces the bridging between titanium and cerium ions.
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Figure 20: Thermogravimetric curves and their derivatives of (A) TU and

(B) TC-l

This will stabilize the acetate ligands in the gel network, which is reflected as a

shift of the exothermic peak in 1.% Ce02-doped Ti02 to 354°C from that of

345°C in case of undoped titania in the differential thermogram. In addition,

there occurs a small exothermic peak at "J253°C, which could be attributed to

the removal of nitrates. Further, the intensity of this peak increases with the
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concentration of cerium nitrate addition. However, for higher concentrations of

ceria, the acetate peak is being shifted to lower temperature (338°C) and the

nitrate peak also shows a shift to 248°C (2 %). The 5 % Ce02-doped Ti02

sho\vs exothermic peaks at 299°C and 234°C. An additional small exothermic

peak at 200°C is seen in case of the 5 % ceria doped sample, which is due to

ue ceri id 11" 515ecenum OXI e crysta ization.

3.1.4 Powder X-ray Diffraction

The powder X-ray diffraction patterns of different samples calcined at

different temperatures are provided and the results are discussed in the

following paragraphs. The dopants such as lanthana and ceria increase the

anatase to rutile phase transformation temperature and also inhibit the grain

growth. The nucleation of anatase phase in the present procedure is supposed to

be occurring at the time of hydrolysis-condensation stage itself as confirmed by

the XRD data. According to Song and Pratsinis, 175 the presence of solvents

like isopropanol prevents the anatase phase nucleation upto a certain elevated

temperature. In the present case we have adopted an alcohol-free sol-gel

process. The presence of hydrous anatase phase at 80°C can, therefore, be

attributed to the specific preparative route adopted in the present case.

The XRD patterns of the as gelled xerogels (80°C), presented In

Figure 21 show the presence of hydrous anatase crystals, which occurs as a

broad peak with less intensity. The presence of amorphous phase is reflected as

broad noises without any distinct peaks.516 The undoped titania has the smallest
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crystallite size compared to the doped titania samples. Particles start growing as

the heat treatment temperature increases. However, undoped titania grows

faster with temperature and exhibits the anatase to rutile transformation at a

lower calcination temperature compared to the doped samples. In other words,

the dopants inhibit the grain growth of anatase crystallites by providing a

diffusion barrier by either segregating at the grain boundaries or by stabilizing

the Ti-O bonds by forming Ti-O-RE (RE = La, Ce) bonds. The electropositive

RE ions provide its electron density to the oxygen, which in turn is

being utilized for the stabilization of the Ti-O bonds. Therefore, the bond

formation inhibits the Ti-O bond breakage towards higher heat treatment

temperature, which in turn retards the oxygen diffusion needed for the

structural rearrangement. The anatase to rutile transformation involves a

structural rearrangement, wherein two of the Ti-O bonds break and reorient to

fonn the rutile phase. 517 The stabilization of Ti-O bonds in turn retards the

anatase to rutile phase transformation.

The formation of Ti-O-La bonds also terminates the Ti-O-Ti network

formation and the RE species are located at the grain boundaries. This can be

explained by a capping mechanism attributed to the HSAB principle, 504-505

assisted by the acetate ligands. Another explanation for retardation of anatase

to rutile phase transformation is the locking of the Ti-O bonds by the Ti-O

bonds at the interface. This assumption also corroborates with the report by

Bard et al. 394 Bard et al have demonstrated the inhibition of phase
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transformation and grain growth in the Ti02-Si02 system by the formation of

ri-O-Si bonds, which locks the Ti-O bonds at the interface.

A

20 25 30 35 40

29

45 50 55 60

Figure 21: Powder X-ray diffraction patterns of as gelled xerogels (80°C).

(a) TU; (b) TC-l ; (c) TL-I and (d) TS-5
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Table 7 presents the crystallite size and phase compositions of undoped

and doped titania samples heat-treated at different temperatures ranging from

80-1100°C. The effect of dopants on the inhibition of grain growth and: phase

transition can be clearly understood from the result. The XRD patterns indicate

the presence of highly crystalline titania crystallites at 700°C, which appear as

sharp intense peaks. The nanocrystallinity of titania is enhanced by the addition

of both La203 and CeOz. At 700°C, 1% La-Oj-doped Ti02 shows a crystallite

size --16.81 nm and 1% Ce02-doped TiO2 has ~18.91 nm and 1% SiOz-doped

Ti02sample, 23.62 nm. While rutile phase nucleation occurs at a temperature

of -670°C in undoped titania, the nucleation is delayed to ~91 aoe in case of

10/0 Ce02 and ~940°C in case of 1% La203 doping. Furthermore, the phase

transformation temperature shifts to even higher values with the increase in

dopant concentration. However, the XRD patterns of the 5% lanthana and / or

ceria doped samples indicated the formation of traces of LaZ03 / Ce02 phases

in their respective patterns. Therefore, the studies were limited to less than 5 0/0

addition of dopants. In general, La203 is found to be the most effective in the

inhibition of both grain growth and phase transformation.

In Figures 22 and 23, the XRD patterns of 1 % La203 and Ce02-doped

Ti02powders show the presence of tetragonal titania phases. No La203 or

Ce02 crystals with XRD detectable size were formed in these powders.

Identification of the exact state of the dopants in nanostructured powders is

rather difficult. Even though, the TEM observation had shown (will be

discussed lateron) that most of the La203 and Ce02 atoms are distributed like
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(d)

(c)

20 25 30 35 40 45 50 55 60

29

Figure 22: Powder X-ray diffraction patterns of TL-I samples calcined at

different temperatures. (a) 80°C; (b) 500°C; (c) 700°C; (d) 800°C and

(e) 950°C
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Figure 23: Powder X-ray diffraction patterns of TC-l samples calcined at

different temperatures. (a) 80°C; (b) 500oe; (c) 800°C and (d) 950°C
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Figure 24: Anatase and rutile crystallite sizes as well as the % rutile content vs

calcination temperature of (A) TU; (B) TL-I and (C) TC-I
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in amorphous material than located on definite crystallographic positions in the

grain boundary core.

Figures 24A, 24B and 24C show the anatase and rutile crystallite sizes

as well as the % rutile content as a function of calcination temperature for

undoped 1% La-Oj-doped and 1% Ce02-doped Ti02 powders. The crystallite

size of undoped titania increases rapidly with increasing temperature. On the

other hand, the doped titania powders show a rather slow growth of anatase

crystallites upto 950°C. At 900°C, the crystallite size of undoped titania is

-79.08 nm, while the crystallite sizes of Ti02 doped with 1% La203 and

1% Ce02 are only 37.34 and 41.06 nm respectively. However, all the doped

titania samples show higher crystallite growth above 950°C by phase

transformation and sintering. 311,518-520 From table 6 we can understand that the

stable rutile phase has a larger grain size (>40 run) than that of the metastable

anatase phase as indicated by sharper peaks in XRD patterns (Figure 22). In

general, both anatase and rutile grain sizes of doped titania are smaller than

those of undoped titania processed at the same temperature.

3.1.5 BET Specific Surface Area Ana~ysis

Table 8 shows the BET specific surface area (SSA) and pore volume of

undoped and lanthana as well as ceria doped Ti02 powders obtained at

different calcination temperatures. All the powders show a decrease of SSA

with increasing calcination temperature by phase transformation and sintering.

The results indicate the effect of dopants on the retention of surface area at
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higher temperatures owing to their influence on the retention of porosity. The

influence of the dopants are in the order lanthana > ceria> silica.

Table 8: BET specific surface area (SSA) and pore volume of undoped and

doped Ti02 powders calcined at different temperatures

Surface area (m2g-1)Sample Pore volume (ccg')

TU (300°C) 120.54 0.1688

TU (SOO°C) 75.59 0.1262

TU (700°C) 0.0879 0.0021

TL-l (300°C) 160.52 0.2573

TL-l (500°C) 111.02 0.219

TL-l (700°C) 51.97 0.0961

TL-2 (300°C) 260.18 0.2863

TL-2 (700°C) 134.06 0.1707

TL-5 (300°C) 244.22 0.2542

TL-5 (700°C) 113.30 0.1657

TC-l (300°C) 157.33 0.2667

TC-l (500°C) 113.27 0.2118

TC-l (700°C) 42.11 0.0779

TC-2 (500°C) 157.44 0.2106

TC-5 (500°C) 182.68 0.2145
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Figure 25 shows the SSA of undoped and lanthana as well as cena

doped Ti02powders as a function of calcination temperature. In general, all the

undoped as well as doped Ti02samples show a decrease in SSA with increase

in calcination temperature. However, lanthana is found to be the most effective

among the dopants in the inhibition of both SSA and porosity reduction. The

effect of ceria, on the other hand, is less compared to that of lanthana.

At 700°C, TL-I shows a SSA of 52 m2g-1 and TC-I has --42 m2g-1 compared

to the undoped Ti02, which has a SSA of --1 m2g-1
• Titania produced in the absence of

dopant have the lowest SSA at all temperatures. The SSA decreases with increasing

calcination temperature by phase transformation and sintering (crystallite growth). 520

For a constant dopant concentration, there is a certain calcination temperature, which

results in a sharp decrease in SSA. For undoped titania, this occurs at --670°C, while

for the doped titanias, from 900-1 OOO°C. As a result of this, detailed investigation was

carried out with 1% dopant concentrations and compared the results with XRD data.

This drastic decrease in the surface area is accompanied by the transformation from

anatase to rutile. 106 Generally, the phase transformation results in a dramatic pore

structure change, compared to sintering (crystallite growth). 521 The variation in SSA

as a function of dopant concentration is provided in Figure 26. The SSA of

La203-doped Ti02 increases on doping upto a level of 2 wt % La203 and then

decreases on increasing the lanthanum concentration further. On doping with

50/0 La203, the SSA decreases in case of both 3000 and 7000 e calcined samples

(The SSA of 5000 e calcined samples has not been taken). In order to analyze

this trend further, the pore size distribution of the samples were obtained from

the multilayer condensation region of the type IV isotherm, using Kelvin
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equation. The pore size distribution curves provided in Figure 27 show a slight

increase in porosity in the microporous region for the TL-2 compared to TL-5.

The decrease in porosity for the TL-5 could be attributed to the preferential

agglomeration of La203 particles in the pores above the optimum dopant

concentration, which reduces the microporosity. 522

160

o

---- TU
-<>- TL-l
~TC-l

o
~

300 400 500 600 700

Calcination Temperature (OC)

Figure 25: SSA of undoped and doped Ti02 powders as a function of

calcination temperature

o

o

•

2 3

•

~ TL-1, 3000e

--0- TL-1, 7000 e
~ Te-1, 5000e

4

Dopant Concentration (wt 0/0)

Figure 26: Variation in specific surface area (SSA) for doped Ti02 samples as a

function of dopant concentration



chapter III 113

Figures 27 A, Band C show the pore size distribution of TU, TL-1 and

re-l samples respectively, measured at calcination temperatures 300, 500 and

700°C. The corresponding adsorption isotherms are also provided in the jnset

as a point of ready reference. Undoped Ti02 (Figure 27A) shows almost a

bimodal type distribution curve at 300°C. The curve shows a shoulder type

deflection, which is indicative of the bimodal distribution. On heat treatment to

500°C, the graph is converted to a skew type distribution curve, with maximum

distribution at ~14 nm. In addition, as is obvious, the total porosity is lowered

by the high temperature heat treatment. The SSA for the undoped Ti02

measured at 700°C was as low as ~1m2g-1 with almost non-porous

characteristic. Therefore, adsorption isotherm as well as the pore SIze

distribution curve could not be obtained for undoped Ti02 at 700°C.

In case of 1% La-Oj-doped Ti02 (Figure 27B), a gradual decrease in

porosity can be observed on heat treatment to higher temperatures, from the

distribution curves. The 300°C heat-treated sample shows almost a continuous

distribution curve. On heat treatment towards higher temperatures as 500 and

700°C, the pore sizes take a skew type distribution. The maximum distribution

is in themicroporous region for the high temperature heat-treated samples. This

is due to the commencement of sintering.

Figure 27C shows the pore size distribution curves of 1% Ce02-doped

Ti02 powders heat treated at 300, 500 and 700°C. In general, all the samples

show almost the skew type distribution. However, the powder heat treated at

300°C shows a predominant Microporous region (~14 nm) and two more
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mesoporous regions centered at, 28 and 34 nm. On heat treatment to higher

temperatures, the porosity assumes a skew type distribution. Nevertheless, the

5DOoe heat-treated powder indicates a small pore size distribution at --3~ run.

This is due to the pore coarsening occurring because of calcination. However,

the 700°C calcined sample shows a perfect skew type distribution, wherein the

maximum pore size distribution is at --14 nm. This indirectly refers to the

possible commencement of sintering below 700°C. Due to sintering, the larger

pores get nearly closed and a continuous distribution of micropores resulted at

700°C. The pore size distribution curves give an obvious idea on the evolution

of porosity of samples on heat treatment. In the sintering process, the

micropores eliminate first by pore coarsening followed by densification. 523

This will be a continuous process and the total porosity as well as the micro

and meso porosity could be seen reduced for the high temperature heat-treated

gels. So we can assume that on heat treatment, the densification is much more

pronounced in undoped titania compared to the ceria doped titania. This

inhibition of densification in Ce02-doped Ti02 could be due to the presence of

more amount of intra as well as inter-granular pores produced due to ceria

doping.

From the above results, it is clear that the presence of dopants such as

La203 and Ce02 retarded the crystallite growth and phase transformation of

Ti02 and thereby improved the textural properties at high temperatures. The

extent of this retarding effect increased with the increasing dopant oxide
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concentration. These results are in agreement with a few other dopants such as

I · . . d ·1· d b Y I 481-482aumma, zircoma an SI lea reporte y ang et a .

In case of the 300°C calcined samples, SSA of titania is increased by

33 %in presence of La203 from that of undoped titania (Table 8). Further, there

is a remarkable improvement in the high temperature stability of pores with

both La203 and Ce02 doping. However, La203 was found to be the most

effective among the dopants stabilizing the SSA as well as porosity at high

temperatures. This is in agreement with the observation reported by Kumar et

al 93 and Gopalan et al. 349 However, the textural stability values observed in

the present case are higher than those reported previously due to a better

interaction between Ti02 and La203 surfaces achieved through the present

preparative procedure. 1% La203 doped titania, after heat treatment at 700° C

shows a SSA of 52 m2g-1
, while that of undoped titania under identical

conditions has only ,-1 m2g- 1 (Table 8).

With increasing calcination temperature, the pore volume of undoped

and doped titania decreases continuously (Figure 27). The La-Oj-doped Ti02

shows the highest pore volume indicating that it has got the highest porosity

among the doped samples. TL-1 retained about 37 % of its initial pore volume

even after calcination to 700°C, compared to the 300°C calcined powder. At

this temperature undoped titania has as low as ,-1 % of its pore volume

compared to that of 30QoC calcined sample, due to the phase transformation

and sintering. This retention of porosity is attributed to the presence of

lanthanum and cerium oxide distributed uniformly in the titania gel matrix. In
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addition to the effective surface coverage of lanthana on the titania particles

reported based on earlier studies, 349 factors related to the presence of Ti-O-RE

oonds also have some effect as is seen from the shift of titania peak to a .lower

energy region in the FTIR spectra and the presence of shoulder peak in the

range 680-890 ern". 503 In the present process, a molecular level mixing of the

reactants is very much possible, which explains the enhanced properties.

1% Ce02-doped Ti02, on the other hand, retains 29 % of its pore

volume on heat treatment to 700°C compared to that of 300°C calcined sample.

Further, on increasing the Ce02 concentration, the SSA values increases

considerably. At 500°C, while the 1% Ce02-doped Ti02 shows a SSA

113 m'g", 20/0 and 5% Ce02-doped Ti02 samples show SSAs as 157 and 182

m~g·1 respectively. However, the total pore volumes of both 2% and 5% Ce02

doped Ti02 are almost similar, i.e., 0.2106 and 0.2145ccg-1 respectively. This

indirectly indicates the presence of more micropores in the 5% Ce02-doped

Ti02, whose evolution car: be attributed to the effect of particular concentration

of Ce02 in the Ti02 matrix. The evolution of porosity with respect to the

addition of dopants will be discussed later on in this chapter. The pore size

distribution curves, provided in Figure 27, obtained from the corresponding

BET surface area results corroborates with this assumption. 50/0 Ce02-doped

Ti02 shows an increased amount of micropores compared to the 20/0 Ce02

doped Ti02 samples, which is consistent with the increased surface area.

Figure 28 shows the adsorption isotherms of undoped and doped titania

powders calcined at temperatures 300, 500 and 700°C. All the powders show
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isotherms of type IV behaviour. This indicates that the powders contain

mesopores (2-50 nm). 489 From the figure, we can see that the porosity is

distributed in a bimodal fashion with small amount of microporosity and an

extended mesoporosity. The trend of the dopants on the inhibition of specific

surface area and porosity reduction can be clearly observed from the figure.
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Figure 28: Adsorption isotherms of undoped and doped titania powders

calcined at temperatures 300, 500 and 700°C

At 700°C, the smaller crystallite size of titania obtained by lanthana /

ceria doping obviously causes an enhancement in surface area (Table 8), which

is in accordance with the large surface to volume ratio possessed by the

nanomaterials. 524 The enhancement in surface area could also be attributed to

the stability of micropores at higher temperatures by doping. According to

Hague and Mayo 525 the presence of inter-agglomerate pores prevents the

anatase grain growth. In our results the same trend is observed and this shows
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the formation of inter-agglomerate pores in presence of cena and the

stabilization of the same at higher temperatures. The isotherms obtained from

nitrogen adsorption studies on the samples also indicate the high temperature

pore stabilizing effect of ceria. All the isotherms are type IV, which indicates

the presence of a mesoporous structure and also the total porosity as well as the

microporosity decreases linearly with increase in temperature, irrespective of

all the samples. On calcination to 700°C, about 29% of the total porosity

(Table 8) is retained in case of 1 % Ce02-doped Ti02 compared to undoped

titania, while in pure titania the powder becomes almost non porous. Moreover,

the surface area decreases to --1 m2g- ln case of undoped titania. This retention

of porosity as well as the surface area is attributed to the effective

homogeneous distribution of ceria particles in the titania matrix. 1% ceria

doping induces 157 % increase in pore volume from that of undoped titania.

This could be explained using the Hard and Soft Acids and Bases (HSAB)

principle. Ceria being a hard Lewis acid can hold the excess acetate ligands

present in the reaction system. This stabilizes the acetate ligands during aging,

drying and subsequent heat treatment stages.

3.1.6 Transmission El.ectron Microscopy (TEM)

Transmission electron microscopic observations 527-529 of typical

samples of undoped titania and that doped with La203 as well as Ce02 indicate

the nanocrystalline nature of particles. In general, undoped titania specimens

show the highest grain size at all the calcination temperatures. The addition of

dopants decreases the grain size considerably, and the increase in dopant
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concentration further decreases the grain size of titania. Lanthana doped titania

specimens exhibit the smallest grain sizes among the doped titania samples at

~I the temperature range. The extensive homogeneous distribution of La2C?3 as

well as Ce02 particles achieved by the sol-gel process could be the reason for

the enhanced nanocrystallinity of TL and TC compositions, which was further

supported by FTIR results. The distribution of RE oxides in titania may be

more or less at the inter-granular. region and increases the diffusion barrier at

the anatase-anatase grain contact. The evidence for Ti-O-RE linkages from

ITIR data discussed earlier further supports this observation.

In order to have an understanding of the effect of dopants on the

crystallinity of the specimens, the nature of the specimens concerning the

sharpness of the diffraction pattern in reciprocal space have been appraised.

The TEM images as well as the selected area electron diffraction patterns of

undoped, lanthana-doped and ceria-doped samples calcined at different

temperatures are provided in Figures 29-34.

rEM bright field images of undoped titania sample calcined at 500°C

and 80QoC and each soaked for periods of 3 hours are given in Figures 29A and

29B. Figure 29A indicates the presence of evenly distributed 5 nm fine

crystalline anatase titania crystallites, which are agglomerated to form the

secondary particles of ~ 300 nm in size. Figure 29B, the TEM of 800°C

calcined specimen, point towards the crystallite growth occurring as a result of

heat treatment. The presence of coarse-crystalline secondary particles of 500

nm size in which the primary crystallites are of the order 50 nm can be well
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understood from the figure. The origin of 'crystallinity' of the specimens is

attributed to the specific preparative route adopted in the present case.

According to literature, the particulate, hydrolytic route produces amorphous

phase at room temperature. But the present procedure yields hydrous anatase

crystals at similar ambient conditions, which is also supported by the XRD data

of the xerogel.

Figures 30 A, B and C are the HRTEM, TEM and SAED pattern of

1% lanthana doped titania powder calcined at 400°C for 3 h. The TEM

micrographs indicate the presence of -.,7 nm anatase crystallites agglomerated

to form particles of about 300 nm. The presence of amorphous phases can also

be observed at the grain boundaries. 527 The SAED pattern of the fine

crystalline anatase titania particles (Figure 30C) indicates a random

nsngement of anatase crystals in the specimen. The presence of amorphous

phase is reflected as the diffuse diffraction rings in the SAED pattern. 516

Figure 31 presents the HRTEM, TEM and SAED pattern of TL-5

specimens (A, Band C respectively) calcined at 400°C. Lattice imaging using

HRTEM revealed undisturbed lattice fringes running from one end of the grain

to the other. Presence of amorphous phase can also be observed as white

patches, marked by arrows, in the micrograph. It can also be observed that the

grains in 5 % lanthana doped titania are stacked in a more organized way

compared to the 1 % lanthana doped titania. The grain boundaries are
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~:mre 29: rEM images of (A) - undoped Ti02 calcined at 500°C/3h. 5 nm

~,stallite size and 300 nm particle size, fine-crystalline and (B) - Calcined at

<wfCI3h. 50 nm crystallite size and 500 nm particle size, coarse-crystalline



1// 123

. ;'~re 30: HRTEM (A), TEM bright field image (B) and SAED pattern (C) of

... powder calcined at 400°C for 3 h. Labelled circular portion is amorphous phase

-·2 }ITOW shows the pores.
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~!gure 31: HRTEM (A), TEM bright field image (B) and SAED pattern (C) of

1·5 specimen calcined at 400°C. Labelled circular portion is amorphous

;hase.
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appearing as hairline cracks between the grains. However, the presence of

amorphous phase is more in the 10% lanthana doped titania specimens. The

SAED pattern also indicates the presence of more amorphous phase and

smaller crystallites (grains) than that of the 1% lanthana doped titania.

Figures 32A, 32B and 32D show the TEM bright field images of TL-l

specimens calcined at 800°C. The BF images indicate the presence of --10-100

nm crystallites (average diameter 50 nm) agglomerated to form particles of

~l JlIl1. Well-defined grain boundaries can be observed from the figures. In

addition, the presence of intra-agglomerate pores can also be observed in the

bright field images (Figure 32B). The EDS of the sample is provided as Figure

32C. It shows the presence of titanium and lanthanum atoms in the lattice. The

SAED pattern (Figure 32E) indicates the presence of larger sized titania

crystallites at 800°C.

The IEM bright field Images (A, B and D), EDS (C) and SAED

pattern (E) of TL-2 specimens calcined at 800°C are presented in Figure 33.

The bright field images show the presence of --10-90 run size primary

crystallites (average diameter 45 nm) agglomerated to form --500 nm particles.

The grain boundaries do not appear with a clear contrast in the TEM

micrographs, because the atoms in the grain boundary core are not sitting on

the defmed crystallographic positions, but are distributed rather like in

amorphous material. The higher amount of lanthana restricts the crystallite

growth of titania by providing a higher diffusion barrier for the anatase-anatase

grain contact. The presence of intra-agglomerate pores can also be observed in
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the micrograph (marked by arrows in Figure 33B). The occurrence of intra

agglomerate pores causes the retention of surface area at higher temperatures.

The EDS analysis shows that small amount of lanthanum ions have entered into

the lattice. The SAED pattern provided as Figure 33E indicates the presence of

highly crystalline, randomly oriented titania crystallites at 800°C.

The TEM bright field images of TC-I specimens calcined at 800°C are

provided in Figures 34A, Band D. Figure 34E shows the SAED pattern of the

specimen. The grain boundaries do not appear with a clear contrast in the TEM

micrographs in this image too, because the atoms in the grain boundary core

are not sitting on the defined crystallographic positions, but are distributed

rather like in amorphous material. The presence of --1 0-100 nm size primary

crystallites (average diameter 50 nm) agglomerated to form 500 nm secondary

particles can be observed from the micrographs (Figure 34D). The absence of

clear contrast between the grain boundaries indicates the possible

commencement of sintering in the ceria doped titania samples at or below

800°C. The reduction in specific surface area for the 700°C calcined sample

compared to lanthana doped titania also substantiates this conclusion. The

SAED pattern (Figure 34£) indicates the presence of more or less randomly

oriented highly crystalline titania crystallites. The EDS analysis shows the

presence of both titanium and cerium atoms in the lattice.

3.1.7 Temperature Programmed Desorption (TPD)

The TPD of ammonia 530-531 was used to characterize the acid site

distribution and furthermore to obtain the quantitative amounts of acid sites in
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the specified temperature range. The distribution pattern can be classified into

weak (desorption at 100-200° C), medium (300° C) and strong (400-700° C)

acid sites. From the TPD result, all the lanthana doped compositions show an

increased amount of total acidic sites compared to the undoped titania sample

heated at 300° C (Table 9). This shows the increase in availability of adsorption

sites in doped samples, making them more efficient -atalysts. Further, with

increasing concentration of dopants, the amount of reactive acidic sites

increases. The extent of weak as well as strong acidic sites increases with

increasing calcination temperature. La3
+ ions, if substituted in the tetrahedral

Ti4+ site, will have a net positive charge/hole and so can accommodate a lone

pair of electrons 33. The increased amount of acidic sites of lanthana doped

titania is due to the influence of substituted La3
+ ions in the titania matrix.

Table 9: TPD results showing the amount of weak and strong Lewis acid sites

Sample Weak site Medium site Strong site

(rnmolg') (mn10Ig- 1
) (mmolg')

TU, 300°C 0.58 0.16 0.55

TU, 700°C 3.23 0.63 1.2

TL-I, 300°C 1.3 0.56 1.3

TL-l, 700°C 2.91 0.82 2.90

TL-2, 700°C 3.62 1.70 3.95
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La203 doped titania has a relatively high thermal stability and contains more of

strong acid sites, while undoped titania has more of weak acid sites. Generally,

all the samples show an increase in the total - acidic sites with calcination

temperature. This may be due to the fact that at higher temperature the

physically adsorbed water and residual organics are removed, increasing the

accessible surface area.

3.1.8 Photoactivity Evaluation

Photoactivity evaluation was carried out for the samples calcined at

temperatures ranging from 80°C to 1100°C. Degradation of methylene blue 532

was taken as the measure of photoactivity. The detailed experimental technique

is provided in Section 2.2.5. The decolourisation time was noted for each

sample. Table 10 presents the time taken for the decolourisation of methylene

blue for each sample (qualitative) under DV light and Table 11 under sunlight.

Monitoring the maximum absorbance of the DV exposed titania-methylene

blue solution at regular time intervals using UV -Vis spectrophotometer

accomplished the quantitative photodegradation analysis. The qualitative

analysis indicates TL-I calcined at 700°C as the best photocatalyst among the

samples, which is showing the fastest decolourisation of methylene blue. TC-I

sample calcined at 600°C was found to be showing the next highest activity.

5DO°C calcined TU shows the highest activity among the undoped samples.

Figures 35a-c show the methylene blue photodegradation curves of TU, TL-I

and TC-I calcined at 700°C. The graphs provided in the right hand side show

the maximum absorbance of methylene blue as a function of time of exposure.
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Table 10: Photoactivity evaluation results of different titania samples with

respect to the decolourisation of methylene blue on exposure to DV light

Sample Degradation time in minutes under DV light at different
temperatures

RT 300°C 500°C 600°C 700°C 800°C 900°C 1000°C

TU 80 45 10 120 >180

TL-I 85 40 25 15 5 40 60 >180

TL-2 85 40 30 20 15 50 55 >180

TL-5 80 45 30 25 20 50 55 >180

TC-I 90 50 30 10 25 70 150 >180

TC-2 90 55 35 15 35 70 160 >180

TC-5 90 55 35 20 35 60 165 >180

TS-l 85 50 40 25 45 75 170 >180

TS-5 90 50 40 25 20 55 160 >180
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Figure 35a: A - Optical absorbance spectra of TU calcined at 700°C showing

the degradation of methylene blue. The spectra were recorded at regular

intervals of DV light irradiation; and B - The degradation profile showing the

absorbance maximum plotted against time of exposure
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absorbance maximum plotted against time of exposure
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Table 11: Photoactivity evaluation results of different titania samples with

respect to the decolourisation of methylene blue on exposure to sunlight

Degradation time in minutes under sunlight at different

Sample temperatures

RT 300°C 500°C 600°C 700°C 800°C 900°C 1000°C

TU 75 45 10 80 >180

TL-I 80 40 30 25 10 30 50 >180

re-l 95 55 30 15 35 50 120 >180

rS-5 100 55 40 30 30 35 120 >180

3.2 Discussion

Sol-gel process, obviously, IS a means to produce homogeneous

materials of specific end uses. However, the tuning of the product

characteristics necessitates an exquisite control over the preparative

parameters. 193 In the present case, TTIP is highly reactive towards water and

hence needs additional control against hydrolysis. Acetic acid is a suitable

stabilizer, which effectively stabilizes the titanium isopropoxide moiety by

either modifying its coordination sphere or by ester formation. 533 In the present

work, an excess acetic acid than the calculated stoichiometry was employed to

act as a stabilizing agent and an acid catalyst as well.

The formation of Ti-O-RE bonds was established by FTIR spectra. A

possible capping mechanism on doping with lanthana and / or ceria as their

respective nitrates can be assumed as responsible for the Ti-O-RE bond

fonnation. The larger ~v between the symmetric and asymmetric vibrations of
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(1)

(COO-) is a direct indication of the heterodentating effect of acetate

groups, 491,495 which holds the Ti and La / Ce atoms intact throughout much of

the sol-gel process. The whole sequential chemical processes are supported by

the HSAB (Hard and Soft Acids and Bases) principle, 504-505 wherein the hard

Lewis acids such as Ti4
+, La3

+ and Ce3
+ (highly oxophilic) are bonded with the

hard Lewis base; acetic acid. The' particle size reduction occurring due to

capping is also evidenced from the particle size analysis results, where the

lanthana and ceria doped sols are showing a smaller sol particle size compared

to the undoped sol measured after fixed aging period.

In the sol-gel process, the preparative processes and parameters have

direct influence on the final structural and textural properties. The acidic

hydrolysis conditions, by adding excess acetic acid, adopted in the present

process leads to the formation of chain like Ti-O-Ti linkages rather than a

random network formation 193 consistent with the base hydrolysis systems.

llowever, the incorporation of lanthana and / or ceria as their respective nitrates

leads to a capping mechanism, which is supposed to be responsible for the

enhancement of properties in the present process.

In the molecular level sol preparation process, I.e., the hydrolysis

polycondensation process, basically the reactions occurring can be written as

follows
Ti(OR)4 + H20

Ti(OR)4 + Ti(OR)30H --.. Ti20(OR)6 + ROH (2)

Ti(OR)30H + Ti(OR)30H --.. Ti20(OR)6 + H20 (3)



Cfiapter III 136

Reactions 2 and 3 are called alcolation and oxolation reactions,

respectively. Both reactions are believed to take place by an associative

nucleophilic substitution, which makes electronegativity and size of the alkoxy

groups a rate-determining factor. According to Sanchez et al, 534 the hydrolysis

rate has been controlled by using either large branched alkoxy groups, or using

solvents· as well as stabilizing agents. The dependence of hydrolysis rate on pH

of the solution has also been reported. 208 In this work, the experiments were

carried out using TTIP as precursor. The stabilization of TTIP was done with

the addition of acetic acid, which is reported to be a good chelating agent by

many researchers. 192-193, 491-493 In fact, a calculated excess amount of acetic

acid than the stoichiometry was employed to act as a stabilizing agent and as an

acid catalyst as well. The excess acetic acid, in presence of excess water (350

mole %) at equilibrium, will exist as ionized acetate and H+ ions and as

solvated acetic acid monomers along with the chelated acetate moieties. These

tr ions are being adsorbed on the chelated acetate oxygen. The partial

reduction in electron density thus developed on oxygen will be subsequently

compensated by the cleavage of the Ti-O (acetate) bond. The chemical

sequences taking place in the process are presented in scheme 1.

In the present preparative procedure, RE nitrate aqueous solution is

added to the acetic acid stabilized, partially hydrolyzed titanium isopropoxide

solution after 1 h of hydrolysis. At this point of time the tentative structure of

the sol will be, with titanium ions having a six-coordinated sphere (sol-gel

chemistry). According to Livage et ai, 232 during hydrolysis, the or-' groups
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are preferentially hydrolyzed leaving the chelating I bridging acetate ligands

remain bonded to titanium throughout much of the condensation process.

Therefore, in the subsequent hydrolysis-condensation process in presence of

lanthanum and/or cerium ions, there could be a selective hydrolysis of acetate

ligands and the cleaved acetate oxygen will in turn coordinate with the

lanthanum ions (hard Lewis acid) and I or highly oxophilic Ce3
+ ions. This

bridge formation will effectively hold the Ti4
+ and La3+ICe3+ moieties through

much of the reaction sequences that finally lead to the Ti-O-RE bond formation

(Scheme I).

In the sol-gel process, the formation of nanoparticles depends essentially

on the preparative methods and experimental conditions adopted for ·the

particular process. In order to analyse the effect of RE dopants on the

enhancement of nanocrystalline nature of titania, crystallite sizes of the titania

powders heat treated at different temperatures were calculated from the line

broadening of powder X-ray diffraction data using Scherrer equation. The

results indicate a decrease in crystallite size with respect to the dopant addition.

The undoped titania while shows an anatase-rutile mixture with anatase

crystallite size -.,39.09 nm and rutile crystallite size ---65.44 run at a calcination

temperature of 700°C, doping with 1% La203 resulted in the reduction of

crystallite size to --16.81 nm and 1% Ce02 to --18.91 run. This could be

attributed to the capping effect of the La3
+ICe3

+ ions in the solution stage,

which probably terminates the particle growth of Ti-O-Ti network in the sol
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stage (capping), which in turn results in the reduction of crystallite size at

higher temperatures by either forming Ti-O-RE bonds or segregation of

lanthana and/or ceria ions at the grain boundaries. Here, we propose the

heterodentate ligand formation by acetic acid molecules as a cause for the

accomplishment of Ti-O-RE bond formation.

As is already discussed, the structural and textural evolution

influenced by the dopants indicates a stabilization of the anatase phase towards

higher temperatures. This is associated with an inhibition of crystallite growth

as well as the retention of porosity at higher temperature, which also

corroborates with some earlier reports. 347-349 Hague and Mayo 525 proposed the

formation of intra as well as inter-granular pores as the reason for the high

temperature textural stability. Our results also indicate the formation of more

amount of intra as well as inter-granular pores on doping and subsequent

stabilization of the same at higher temperatures.

Many researchers have extensively studied the anatase phase stability

and different arguments have been offered. The major studies have carried out

by Zhang and Banfield, 315,320-321 Shannon and Pask 286,313 and by Gribb and

Banfield. 302 According to them, the major factors influencing the anatase 

rutile transformation are presence of impurity atoms and the dependence of

particle size on the rutile phase nucleation. The degree of particle packing also

was reported to be one of the factors that influences the anatase to rutile

transfonnation, of course only to some extent, by Xia et al 535 and by

Mackenzie. 197 The present result also corroborates with these earlier
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observations and this indicates the suitable structural modifications occurred as

aresult of doping with lanthana and/or ceria.

The sol particle size analysis results obtained in the present study

indicate the reduction of particle size as well as the formation of particles with

narrow size distribution on doping. The powder X-ray diffractograms indicated

the formation of smaller size hydrous anatase crystallites for undoped Ti02

samples compared to the doped titania compositions at 80°C, and this leads to

the faster crystallite growth and corresponding low temperature anatase to

rutile phase transformation for the undoped sol-gel titania samples prepared

through the present preparative procedure. However, the dependence of particle

size on the phase transformation observed in our study does not corroborate

with the earlier reports by Banfield et al 302,321 as well as by Hirano et al, 536

where the critical size limit was 14 nm and 70 nm respectively for anatase to

rutile transformation. The 'critical size limits' observed for our samples were

...39 run for TU, --47 run for TC-l and --42 nm for TL-l. The difference in

critical size limit for the transformation is supposed to depend on the nature of

metastable anatase e.g., contained impurities, the nature and the amount of

dopant, crystallinity, surrounding phases and so on. The phase transformation

from metastable anatase to stable rutile phase can occur when the thermal

energy is high enough to overcome the nucleation energy, which has been

proposed for the similar case of phase transformation from metastable

tetragonal Zr02 to stable monoclinic form by Behrens et al 537 and Yoshimura.

538 The larger grained microstructure may have had a smaller nucleation barrier
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for transformation because of the increase in microstructural defects- e.g.,

d~locations and residual stresses generated locally by the thermal expansion

asctropy within the grain, as insisted in the case of metastable tetragonal

lr02 by Chen et al 539 and Becher et al. 540 In the present study, the

enhancement of the stabilization of the anatase phase is due to the existence of

the homogeneously distributed RE oxide particles on the grain boundaries in

case of RE oxide doped Ti02 systems; and, the surrounding amorphous silica

phase through the Ti-O-Si interface as evidenced by the FTIR spectra in case of

the Si02-doped Ti02 system. 394 The RE oxides are distributed on the grain

boundaries through the Ti-O-RE interface as evidenced by FTIR spectral

studies as well as by intercalation. Further, the presence of brookite phase

could notbe identified from XRD and other techniques and therefore, the phase

transformation may be assumed to follow through a two-step reaction.

As per XRD analyses, the anatase phase nucleation 501 is occurring at

the solution stage itself, owing to the specific alcohol-free preparative route

adopted in the present case. However, the required small amount of alcohol is

always present in the system, primarily along with the TTIP procured and then

produced as the side product of hydrolysis (alcolation). The hydrous anatase

phase produced through the present sol-gel process was associated with more

defects in the framework, which are titanium and oxygen vacancies. 541 Ozawa

et a/ 542 as well as Ferreira et al reported the formation of nonstoichiometric

titania through sol-gel process, mainly Ti3
+ species, owing to the production of

more hydroxyIs. 543-545 These defects are responsible for promoting the anatase
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-rutile transformation to a lower temperature, explaining the presence of rutile

phase in undoped Ti02 calcined at ,-700°C together with the anatase phase.

The major issue involved in photocatalysis is to increase its quantum

efficiency by suppressing the recombination of photogenerated charge

carriers. 546 Firstly the crystallinity of titania must be improved. Earlier reports

indicate that the sol-gel titania films possess good anatase. crystallinity, which

provides a high photocatalytic activity. 84,118,547 Addition of La203 and/or Ce02

enhances the nanocrystallinity of Ti02 further by inhibiting the temperature

dependent crystallite growth and also stabilizes the anatase phase towards

higher temperatures. In typical photocatalytic reactions, reduction and

oxidation concurrently take place at adjacent reaction sites, which in turn gives

raise to unique products. 548 In addition, the excited electrons must be separated

spatially from holes, because the characteristic time required for the reduction

(~) is generally much greater than that for oxidation ('-1OOJ.!S). 549 Therefore

the aim isto trap the excited electrons in surface trap sites generated by the sol

gel process and especially by doping. Due to the large number of electron

surface trapping states in nanocrystalline particles, electrons localize

preferentially at the Ti02surface. 550-552 This argument is based on the report by

Henglein on nanoparticles. 524 He reported that the traps for electrons and holes

are the dangling bonds, adsorbed species etc. present on the surface of

nanometer particles. The fate of the charge carriers generated by light

absorption is strongly dependent on the existence of these traps. 524
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X-ray absorption spectroscopic studies have shown that in Ti02,

nanocrystallites are actually co-ordinatively unsaturated Ti sites that are formed

upon surface re-construction of nanoparticles. 553 EPR studies have shown that

the majority of photogenerated electrons are trapped on the under co-ordinated

surface sites. 554 Due to the large number of electron surface trapping states

introduced by the present sol-gel process, electrons localize preferentially at the

Ti02surface. 550-552

Trap formation

In addition to the intrinsically formed Ti3
+ species in the present process,

the other significant factor that results in the defect formation is dopants such

as lanthana and/or ceria. The lanthana atoms with its larger ionic size compared

to Ti atoms (0.068 pm) will have a tendency to replace the intrinsically formed

TiJ+ ions compared to the Ti4
+ sites, in view of its comparatively larger size. In

this case the Ti3
+ ions will be displaced to the interstitial, which in turn will be

diffused to the grain boundary on heat treatment. The Ti3
+ species on the

surface of grains will enhance the activity of the material by acting as electron

trapping sites and forms highly oxidizing OH· free radicals on the surface.

~9,119,120 237,554-556 This results in the reduction of recombination of,

photogenerated electrons and holes, 557 and improves the photoactivity. Further,

the presence of lanthana as La3
+ in the matrix enhances the concentration of

Lewis acid centers as evidenced by TPD analysis. However, the incorporation

of ceria is not as effective as lanthana in the production of Lewis acid sites.
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This is because Ce3
+ species incorporated in the titania matrix will be oxidized

ioCe4
+ species on calcination of the gel. 558

The maximum photoactivity was shown by 1% lanthana doped Ti02

sample calcined at 800°C. This could be attributed to the presence (existence)

of maximum number of Ti3
+ ions available for reaction (surface Ti3

+ ions) at

this temperature. The proposed explanation is based on the diffusion of atoms

as a function of temperature. The dehydration, organic residue removal and

dehydroxylation will be completed at around 450°C as evidenced from

thermogravimetric analysis. On further increase of temperature, the amorphous

phase will be completely transformed to crystalline phase as evidenced by the

rEM analysis. In case of undoped Ti02, due to its smaller grain size and

corresponding higher surface energy than the doped titanias at 80°C, the

crystallite growth takes place rapidly and the anatase to rutile transformation

also happens at a lower temperature as confirmed by XRD analysis. But in

presence of dopants like lanthana and/or ceria incorporated in the matrix, the

increased diffusion barrier for the grain contact of anatase crystallites that

required for the phase transition will inhibit the crystallite growth and

corresponding phase transformation. The anatase to rutile phase transition is

associated with the rupture of two of the Ti-O bonds and subsequent structural

reorientation. The Ti-O-RE bonds formed as well as those RE species

distributed on the grain boundaries are responsible for the higher diffusion

barrier.
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Apossible explanation for the inhibition of crystallite growth based on

lanthana species (applicable to ceria also due to their close resemblance in

properties) is as follows. The ionic radii value 559 of doped La203 is in between

that ofTi4+ (0.068 run) and 0 2
- (0.132 nm). Therefore, the La3

+ (0.1016 nm)

should either replace the Ti4
+ site or go to the interstitial. From the FTIR

spectral analysis we found that some of the La3
+ ions replace some Ti3

+/Ti4
+

lattice sites. Because of the mismatch of the ionic sizes of Ti4+ and La3
+ (0.068

and 0.1016 nm respectively), there is also a chance for the La3
+ ions to go to the

interstitial. The slow rate of grain growth for lanthana doped titania compared

to the undoped one may also be attributed to the presence of interstitial

lanthana atoms. The anatase phase is fairly stable up to 9400 C in case of

lanthana doped titania. On the other hand, the A~R transformation starts at as

early as 6700 C in case of undoped titania. The slow rate of grain growth of the

former may be due to the presence of interstitial La3
+ ions which probably have

got segregated in the grain boundaries of anatase titania grains and increases

the diffusion barrier at the titania-titania grain contact which is needed for the

grain growth process. Also, those La3
+ ions that have replaced the Ti3+/rr"

sites will have a stabilizing effect on the Ti-O bond. Being more

electropositive, La3
+ species will render its electron density to 0 2

- so that 0 2


can use this increased electron density to strengthen the bonding between the

less electropositive Ti4
+ ions 559 linked to it. This stabilization of Ti-O bond will

in turn retard the A~R transformation temperature because the A~R

transformation needs the breakage of Ti-O bonds and in this case it is difficult
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to break the Ti-O bond due to the increased bond strength rendered b'j the La3
+

ions. In case of undoped titania, the atomic mobility with respect to

temperature will be higher compared to the lanthana and/or ceria-doped titania

because of the higher probability of Ti-O bond breakage. The diffusions of

atoms also will be higher due to the same reason, which could increase the

grain growth rate. 306,519,521 It is interesting to note that the addition of even 1 %

lanthana could bring out this considerable improvement in properties, which is

attributed to the specific synthesis route followed.

The amorphous phase, which is detrimental to the photoactivity by

acting as possible recombination sites, will be converted to crystalline phase on

heat treatment. 315,518 However, the undoped Ti02 due to its low diffusion

barrier will be crystallized and subsequently transformed to rutile phase at a

faster rate. As already mentioned, the A~R transformation occurs by the

diffusion of atoms mainly through the grain boundaries of nanograins. Sol-gel

process is reported to be effective in producing large amount of local defects,

like grain boundaries owing to its capability to produce large amount of

hydroxyls. The hydroxyls will stabilize the Ti3
+ species, which is responsible

for the high activity. An oxygen vacancy will be generated for each of the two

Te+ species formation for charge balance. In the case of sol-gel titania, Ti3
+

ions are also formed during calcination as a result of the reduction of Ti4
+ to

Ti3+ by organic residues 237,556 such as alcohol and unhydrolyzed alkoxide

group. Organic residuals draw oxygen atoms from surrounding Ti02 network.
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Ti3+ ions on the surface may trap the photogenerated electrons, which are

transferred from Ti3
+ surface states to O2 adsorbed on active sites of Ti3

+. This

results in the reduction of recombination of photogenerated electrons and holes.

The formation of a larger amount of Ti3
+ ions contributes largely to the

enhancement of the photoactivity of the Ti02 films.

When La3
+ replaces the Ti3

+ species, the number of oxygen vacancies

will be unchanged, but the formation of active Ti3
+ species on the surface of the

grains will be enhanced, which in turn enhances the activity. Further, the

highest activity is exhibited by TL-I. The proposed explanation for this is

provided in the following discussion. The concentration of intrinsic defects

(Ti3+ ions) formed by the present sol-gel process may be in the order

corresponding to the amount of 1% La20J introduced into the matrix. As the

concentration of La20J increases, there will not be any improvement in the

amount of Ti3
+ species at the grain boundaries since all of the Ti3

+ species have

already been replaced by the 1 % La3
+ species (approaximately). This also

confirms the principal effect of surface trap sites, which is introduced by

doping, on the photoactivity. Also the highest activity is exhibited by the 700°C

calcined 1% La203 doped-Ti02 sample and 600°C calcined 1% Ce02 doped

Ti02 sample. As the temperature increases further, activity shows a subsequent

decrease. This indicates that 700°C as the optimum temperature at which all of

the Ti3+ species are located at the surface through diffusion. Further increase in

temperature initiates the oxidation of Ti3+ species to Ti4
+ species, that decreases
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the electron trapping sites and hence the activity shows a gradual decrease. In

addition, above 700°C the sintering of titania grains commences as is

evidenced from both.TEM and BET specific surface area analysis, which also

decreases the activity.

Ce02-doped Ti02 sample on the other hand shows a different

mechanism. The calcination temperature shows remarkable effect on the solid-

state reaction and phase transformation. Since the precursor of ceria is

Ce(N03)3. 6H20, during the synthesis and calcination in air, Ce3
+ ions can

easily be oxidized to Ce4+ ions. 558,561

Ce3+--oI~~ Ce4+ +

This electron can reduce a Ti4+ species to Ti3
+ species, which in turn

increases the surface trap sites at higher temperatures and consequent high

temperature photoactivity. However, the sintering of Ce02-doped Ti02

commences at a lower temperature than La-Oj-doped Ti02, which indirectly

indicates its effect on the inhibition of crystallite growth and surface area

reduction as well as the enhancement of photo activity compared to the latter.

The effect was found to be in the order La203 > Ce02.

The retardation of A~R transformation rate by lanthana and/or ceria

addition can be explained in view of the structural imperfections occurring as a

consequence of their addition to the titania matrix. The hydrous anatase phase

produced through the present sol-gel process was associated with more defects
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in the framework, which are titanium and oxygen vacancies. 543-544 The

formation of nonstoichiometric titania through sol-gel process, mainly Ti3
+

species, owing to the production of more hydroxyls was also reported by

Bokhimi et al 545 as well as Ferreira et al. 211 These defects are responsible for

promoting the A~R transformation at a lower temperature, explaining the

presence of rutile phase in undoped Ti02 calcined at I"OW 700°C together with the

anatase phase. On doping with lanthana and/or ceria, the anatase crystallite

growth is inhibited and at higher temperatures such as 700 - 900°C, titania

exists in the nanocrystalline anatase form with little amorphous phase. The high

surface to volume ratio enhances the diffusion of charge carriers, which

increases the concentration of surface active sites at these specific temperatures

depending on the extent of influence of particular dopant. The enhanced

accessible reactive surface sites, as evidenced also by TPD, favour a higher

activity at these temperature ranges. The highest photoactivities obtained for

the doped samples at these temperature ranges are consistent with the above

results and hence corroborates with our conclusion.

On comparing with some of the earlier reports (Table 12), we can see

that our compositions are superior to those studies. The present process could

produce highly active nano titania with the addition of only 1% by wt of

lanthana and/or ceria, which is attributed to the specific preparative route

adopted.

When lanthana or ceria is added as dopants they terminate the Ti-O-Ti

network formation by forming Ti-O-RE bonds. So the grain boundaries
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have the abundance of RE species, which is distributed as an amorphous phase

rather than being in specific crystallographic places as confirmed by TEM

analysis. The presence of RE species in the grain boundary inhibits the

temperature dependent grain growth. In general, nanosize titania particles show

higher photocatalytic activities than the bulk, due to their large surface area per

unit mass and volume and facilitate the diffusion of excited electrons and holes

toward the surface before their recombination. 562 Among the crystalline phases

oftitania, anatase is reported to exhibit the highest activity. 84,118,547 Our results

also corroborate with these earlier reports. The highly crystalline La-Oj-doped

anatase Ti02 obtained by calcination to 700°C shows the highest activity and it

is also comparable with the commercial titania samples.

Table 12: Available literature on lanthana and/or ceria doped titania systems

and their comparison with the present results

Reference

LeDuc et a1 387

Gopalan and
Lin 349

Present study

System

5 wt% La-Oj-doped Ti02

(450°C)/25 days
(Degussa P25)
16.5 wt% La-Oj-doped
Ti02

(450°C)/3 h
1 wt% La-Oj-doped Ti02

(700°C/3 h)

Surface area
(m2g-1)

50

184

52

Crystallite size
(nm)

25

9

16.81
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3,3 High Surface Area Titania Through Co-doping-Leaching

Process

High surface area and controlled porosity in the required (micro / meso)

range is the primary requirement for an efficient catalyst / photocatalyst. The

tuning and/or tailoring of porosity is a skillful task in the preparation of

catalysts. The unsupported catalysts having considerably high surface area with

controlled ordered porosity have been accomplished recently by templating

methods, 262-266 where applying thermal energy has eliminated the templates.

However, this requires a critical control over the heat treatment procedure

wherein the creation of carbon impurities is very much involved. Even though,

the template approach is very much appreciated in application fields like

energy storage and site specific selective catalysis, particular systems with

specific end uses may like to circumvent the carbon impurities, which could be

detrimental to its activity. It has been illustrated that the photocatalytic activity

of the amorphous titania was negligible, 442 thus mesoporous titania prepared

by templating approach with amorphous framework is not suitable to be used

as high efficiency photocatalyst. The same drawback is relevant for supported

catalyst surfaces as well. In view of this, in the present work, silica is employed

as an alternative to the organic templates and after gelation and heat treatment

is selectively eliminated from the parent doped titania matrix. This preparative

route has produced a very high surface area titania with meso porous texture

even at a higher temperature, 700°C. Highly crystalline, thermally stable
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matase phase was retained at this temperature, where the pore walls and

matrices were found to be highly crystalline. Furthermore, the anatase phase in

the eo-doped system was found to be stable upto 1050°C, which indirectly

~~ws the possible retention (inhibition of surface area reduction) of surface

!lea upto this temperature. This is because, surface area reduction occurs

~marily by phase transformation assisted sintering.

The template 262-266 method-derived titania systems, however, retain its

amorphous phase to much higher temperatures compared to the other titania

~rstems, owing to the interfering residual carbons. A possible structural

collapse and resultant surface area reduction could be the consequence at high

temperatures. There are several reports on mesoporous titania that has

comparable surface area and pore size distribution. 175,210,217,267 The thermal and

chemical stability of such high surface area materials will be low owing to their

high surface reactivity. 564 This will restrict the material application at high

temperatures. High surface area titania has also been synthesized by many

methods by many researchers. Kasuga et al 392,564 indicated the synthesis of

titania-silica mixtures involving a leaching process and obtained specific

surface area of 150 m2g-1 at 600°C. Also Sang et al 393 reported the preparation

of mesoporous titania photocatalyst by selective dissolving of titania-silica

binary oxide using NaOH solution. They obtained a high surface area of 339

m
2g-1at 500°C by this process with a microporous texture. Here, the selective

chemical leaching has been effectively utilized for the tailoring of mesoporous

texture in the titania framework. The influence of lanthana on the enhancement
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of the structural as well as textural properties and also on the enhancement of

photoactivty was exploited for the preparation of thermally stable active titania.

In the present work, eo-doping with silica has also produced high surface area

La20]-doped Ti02 xerogel. The amorphous silica was leached out from the

precursor using 5% NaOH solution. The results are presented and reasonable

correlations and conclusions are discussed.

The Brunauer-Emmet-Teller specific surface area (SSA) and pore

mlume ofundoped, doped, eo-doped and eo-doped-leached titania samples are

presented in Table 13. A three-fold increase in SSA was observed after

~ching. The eo-doped sample without leaching showed a SSA of 79 m2g-1 at

:OO°C. Leaching with 5% NaOH aqueous solution enhanced the SSA to

l31 m'g". The total pore volume was increased from 0.1045 ccg" to

0.234 ccg' by leaching. The 5% silica doped titania, on the other hand shows a

SSA ....S5m2g-1 and pore volume 0.0773 ccg", On leaching the SSA increased to

~47 m2g-1 and total pore volume to 0.2093 ccg", The increase in SSA of Si02

doped Ti02 is more than that of Si02-La203 eo-doped Ti02. This is because the

silica introduces more micropores into the system. But in presence of lanthana,

the distribution of silica is tailored such that a mesoporous texture is obtained.

This shows the influence of lanthana on the mesoporosity development in the

present process.

The porosity features of the as calcined and leached samples were

malyzed using BET N2-adsorption method as well as pore size analysis

technique. 489 The results clearly indicate the formation of mesoporous texture
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:n leaching. This was achieved by the preferential selective removal of

mlorphous silica phases from the solid network. The adsorption isotherms of

unleached and leached titania powders are given in Figure 36. In general, all

the isotherms show type IV behaviour. As is obvious from the literature,

samples. 399

Specific surface area Pore volume
(rrr'g") (ccg")

0.0879 0.0021

51.97 0.0961

54.96 0.0773

247.73 0.2093

79.05 0.1045

TU

TLS

TSN

TS-5

TL-l

Table 13: Specific surface area and pore volume of doped and undoped Ti02

powders obtained using the Brunauer-Emmet-TellerN2adsorption technique

Sample

TLSN 231.0032 0.234
Compositions are based on % by wt. calculation

Doping with La203 also provides microporosity to the titania

framework. However, the effect is less than that of silica. But, the eo-doping

increases the total porosity of the framework as well as the mesoporosity, as is

obvious from the adsorption isotherms. This shows the influence of La203 on

the preferential distribution of Si02 phase in the titania matrix. Further,

leaching enhances the porosity of titania framework. The leached samples
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show more mesoporous character compared to the unleached samples. Among

the leached samples, 5% Si02-1% La203 eo-doped Ti02 sample exhibits the

highest mesoporosity.

150
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2-1%Ce02

~ (c) Ti0
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-v- (d) Ti0
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Figure 36: Adsorption isotherms of unleached and leached titania samples

calcined at 700°C.
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Figure 37: Pore size distribution curves of leached and unleached titania

samples
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Figure 37 presents the pore size distribution curves of unleached and

leached T8-5 and TLS samples. The leached samples show an enhanced pore

size distribution at all the porosity regions. However, the cc-doped titania

shows an enhanced mesopore distribution compared to the silica doped titania.

This also refers to the influence of lanthana on the distribution of silica in the

titania matrix.

The powder X-ray diffraction patterns of TLS and TCS samples

calcined at different temperatures are presented in Figures 38 and 39

respectively. The patterns show the influence of eo-doping on the retardation of

titania crystallite growth towards higher temperatures. The anatase to rutile

phase transformation is also retarded as a result of eo-doping, In the eo-doped

sample, rutile phase nucleation commences only at -1 050°C, whereas the rutile

nucleation started at -940°C in the lanthana doped titania.

Figure 40 shows the XRD patterns of unleached and leached TLS

specimens calcined at 500 and 700°C. The XRD was recorded mainly to know

whether the chemical leaching destructs the structure of titania. Patterns

indicate the retention of titania crystal structure even after chemical leaching.

The crystallite sizes of the unleached and leached TLS samples calcined at

500°C are 9.55 run and 9.89 nm respectively, and those calcined at 700°C are

10.82 nm and 10.82 run respectively (Table 14). The slight increase in the

crystallite size of the leached 500°C calcined sample can be attributed to the

possible error factor that can occur in the crystallite size calculation using

Scherrer equation. Further, the sharp peaks with high intensity show the
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Figure 38: Powder X-ray diffraction patterns of TLS samples calcined at

different temperature (a) 80°C; (b) 500°C; (c) 800°C and (d) I050°C
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Figure 39: Powder X-ray diffraction patterns of TCS samples calcined at

different temperatures. (a) 80°C; (b) 500°C; (c) 800°C and (d) I050°C
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Figure 40: Powder X-ray diffraction patterns of 700°C calcined, eo-doped and

eo-doped-leached Ti02 samples. (a) TLS, 500°C; (b) TLSN, 500°C; (c) TLS,

700°C and (d) TLSN, 700°C
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presence of highly crystalline anatase titania, which is necessary for the high

activity. Therefore, it can be concluded that by chemical leaching we can

obtain highly crystalline anatase phase.without destructing the crystal structure

oftitania.

Table 14: Crystallite size (nm) of anatase titania before and after chemical

leaching, calculated using the Scherrer equation

Crystallite size (nm) at different calcination temperatures

Sample Before After Before
leaching leaching leaching

After
leaching

TLS 9.55 9.89 10.82 10.82

In order to study the effect of chemical leaching on the structural

features in detail, FTIR spectra of both unleached and leached samples calcined

at 700°C were taken and compared. Figure 41 presents the FTIR spectra of

unIeached and leached TS-5 and TLS samples as well as the undoped titania

sample. All the samples show bands characteristic of the stretching and

bending (1626 ern") modes of vibrations of -OH functionalities, except

undoped titania sample, which showed only a less intense band in the range

3300-3500 cm" corresponding to the stretching mode of vibration of loosely

adsorbed water molecules. The spectra of the unleached samples (b and d)

show shoulder peaks (overlapped) in the range 940-1100 ern", indicative of the

presence of Si-O-, Si-O-Si and Si-O-Ti bonds. On the other hand, the shoulder

peaks are almost vanished in case of the leached samples (c and e). This could
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be attributed to the removal of silica phase from the titania framework.

However, broad shoulder like peaks in the range 680-890 ern" can be seen in

~l the samples except the undoped titania sample, consistent with the presence

ofTi-O-La bonds. This indicates the selective removal of silica phase from the

titania structural framework. Further, all the samples show the characteristic

vTi-O-Ti bands in the range 450-480 cm" compared to the undoped titania

having the peak maximum at ,-512 ern", consistent with the rutile phase

fonnation.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 41: FTIR spectra of unleached and leached titania samples calcined at

700°C. (a) TU; (b) TS-5; (c) TS-5N; (d) TLS and (e) TLSN

The TEM bright field images of TLS calcined at 800°C are provided in

Figure 42A, 42B and 42C. The effect of eo-doping of lanthana and silica on the

structural and textural properties of titania can very clearly be understood from
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the micrographs. Compared to the earlier images of lanthana and/or ceria doped

titania specimens in Section 3.1.6, the TLS specimen gives a hazy image with

...10-60 nrn sized anatase crystallites (average diameter 30 nm). The haziness is

due to the presence of amorphous silica phase segregated around the titania

grain boundaries. The particles are not closely packed and the presence of more

amount of pores can be observed. However, the cluster formation is more

pronounced in eo-doped specimens as can be observed from Figure 42C, which

shows the presence of ~0.8-1 urn size secondary agglomerates at 800°C. Even

though the primary crystallite sizes are reduced by eo-doping, the silica

addition enhances the particle agglomeration / clustering. As has been the cases

before, the SAED pattern (Figure 42D) indicates the presence of randomly

oriented highly crystalline anatase titania particles. The EDS analysis provided

in the inset of Figure 42A shows the presence of titanium and lanthanum atoms

in the lattice.

The TEM micrographs of TCS calcined at 800°C are provided in

Figures 43A, 43B and 43C. Images A and B indicate the absence of well

defined grain boundaries in the eo-doped samples. The enhancement in particle

agglomeration on eo-doping can be confirmed from Figure 43C. The highly

crystalline nature of the titania particles can be observed from the SAED

(Figure 43D) and the EDS analysis shows the presence of silicon and ceria

atoms in the specimen. Even though the chemical leaching enhanced the

SSA of the eo-doped titania sample, it was essential to confirm the structural

stability of the system, since structural collapse can drastically reduce the
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activity of material. The XRD as well as TEM analyses confirmed the

retention of crystal structure after chemical leaching.

Figure 44 presents the TEM bright field images as well as HRTEM

images of 700°C calcined TS-5 and TLS specimens after chemical leaching. As

was already mentioned, leaching was performed with a view to selectively

remove the amorphous silica phase and create an ordered mesoporous texture.

The TEM images look very clear compared to the unleached titania samples.

Furthermore, the agglomerate size got reduced to -300 run on chemical

leaching. The eo-doped sample has a much higher amount of inter-granular

porosity of mesoporous texture, which is consistent with the low SSA value

compared to the leached 5% Si02-doped Ti02 (TS-5) sample calcined at

700°C.

A low magnification TEM micrograph of TLS specimen is presented in

Figure 45. This clearly indicates the effect of chemical leaching on the tailoring

of regular mesoporous texture. Further, the order is seemed to extend upto a

dimension of - 0.5 J..l diameter. We can also see corresponding enhancement in

activity for this sample with respect to the degradation of methylene blue, 565

which will be discussed in the following section.
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Figure 42: rEM bright field images (A, B and D); EDS (C) and SAED (E) of

TLS specimens calcined at 800ae
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~lgure 43: TEM bright field images (A, B and D); EDS (C) and SAED (E) of

TCS specimens calcined at 800aC
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:lgure 44: rEM image of (A) TS-5N calcined at 700°C; (B) HRTEM image of

~S·5N calcined at 700°C; (C) TEM image of TLSN calcined at 700°C and

DIHRTEM ofTLSN calcined at 700°C (All leached samples)
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~Igure 45: rEM image of TLS calcined at 700°C (low magnification) showing

]e effect of leaching on the tailoring of regular mesoporous texture.



cnapterIII

3.3.1 Photoactivity Evaluation

168

Tables 15 and 16 show the methylene blue decolourisation times for

different titania samples calcined at different temperatures ranging from ~OQC

to 1100°C. Table 15 shows the activity under DV light and Table 16 shows the

activity under sunlight. The results illustrate that an enhancement in activity is

observed at higher temperatures after chemical leaching. The samples showed

better activity in sunlight as well. The plots of degradation profiles under DV

light and sunlight are also provided in Figures 46A and 46B respectively. A

photograph showing different titania-methylene blue mixtures before and after

exposure to DV light is provided in Figure 47. Also in order to show the

activity of titania with respect to the degradation of a common staining agent -

lipstick, in presence of sunlight, photograph of the decolourisation of lipstick

before and after sunlight exposure is presented in Figure 48. Lipstick films

mixed with titania before sunlight exposure and after exposure are provided as

Aand B respectively.

Table 15: Photoactivity evaluation results of eo-doped and co-doped-Ieached

samples with respect to the decolourisation of methylene blue under DV light

irradiation

Degradation time in minutes under DV light of doped Ti02 calcined
Sample at different temperatures (QC)

RT 300 500 700 800 900 950 1000 1100

TS-5 90 50 40 20 25 55 160 >180

TSN 90 50 35 25 15 45 140 >180

TLS 90 55 40 35 30 25 35 85 >180

TLSN 90 50 30 25 20 10 5 30 150
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Table 16: Photoactivity evaluation results of eo-doped and eo-doped-leached

samples with respect to the decolourisation of methylene blue on exposure to

sunlight

Sample Degradation time in minutes under sunlight doped Ti02 calcined
at different temperatures (QC)

RT 300 500 700 800 900 950 1000 1100

TLS 90 55 45 40 30 20 15 15 85

TLSN 90 50 30 30 20 10 5 5 70
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Figure 46: Methylene blue degradation profiles of TLS and TLSN samples

against calcination temperature. (A) under DV light and (B) under sunlight

Finally abstracted result is presented in Table 17, which shows the major

titania compositions and the temperature for optimum activity, methylene blue

decolourisation time, the specific surface area at the temperature of optimum

activity andphase assemblage.
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figure 47: Methylene blue (MB) decolourisation under UV light. (A) before

~'posure and (B) after exposure. Beakers contain titania-methylene blue

~uspensions. (a) aqueous MB solution (blank); (b) MB + TU, 900°C; (c) MB +

TL·l, 700°C; (d) MB + TC-l, 600°C and (e) MB + alumina suspension.

~amples were exposed for a period of 30 minutes

figure 48: Degradation of stain (lipstick) under sunlight irradiation. (A) before

Irradiation and (B) after irradiation. (a) 1% TL-l, 700°C; (b) TC-l, 600°C and

IC) alumina slurry. Samples were exposed for a period of 30 minutes
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Table 17: Major results evolved from the study

Sample Optimum Photoactivity Specific Phase
calcination Decolourisation surface area assemblage

temperature for the time (minutes) (rrr'g")
highest activity

TU 500 10 120 A

TL-l 700 5 52 A

TC-l 600 10 42 A

TS-5 700 20 54 A

TLS 900 25 11 A

TLSN 950 5 43 A

3.4 Discussion

High surface area titanium oxides have also been synthesized through other

methods as well. However, the sol - gel derived eo-doped titania xerogel obtained by

the aging and drying of the titania precursor sol has an added advantage in terms of its

regularity of the structural framework, attributed to the HSAB principle, wherein

acetate ligands (hard Lewis base) hold both Ti4+ (hard Lewis acid) and La3
+

(hard Lewis acid) moieties together through most of the polycondensation

reactions. Furthermore, silica sol also distributes homogeneously in the sol

matrix as confirmed by the particle size analysis.

Sol-gel process, obviously, is a means to produce homogeneous

materials of specific end uses. However, the tuning of the product

characteristics necessitates an exquisite control over the preparative

parameters.l'" Hydrolysis of two metal alkoxides needs separate control owing

to the differing electropositivity of the metal atoms. 193 TIIP is highly reactive
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towards water compared to tetraethylorthosilicate (TEOS) and hence needs

additional control against hydrolysis. Acetic acid is a suitable stabilizer, which

can effectively stabilize the titanium isopropoxide moiety by either modifying

its coordination sphere or by trans-ester formation. 233-234 Hence, in the present

work, the calculated amount of an excess acetic acid than was employed to act

as an acid catalyst as well. Controlled addition of calculated amount of

deionised water resulted in a stable titania sol. Separately; silica sol was

prepared, using anhydrous isopropanol as the solvent and through the addition

of calculated amount of water. The catalysis / photocatalysis activities of

Ti02-Si02 systems are reported by many researchers, including sol-gel.

However, as we could observe, in the previous cases the selection of the

dopants has been based on properties such as ionic radii, electrophilicity etc.

Attempts on control of hydrolysis by means of the exploitation of the reactant

properties were worth noting in this regard. Lanthanum ions, being hard Lewis

acids, can be used with titanium ions, which are also known to be hard Lewis

acids. In fact, being a hard Lewis base, acetic acid had a major role in the

present sol-gel process. The modified titania xerogel is, hence, synthesized by

adding the dopant precursors in the sequential order wherein lanthanum nitrate

is added to the titanium isopropoxide solution frrst and then after 1 hr of

stirring the silica precursor sol.

The mesoporous texture formation was again confirmed with powder

TEM analyses (Figure 45). The crystalline nature as well as the phase

composition of the material was determined from the powder XRD data. For
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that, xerogels were heat treated in a stepwise manner at a range of temperatures

such as 300 - 1100°C (e.g. RT to 200°C - 2°C / min; 200 to 500 - 3°C / min

and 500 to 700 - 5°C / min), and soaking was carried out for Cl period of 3

hours in an ambient pressure and normal oxygen atmosphere. TEM images of

700°C calcined samples such as TU, (TLS), TS-5, TS-5N (leached) and TLSN

(leached) clearly reveal the effect of eo-doping as well as leaching on the

structural and textural features.

The TEM analysis shows higher amount on inter-granular porosity for

the TLSN sample compared to the TS-5N sample. Furthermore, the TS-5N

sample shows some sinter-necking between the crystallites compared to TLSN

samples, which demonstrates the structural stability of TLSN samples. The ED

diffraction analyses indicate the presence of anatase phase in both the samples.

The EDS analyses show the homogeneity of the structural units; wherein TS

5N sample shows Ti, Si-peaks and observes little difference between the

average composition and a single grain, as confirmed by measuring five

different grains. Similar experiment on TLSN sample also shows the

compositional homogeneity with Ti, Si and La peaks. Furthermore, the

occurrence of lattice fringes indicates the high degree of crystallinity of the

materials. As a whole, the versatility of this technique offers advantages over

existing routes for the production of mesoporous materials, which are limited to

highly amorphous, opaque coatings and therefore do not offer the possibility of

producing thermally stable anatase structures. Importantly, leaching is done

only after the calcination step, which makes the material thermally stable. The
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structural stability of the material was also confirmed by techniques such as

XRDand TEM.

There are several reports on mesoporous titania that has comparable

surface area and pore size distribution. The thermal and chemical stability of

such high surface area materials will be low owing to their high surface

reactivity. 362

Sol-gel process, obviously, IS a means to produce homogeneous

materials of specific end uses. However, the tuning of the product

characteristics necessitates an exquisite control over the preparative parameters.

Hydrolysis of titania and silica needed separate control against hydrolysis

owing to the differing electropositivity of the metal atoms. 193 Acetic acid is a

suitable stabilizer, which effectively stabilizes the TTIP moiety by modifying

its coordination sphere. 232-234 Hence, in the present work, the calculated

amount of excess acetic acid was employed to act as an acid catalyst as well.

Moreover, the selection criterion of dopant as well as control of hydrolysis 

polycondensation reaction according to the HSAB principle is novel. In fact,

being a hard Lewis base, acetic acid bonded to titanium ions is used to hold

lanthanum ions (hard Lewis acid) throughout the sol-gel process. The eo-doped

titania xerogel is, hence, synthesized by adding the dopant precursors in the

sequential order wherein lanthanum nitrate solution is added to the partially

hydrolysed titanium isopropoxide solution first and then after 2 hr of stirring,

the silica precursor sol.
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The photodegradation results indicate the dependence of various factors,

which are responsible for the enhanced photoactivity. They are crystallinity of

the material, crystallite size, amorphous phase content, amount of defects, the

optimum diffusion temperature that makes the surface saturated with the active

sites and/or trap sites, phase assemblage, suitable doping and optimum dopant

concentration. All are equally important and the order does not mean any

hierarchy of their importance. Even though lanthanum and cerium being rare

earth elements and also having almost similar physical constants, lanthanum is

showing the higher performance as a dopant for titania with respect to the

improvement of almost all the parameters as structural and textural

characteristics and also the photoactivity. The highest activity for the La203

doped Ti02 may be due to the maximum number of Lewis acid sites generated

as a result of lanthana doping. On the other hand, the comparatively lesser

activity of ceria may be due to its isovalent nature at higher temperature with

titania. The Ce3
+ ions present at lower temperature will be transformed

(oxidized) to Ce4
+ species on high temperature heat treatment, which reduces

the number of Lewis acid sites in the titania matrix.

The highest activity is consistent with the smaller crystallite size and

also the high crystallinity of titania. The effect of crystallinity on the

photoactivity can be very well understood from the results. At lower

temperatures the activity was lower and on increasing the temperature further,

the activity increases, reaches maximum and then decreases drastically. As the

temperature increases, the amorphous to crystalline transition takes place and
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further increase of temperature results in phase transition. The amorphous

phase is reported to be detrimental to photoactivity, which acts as photoexcited

charge carrier recombination centers.

3.5 Conclusion

RE oxide-doped nanocrystalline titania was prepared in presence of

acetic acid by modified solution-sol-gel route. Photocatalytic activity was

evaluated by the' photo-assisted degradation of methylene blue in presence of

UV light as well as sunlight. The structural and textural properties of the

undoped as well as doped titania compositions were evaluated. Undoped titania

underwent a drastic surface area loss on calcination and possessed only -\ m2/g

surface area after calcination to 7000 C. La203 doping (1%) effectively

inhibited the surface area loss and possessed about 52 m2g-1 surface area and

1% Ce02-doped Ti02 retained 42 m2g-1
• Incorporation of 1% La203 enhanced

the high temperature anatase phase stability if titania and shifted the

transformation temperature to --940°C. Doping with ceria also showed an

enhancement ofA~R transformation temperature (addition of 1% ceria shifted

the transformation temperature to --910°C) compared to the undoped

counterpart, which showed the phase transformation at --670°C. Doping with

both 1% lanthana as well as 1% ceria inhibited the anatase crystallite growth

and showed crystallite sizes such as 16.81 nm and 18.91 run respectively at

700°C compared to the undoped titania having 39.09 run. Furthermore, there is

considerable increase in the surface acidity for the La-Oj-doped Ti02
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indicating its possibility to be used as solid acid catalysts. The photoactivity of

the undoped and doped titania obtained by the degradation of methylene blue

solution established that 1% La-Oj-doped Ti02 annealed at 700°C to be t~e

better catalyst. The activity was found to be comparable to that of commercial

Ti02 samples such as Degussa P-25 and Hombikat DV 100. The enhanced

properties of titania are due to the excellent dopant distribution in titania

matrix, the presence of Ti-O-RE linkage as well as the increased surface acidity

and nanocrystalline nature. Hard and Soft Acids and Bases principle was found

to be responsible for the formation of Ti-O-RE bond formation, which

effectively distributes the dopants such as lanthana and/or ceria in the sol

preparation process. Further, the procedure is modified for the preparation of

high swface area, mesoporous doped titania. The controlled mesoporosity is

achieved through a doping-followed by chemical leaching process, which

resulted a huge increase in surface area. 5% Si02-1 % La203 eo-doped Ti02

after leaching showed a specific surface area of --231 m2g-1 compared to the

unleached sample having 79 m2g-1
• The co-doped-Ieached titania showed the

fastest dye decolourisation time at the highest calcination temperature

(Le., 5minutes at 900°C) in presence of DV light. The calcination temperature

corresponding to the highest activity (5 min) was shifted to 950°C in presence

of sunlight. This is attributed to the maximum accessibility of the small

percentage (5%) of DV light associated with the sunlight acquired by the

highly crystalline reactive surface sites achieved on leaching, which effectively

utilizes the DV light.
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Chapter IV

Sol-Gel Nanocrystalline Titania Functional Coatings

Abstract

In continuation to chapter III on the photoactive Ti02 powder synthesis

and characterization, herein, a systematic study of the preparation and

characterization of photoactive Ti02 films has been presented. The films were

fabricated with both dip coating as well as spin coating techniques. The optical

characterization of the coatings was carried out using DV-Visible spectroscopy

and AFM technique did the morphological analysis. The parameters such as

effect of dopants, effect of addition of poly(ethylene glycol), effect of

withdrawal speed and effect of multi-layer coatings on the optical properties

were studied. The precursor sol compositions optimised for obtaining highly

photoactive, high surface area Ti02 have been used for the coating purpose.

4.1 Introduction

The sol-gel chemistry is an important method for preparing chemically

homogeneous coatings and powders with a wide variety of useful applications,

as evidenced by the many conference and symposia devoted to the topic. 561-563

Sol-gel processes usually involve various metal alkoxide molecules that are
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hydrolysed under controlled conditions and then subsequently reacted to

condense with each other to form metal-oxygen-metal bridging units. Sol-gel

coating technique is being widely used for the fabrication of passive coatings,

such as protective coatings, 8-11,564 antirefl ective films, 565 and inorganic

ultrafiltration membranes 90-95 as well as active surfaces as photoactive

coatings, 83-85 bio and gas sensors, 40-42 optoelectronics, 22 and in solar energy

applications. The interest in the use of sol-gel method is due to its several

advantages: good homogeneity, ease of composition control, low processing

temperature, large area coatings, low equipment cost and good optical

properties. 193 In particular, the sol-gel process is efficient in producing thin,

transparent, multi component oxide layers of many compositions on various

substrates, including glass. 331 Sol-gel coatings are easily anchored on supports

ofcomplicated shapes.

Sol-gel dip-coating process is one of the best ways for preparing

vitreous or polycrystalline films of excellent homogeneity, purity and

uniformity on any types of substrates. 566 It consists of immersing the substrate

and then withdrawing the sample at a constant rate from a container with the

sol-gel solution. 193 The main factors that control the sol-gel process are pH,

catalyst, alkoxide/water ratio, temperature, and dilution. A few papers have

reported the preparation of Ti02 photocatalytic coatings and thin films from

alkoxide solutions via dip coating, spin coating or spray deposition, the former

being the most widely used. 254,258,328,370

Kim et al 564 prepared Ti02 thin films by sol-gel dip coating and their
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structural and optical properties were examined at various calcination

temperatures. The X-ray diffraction (XRD) results showed that Ti02 thin film

calcined at 300 QC was amorphous, and transformed into the anatase phase at

400°C, and further into rutile phase at 1000 QC. Since the properties of these

films have direct dependence on the nature of the surfaces such as amorphous,

crystalline, dense and porous; the tailoring of these properties is essential in the

production of different films with different end uses. Negishi et aZ 567 reported

the preparation 0(.Ti02 thin film for the elimination of air pollutants by the dip

coating process from titanium alkoxide precursor sol containing PEG. The

variation of surface structure with respect to the change in PEG size was also

investigated using AFM technique.

The hardness for protective coatings, optimum refractive index and

crystallinity for the antireflective coatings and suitable structural and textural

features of active coatings have usually been arrived by introducing dopants as

well as the use of composite mixed oxides. There are several reports on porous

but non-ordered silica-titania mixed metal oxide films, 17,568-572 several on

mesostructured porous silica films and a few on mesostructured porous titania

fil 110 III 573 n I I 574 •
1ms. " Recent y, Ogawa et a reported the preparation of a

mesostructured porous silica-titania mixed metal oxide film with a Si-Ti ratio

of 5:1. Kozuka et al 575 reported the effect of poly (vinyl pyrrolidone) for the

fabrication of l mm thick crack-free BaTi03 films. Kajihara et a1 576 extensively

studied the effects of molecular weight, dipping temperature, heat treatment

temperature and chemical additives on the macroporous morphology of titania
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films prepared by sol-gel dip-coating method from the system containing poly

(ethylene glycol).

The existing techniques to produce porous titania films have

disadvantages and limitations. One of these limitations for both

nanocomposites and porous films is that a high temperature process is required

to form anatase nanocrystals. 397 In the preparation of titania porous films, the

particles also have a tendency to aggregate in the sol and the resultant films

usually become opaque. The techniques used to form transparent anatase

nanocomposite films on various substrates at low temperature are essential to

the synthesis of titania photocatalyst for pollutant decomposing, self-cleaning,

and hydrophilic surface systems. 577--580 Matsuda et al 578 successfully prepared

transparent anatase nanocomposite films on various types of substrates,

including organic polymers, using the sol-gel method at temperatures <100°C

and at ambient pressure. The authors emphasized the role of PEG in the

evolution of the nanostructure, i.e., the formation of anatase crystallites and

nanosized pores in the films. The report proposes PEG addition, not only for

the crack-free film formation and as sintering retardant but also for the low

temperature anatase crystal formation, which is necessary for the substrates like

glass and organic polymers. Minami and eo-workers 581 studied the physical

and chemical properties of titania-silica films derived from Poly(ethylene

glycol) containing gels.

In the previous works, it has been reported that some factors, such as the

morphology and crystal structure of Ti02 coatings obviously affect the
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photocatalytic activity for photocatalytic decomposition of organic wastes. 273

Paz and eo-workers investigated photooxidatively self-cleaning titanium

dioxide films on soda lime glass and the deleterious effect of sodium

contamination and its prevention. 84,582 Fujishima and Narasinga 29 have

prepared Ti02 thin films on different substrates, such as quartz, soda lime glass

(SLG) and Si02-precoated SLG substrates via the spray pyrolysis method, and

showed that the Ti02 coated on Si02/SLG had much higher catalytic activity

than that of Ti02 films coated on bare SLG.

In most of the cases, polymers were used for both regulating porosity

and retarding sintering in the preparation of thin films. The polymer with its

bulkier groups will adsorb on the particle surface and cause steric hindrance,

which eventually causes pore formation at the time of polymer burnout.

Further, the polymer incorporation needs optimisation of the polymer content,

which affects the viscosity of the system considerably, and an exquisite control

over the heat treatment procedure. However, introduction of polymers into the

parent gel matrix produces opaqueness, and also charring of the organic

moieties while heating, are problems associated with such technique. The high

swface area porous coatings produced by polymer addition/organic templating

have uses in the fields of optoelectronics and site-specific catalysis. However,

the retention of amorphous phase could be detrimental to the activity at a lower

heat treatment temperature, which is used for substrates like glass and

polymers. The excess addition of polymer can also cause phase separation.

Still, the introduction of polymer was found to be inevitable in view of its
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influence in the development of crack-free coatings. The fabrication of crack

free coatings without using the polymer is difficult. In view of this, we

attempted the fabrication of crack-free nanocrystalline titania coatings on soda

lime glass surfaces without the addition of polymer. The partially hydrolysed

TEOS can act like a polymeric agent. The polymeric silica sol homogeneously

distributes in the titania matrix by forming heterogeneous linkages. Silica

particles also act as intermediate bonding sites to the OH moieties of glass

surface on thermal consolidation. Furthermore, the presence of Si02 phase

reduces the difference in refractive index 583 between the glass substrate and

Ti02• The incorporation of Si02, again, has an added advantage. The Na

impurities that retain in the soda lime glass even after pre-treatment can be

trapped by the Si02 phase 554 and thus can prevent its reaction with titanium

ions, which could be detrimental to its activity. Furthermore, the modified

synthesis route facilitates the nucleation of anatase phase at the sol preparation

stage itself, as discussed in chapter Ill.

Coatings with refractive Index intermediate between that of silica and

titania (n "'-J 1.8) was reported to be obtained by producing sol containing

mixtures of silica and titania. 583 However, an extensive study on the

preparation of photoactive titania-silica film, in which silica is incorporated

into the titania matrix has not been attempted systematically till date. Instead of

the organic polymer, here, silica performs as the binding agent with the glass

surface primarily, and then the pore-forming agent. The fabrication of crack

free, photoactive titania films on glass surface attempted in the present work is
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thus novel. Therefore, a systematic study on the fabrication of photoactive nano

Ti02 coatings on glass substrates and their characterization with respect to the

degradation of methylene blue, which is a common organic dye, under DV

light as well as sunlight is performed and presented in this chapter. The

coatings have also been characterized for their optical properties using DV-Vis

spectroscopy and morphological features using AFM. The present work also

deals with the basic aspects of the fabrication of.coatings, such as the effect of

withdrawal speed and also the effect of polymer on the optical properties of

coatings. Further alumina-Ianthana eo-doped titania was used for the

fabrication of films using spin coating, in view of alumina's high absorptivity.

The correlation between activity and the structural and morphological features

of titania coatings with a view to develop a process for the fabrication of

optically active, transparent nanocrystalline Ti02 films on glass surfaces has

also been made.

4.2 Studies on Titania Coatings Fabricated By Dip Coating

4. 2 . 1 Optica~ Studies of Undoped and Doped Ti tania

Coatings

Undoped and doped titania films were prepared from the sols derived

from the hydrolysis-polycondensation reactions of titanium tetraisopropoxide.

Effect of dopants such as lanthana and/or ceria as well as the effect of co

doping that reflected on the optical properties was studied. The effect of multi-
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layer coatings as well as the effect of very large organic additives such as

poly(ethylene glycol) and glycerol on the absorption properties was also

evaluated. This is with a view to study the porosity-absorbance and/or

transmittance correlation of the coatings. According to reports, PEG addition

upto -1% produces transparent coatings and if the concentration of PEG

exceeds this limit, results in opaque coatings. The opaqueness is attributed to

the scattering of light occurring from the mesopores developed as a result of

high concentration of PEG.

4.2.1.1 Effect ofDopants

Figure 49 shows the optical absorption spectra of titania coatings

obtained from undoped TU, TL-1 and TC-1 samples respectively. The spectra

exhibit the characteristic absorption of titania. However, doped titania coatings

show slight shift in the absorption onset. In the lanthana doped sample the

absorption onset shows a shift to higher wavelengths and in ceria doped titania

sample it is shifting to a lower wavelength. This is in line with the earlier

reports and indicative of the change in band gap on doping. 584 Reports show

that titania has an absorption onset at .-387 nm, which shifts to either side

influenced by the preparative conditions and dopants. Sol-gel titania is reported

to beassociated with large number of intrinsic defects, mostly Ti3
+, which is a

result of the larger hydroxyl formation. 543-545 The presence of Ti3
+ moieties in

the titania lattice provides n-type semiconductivity to the material owing to the

availability of excess free electrons. These discrete electrons will distribute just
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below the conduction band and, therefore, the apparent band gap will be

reduced, which is consistent with the present observation. As per the present

analysis, lanthana doping reduces the band gap of titania (2.94), but ceria

doping (3.28) slightly increases the band gap from that ofundoped Ti02 (3.23).

This may be attributed to the difference in valence state between La and Ce

atoms, which is instrumental to the formation of more oxygen vacancies in the

TL system compared to the TC system.
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Figure 49: Optical absorption spectra of undoped and doped Ti02 coatings

4.2.1.2 Band Gap Analysis

Band gap analysis was done using the DV-Vis absorption spectroscopy.

The absorption spectra were obtained for the coated films. The absorption onset

was determined by applying the sigmoidal fit, which is briefly described below.

Ina typical band gap measurement, as per the present technique, the absorption

spectrum was fitted by sigmoidal fitting technique. The fit gives various
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straight lines along the absorption curve depending on the curve profile.

Tangents can be drawn on the spectrum using each straight line. We can

manually select the straight line, which gives the absorption-onset wavelength.

On extrapolating the tangent to the x-axis, we get the absorption onset. A

typical sigmoidal fit and tangents drawn for the band gap calculation is

provided in Figure 50. This wavelength is used for the band gap calculation

using the equation, 584

x = 1241/A, Where A is the wavelength

The constant 1241 is obtained by resolving the Einstein equation and de

Broglie relation

The band gaps of undoped TU, TL-l and TC-l calculated by the above

method are 3.23, 2.94 and 3.28 eV respectively. Lanthana doping induces the

formation of a lower band gap to titania. This may be due to the formation of

more free electrons by lanthana doping.
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Figure 50: The tangent drawn by fitting with sigmoidal curve fit for band gap

analysis
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4.2.1.3 Effect ofPoly(ethylene glycol)

Figures 51A and 51B show the transmittance spectra of titania coatings

obtained from samples TL-1, TL-PEG 1 and TL-GLYO.5, coated .fit two

different withdrawal speeds (1.8 and 4.2 cm/min respectively) followed by

calcination at 400°C. The incorporation of PEG and / or glycerol slightly

decreases the absorption capacity. This may be attributed to the macroporosity

generated by the addition of 1% PEG or glycerol, which scatters the light.
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Figure 51: Optical transmission spectra of Ti02 coatings showing the effect of

addition of polymers on the absorption. Coatings have been made with

withdrawal speeds such as (A) 1.8 cm/min and (B) 4.2 cm/min

Figures 52A and 52B are the absorption spectra of single layer TLS-

PEGO.5 coated sample and that of three times coated sample. Incorporation of

0.5% PEG increases the absorbance of titania considerably. This is due to the

formation of more micropores as a result of the addition of only 0.5% PEG,

which is being eliminated from the matrix on calcination. In addition, the

triply coated film shows broad absorption in the visible region. This may be
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due to the retention of residual carbon, which reduces Ti4
+ to Ti3

+ species. 237,556

We can also conclude that 1% PEG addition is on the higher side considering

the fact that the development of mesoporous texture reduces the absorption
.-.{

capacity of films. However, PEG was found to be more effective in the film

formation properties than glycerol and hence selected as the polymeric agent

for the rest of the experiments. These figures also indicate the possibility for

the fabrication of films with >95% optical transmittance.

0.6
~a- TLS 0.3

0.5 b b - TLS-PEGO.5

0.4 0.2
tI ~

IJ U

; 0.3 c
et

lJ .Q
~ s-
e ..s 0.1~ 0.2
( -e

0.1

0.0
0.0

300 400 500 600 700 800

Wavelength (nm)

a - TLS- 3 coating, ~
b - TLS-PEGO.5- 3 coating

400 600

Wavelength (nm)

Figure 52: Optical absorption spectra of Ti02 coatings showing the effect of

addition of PEG. (A) singly coated and (B) triply coated

4.2.1.4 Effect of Withdrawal Speed

Optical absorption spectra of as dried (80°C) and 400°C calcined

samples are provided in Figures 53, 54 and 55. Figure 53 shows the optical

absorption spectra of as dried samples coated with different withdrawal speeds

from the TL-l sol. Figures 54 and 55 are that of 400°C calcined samples coated

with TL-I and TL-IPEG precursor sols respectively. Figures 53 and 54 clearly
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Figure 53: Optical absorption spectra of TL-l coatings prepared with different

withdrawal speeds. The coatings are calcined at 80°C
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Figure 54: Optical absorption spectra of Ti02 coatings prepared with different

withdrawal speeds. The coatings are calcined at 400°C
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Figure 55: Optical absorption spectra of Ti02 coatings prepared with different

withdrawal speeds. The coatings are calcined at 400°C

indicate the direct relation of lifting speed with coating thickness. 585 On

increasing the withdrawal speed from 0.6 to 6.6 cm/min, the optical absorbance

increases and is a direct evidence of the increase in thickness of the coatings,

which increases the titania content on the substrate surface. 585 Figures 54 and

55 also indicate similar trend, but a slight variation in the order can be

observed. This probably points to an inhomogeneous mixing of the polymer in

the coating precursor sol.

Figure 56 presents the optical transmittance spectra of 400°C calcined

TLS coatings obtained with different withdrawal speeds. The percentage

transmittance of the samples decreases gradually on increasing the withdrawal

speed. This is a direct evidence of the increase in thickness with the increase in
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withdrawal speed of coatings. 193,585 The coatings obtained with all the four

withdrawal speeds were found to be non-flaky and highly adhesive. The

adhesiveness was tested by scratch tape tests. The qualitative testing was also

done by actual weathering followed by continuity measurement using SEM

(not presented here).
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Figure 56: Optical transmission spectra of eo-doped Ti02 coatings (TLS)

prepared with different withdrawal speeds. The coatings are calcined at 400°C

4.2.1.5 Effect ofMulti-layer Coatings

The effect of multi-layer coatings on the optical properties was

determined by optical spectral analysis. Figure 57A shows the optical

absorption spectra of single and 3 times coated lanthana doped titania films.

The band gap decreased from 2.94 eV to 2.43 eV on increasing the thickness of

coating. This may be due to the accumulation of more discrete free electrons
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(Te+ species) just below the CB due to increased lanthana content. Further,

with the increase in film thickness, the absorbance also increases considerably.

This is due to the increase in availability of titania particles on increasing the
-(

coating thickness. Also, as the number of coatings increases, a weak absorption

at-380 nm is occurring.

Figure 57B shows the optical absorption spectra of 0.5% PEG added

TLS coated films calcined at 400°C. The absorbance increases as the number

of coatings increases. Moreover, as the number of layers increases, the

absorption in the visible region increases and the triply coated sample shows a

broadabsorption centers at -515 nm. This absorption could be attributed to the

presence of residual organics remaining at 400°C. As the number of coatings

increases, the chances of retention of more organic residuals increases, which

reduces Ti4+ to Ti3+ species. 237 The presence of Ti3+ species gives the

absorption in the visible region.
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Figure 57: Optical absorption spectra showing the effect of multi-layer coatings

(A) TL-l and (A) TLS-PEGO.5 coatings calcined at 400°C
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In general, dopants slightly shift the absorption onset indicative of the

small change in band gap. Also, 0.50/0 PEG addition is found to be favourable

in the development of transparent films than the mesoporous, translucent films
~

produced in case of 1% PEG addition.

t22 Mo~hological Studies

Morphological studies were done by mainly topography imaging as well

as by RMS roughness measurements. The topography profiles, in general,

indicate the change in morphology with respect to compositional changes of

precursor sols. The RMS roughness values indirectly show the influence of

drying and calcination on the nanocrystalline titania grains that are. being

coated on the substrate surface.

4.2.2.1 AFM Topography

The morphological studies of the coated samples were carried out with

Atomic Force Microscopy technique. Figure 58 presents the AFM images of

undoped Ti02 coated glass slides fabricated by the dip coating method. The

images indicate the formation of a thin layer of titania coating with a high

roughness value (Table 18) ",50 nm. This is attributed to the eo-presence of

anatase and rutile phases on the surface as confirmed by the XRD data

(Figure 66). The 5 urn image shows the presence of porous film with randomly

packed particles over the glass substrate.
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The AFM topography of the TL-l coated slides is presented in

Figure 59. The images with magnifications of 20Jlm as well as Sum show

almost a continuous profile in which ordered rod shaped particles are.packed

almost closely on the surface. The image, with a magnification of 5urn

provided in the right side indicate the formation of a uniform, monodispersed

regularly shaped grains with preferred orientation, which suggests the growth

of an ordered nanocrystalline film. The higher order of the crystallites is

attributed to the heterodentating effect of acetate ligands with both Ti4
+ and

La3
+ species according to HSAB principle. The coating has a thickness of

-12 run with minimum roughness value.

Figure 60 shows the AFM images of TLS coated glass slides. In contrast

to the earlier figures, we can see particles with an amorphous / semi-crystalline

morphology. In contrast to the rod shaped particles on the surface, the TLS

sample shows poorly crystallized particles. The particles cannot be

distinguished as was the case of the TL-l coated sample. The surface is

characterized by the presence of grains with rather diffused grain boundaries,

which could not be observed on the TU and TL-I films. This is attributed to the

amorphous silica particles enveloping La-Oj-doped Ti02 particles. As a result,

the thickness of the coating is increased from 12 nm to 15 nm as confirmed by

the AFManalysis.
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Figure 58: AFM topography (A and B) of TU coating (Sum x Sum images)
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The surfaces of the undoped and 1% La203-doped Ti02 films calcined at

400°C show a regular surface structure,. indicating a significant degree of

surface ordering on the scale of several tens of micrometers. A _-ttypical

dimension of these grains is in the region 10 run. Moreover, one can clearly see

from Figure 59 that there is a preferred orientation of the regularly shaped

grains, which suggests the growth of a nanocrystalline film over the glass

surface. However, the TU film has a porous morphology and TL-l film on the

other hand has grains orderly arranged on the surface.

4.2.2.2 RMS Roughness Measurements

A detailed analysis of the roughness of the samples was done by RMS

roughness measurements. A consolidated result of the RMS roughness

measurements is provided as Table 18. Table shows that undoped Ti02 has the

highest roughness value (average RMS 20.49 run). This is attributed to the

specific polymeric sol-gel preparative route adopted in the present study. The

existence of both the anatase and rutile phases at 400°C (Figure 66) explains

the development of rough surface. This is also consistent with the

photocatalytic properties' of the powder, where the undoped titania showed a

low temperature A~R phase transformation and hence a lower activity at

400°C. However, all thedoped and eo-doped Ti02 coated films show smaller

RMS roughness values consistent with the presence of phase pure anatase

particles. This also demonstrates the effect of heat treatment on the

crystallization of undoped and doped Ti02 films. The TL-l film shows a highly

ordered morphology. The TLS film also shows some ordering, but an
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amorphous / semi-crystalline nature is indicates the

influence of silica on the crystallization of titania. 394 Anatase phase nucleates

at the solution stage in the present work, as confirmed by the ](RD

analysis. 501,510 Also, according to reports, lanthana and ceria has no influence

on the amorphous to crystalline phase transition. 382-383 However, the present

morphological studies point towards the influence of silica on the inhibition of

atomic diffusion 394 as well as crystalline growth of titania. This is probably

because of the formation of a secondary phase at the grain boundaries as

evidenced from both TEM and AFM analyses. The TLSN film, obtained after

chemical leaching shows a crystalline and almost a regular mesoporous texture,

which is attributed to the selective removal of amorphous silica phase

distributed uniformly in the films as confirmed by the TEM EDS analysis. This

selective removal provides regular (surface structure) surface morphology with

comparatively high roughness values, which has a higher level of OH

functionality and this can enhance the hydrophilicity of surface.

TL-l sample shows 2.35 nm average RMS roughness compared to the TLS

coating with 3.99 nm and TLSN having 2.95 nm. The lowest % error of 9.18 for TL-I

sample is consistent with its ordered, closely arranged crystallite structure. The next

lowest % error (9.93) is shown by TLSN sample. This is attributed to the selective

removal of the amorphous silica phase leaving the lanthana doped titania on the

structure. On the other hand, the TLS coating showed 17.56% error in the RMS

roughness values. This indicates the homogeneous but preferential distribution of

silica phase in the doped-titania matrix. The Ti-O-Si bond formation as evidenced

from FTIR and the present result alongwith the TEM study leads us to the conclusion
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that partially hydrolysed silica will be attached to Ti species through Ti-O-Si linkages

and finally will be selectively re~oved from the framework leaving a small amount of

silica species in the titania matrix.

Table 18: RMS roughness values of different titania coatings

TU TL-l TLS TLSN

5 urn images 9.2526 9.2526 2.9065 2.5067 3.1168 2.91 2.6071

52.3631 2.1959 2.1959 5.6881 3.8761 2.6572

10.871610.0772 2.1421 2.1421 4.0233 2.8083 3.6925

9.4693 9.4693 2.1467 2.1467 3.117 2.9956 2.8253

average

RMS 20.49 9.60 2.35 2.25 3.99 3.15 2.95

stddev 21.26 0.43 0.37 0.17 1.21 0.49 0.51

Sem 12.28 0.30 0.22 0.10 0.70 0.28 0.29

0/0 error 59.91% 3.15% 9.180/0 4.48% 17.56% 9.02% 9.93%

20 urn image 11.621611.2072 2.2755 2.0227 6.7344 5.9951 4.6205

50 urn image 21.0564 10.3592 4.8632 2.2241 3.7519

RMS data for AFM images: for each sample first column = full image data,
. second column = full image (regular) + partial image data (bold)
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4.2.2.3 Effect ofChemical Leach.ing

Figure 61 presents the AFM images of TLS precursor sol coated-400°C

calcined-chemically leached glass surface. The topography shows more

exposed surface with mesoporous nature, which is an indication of the

effectiveness of leaching process. Also, the regular parallel packed,

distinguishable particles are absent in the leached samples, which leads to the

conclusion that silica inhibits the crystallization of Ti02. Also the thickness of

the film was reduced to ..-12 run after chemical leaching, which shows the

effective removal of-amorphous silica phase associated with the doped titania

particles (Sol particle size of the TLS sol was 14 nm as can be seen from

section 3.1.1, chapter Ill). Therefore, by chemical leaching we can develop

mesoporous texture in the coated surfaces, where the matrix and pore walls of

the films will be in a highly crystalline state, which open up tremendous

applications in various fields such as high surface area battery electrodes,

sensors, optoelectronic devices, and catalysts. However, singly coated films on

leaching resulted in the production of mesoporous coatings with exposed glass

surfaces. In order to avoid this shortcoming, chemical leaching was carried out

on the multi-layered films. In all the multi-layered films, heat treatments

(250°C) were carried out after each dipping process, which resulted in the

consolidation of the films. After the final coating it was calcined at 400°C and

was soaked for a period of 3 h. AFM images of the unleached as well as

chemically leached hi-layer coated samples are provided in Figures 62 and 63.

The chemical leaching produces almost a regular mesoporous texture to the
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phase in the doped titania matrix. Unlike the singly coated films, the

topography shows rectangular grains arranged in an almost parallel fashion.

The internal sensor image provided as Figure 62B shows the presence of

regular densely packed grains on the surface. This could be attributed to the

consolidation of films by heat treatment at 250°C before the subsequent

coating. The subsequently coated films can grow over the pre-consolidated

titania grains and hence can attain their orientation. On chemical leaching,

regular mesoporous textured morphology with homogeneously distributed

grains are developed. This is attributed to the elimination of homogeneously

distributed silica phase in the titania matrix, which is also confirmed from the

XRD analysis. However the chemical leaching does not expose the glass

surface, which is evident from the internal sensor image provided in the second

row of Figure 66. Such highly irregular, high surface area films will have large

number of OH functionalities and hence can act as potential hydrophilic

swface. This synergic effect of hydrophilicity and photoactivity can be

exploited in the field of self-cleaning surfaces.

4.2.3 Photoactivity Eva~uation

Table 19 presents the decolourisation times of different titania films

with respect to the degradation of methylene blue. TL-I and TLS films

calcined at 400° C at a heating rate of 10C/min showed higher activities among

the samples. However, the activity is lower than that of the corresponding
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powder samples, due to their intrinsically lower surface area, which also

corroborates with the results of Sopyan et al. 586 Nano coatings have only very

low exposed surface area as well as the active surface sites that influences its

activity considerably.

The graph provided in Figure 64 shows the methylene blue degradation

profiles of different titania films calcined at 400°C. The TL-I sample showed

the maximum activity in presence of DV light as well as sunlight. TLSN

sample showed the next highest activity. In fact, the leaching process enhanced

the activity further (15-20 min less time taken for methylene blue degradation

by the leached samples). Therefore the optical absorption spectra were recorded

for the unleached as well as leached TLS films to see the extent of optical

absorption by the two samples and also the shift of absorption onset if any, and

presented as Figure 65. The spectra showed that the absorption onset little

changes even on chemical leaching. The absorbance also does not show much

change on leaching. This indicates the effective utilization of the available

energy source (DV light) by the chemically leached titania. Normally, the

enhancement in surface area should increase the absorbance of films. But in the

present case, the formation of meso/macro porous surface does not show much

enhancement in the absorbance. Nevertheless, the activity shows an increase on

chemical leaching. This could be due to the increased accessibility of highly

crystalline anatase phase achieved on chemical leaching. On the other hand, the

unleached surface is associated with amorphous silica phase, which is

detrimental to the activity.
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Table 19: Photoactivity results of the 400°C calcined titania films with respect

to the decolourisation of methylene blue in presence of DV light as well as

sunlight.

800

...-..

.5 700
E
'-"
~

e
; 600
=
.~....
=.t: 500
=oo
u
Q 400

Sample

TU

TL-I

TS-5

TLS

TSN

TLSN

o

Decolourisation time (minutes)
on exposure to

DV light Sunlight
720 770

370 370

480 500

490 505

455 460

440 440

--.- UV light
-0-Sunlight

TU TL-1 TS-5 TLS TSN TLSN

Titania Film (400°C)

Figure 64: Methylene blue decolourisation profiles of different titania films

under DV light and sunlight. The samples are calcined at 400°C
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Figure 65: Optical absorption spectra of unleached and leached TLS coatings.

The samples are calcined at 400°C

In order to see the phase assemblage at this temperature (400°C), X-ray

diffractogram of undoped Ti02 sample was recorded and compared with that of

700°C calcined powder. Figure 66 shows the XRD patterns of TU sample

calcined to 400°C at a heating rate of l°C/min and that of TU sample calcined

to 700°C at a stepwise heating rate as indicated in Section 2.2.1. A mixture of

anatase and rutile phases can be observed at this temperature. The anatase

phase is ~39 nm in size and the rutile is having ~56 nm for the 400°C calcined

sample and ~39 nm and 65 nm for the 700°C calcined sample. At the same

temperature, the 400°C calcined doped Ti02 sample, which has the highest

activity, showed the presence of only the nanocrystalline anatase phase. This

result substantiates the direct influence of nanocrystallinity as well as high
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surface area on the activity of the photocatalyst. The enhancement in the

properties achieved in the present study is by the use of specific dopants such

as lanthana and ceria. Acetic acid, the heterodentating stabilizer, had been the

key factor on the effective utilization of these dopants in the solution stage,

based on the HSAB principle.

A

R
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RA.A

20 25 30 35 40

29

45 50 55 60

Figure 66: X-ray diffraction patterns of (a) TU specimen calcined at 400°C

with a heating rate of 1°C/min. and (b) TU specimen calcined at 700°C with a

stepwise heating rate (RT to 200°C, 2°C/min; 200 to 500oe, 3°C/min and 500

to 700°C, 5°C/min)

The above results also indicate towards the possibility for the

development of highly active transparent, nanocrystalline anatase titania
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coatings even at higher temperatures by the above composition (TLS). In the

present study, however, we have investigated the activity of the compositions

only on glass surfaces, which can only withstand upto the temperature 400

500°C. But the corresponding powder sample analysis results presented in

chapter III indicate the possibility of fabrication of highly photoactive titania

coatings on ceramic substrates that can withstand high temperatures.

4.3 Studies on Titania Coatings By Spin Coating

4.3.1 Ti02 Xeroge~ Characteristics

The particle sizes of the two sols, TL-l and TLA 10 measured using laser

particle size analyzer are 30 nm and 288.9 nm respectively (Figure 67). The

TL-l sol exhibited a monomodal size distribution in a narrow range. On the

other hand, a bimodal distribution, wherein the individual oxides are distributed

in a narrow fashion is observed for the TLA 10 sol. The thermogram presented

in Figure 68 indicates that the precursor gel dehydrates and further undergo

dehydroxylation below 400°C, and at higher temperature, titania exists in the

anatase crystalline form with practically no organic phases. The powder X-ray

diffraction data indicate the presence of anatase with a crystalline size of 11 nm

for sample TL-l after calcination at 400°C and 9 nm for sample TLA10

(Table 20). The eo-presence of lanthana and alumina inhibits the crystal growth

and retards the anatase to rutile phase transformation in the films, which also
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corroborates with some earlier results and our own results provided in Chapter

Ill.
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Figure 67: Particle size distribution of (A) TL-1 and (B) TLA10 precursor sols

o 200 400 600

Temperature (QC)
800 1000

Figure 68: TG curve ofTLA10 xerogel

BET specific surface area and crystallite size of TL-I and TLA 10

samples are presented in Table 20. Sample TL-1 has specific surface area
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100 m2g-1 and sample TLAI0 has shown a much higher value 159 m2g-1 at

400°C. The increase in SSA is attributed to the combined effect of co-dopants.

The contribution from the porosity features could be very well understood from

the BJH pore size distribution curves obtained from the desorption data

(Figure 69). Sample TL-l shows a monomodal size distribution with a peak

maximum (pore diameter) at -7.2 run, while in case of TLAI0, the peak

maximum is shifted to 6.3 nm, This could be attributed to the combined effect

oflanthana
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Figure 69: BJH pore size distribution of (a) TL-l and (b) TLAIO sample

calcined at 400°C
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and alumina particles on the particle packing, which. also leads to the possible

pore structure stabilization at higher temperatures. The evolution of porosity

and surface area as well as the inhibition of grain growth corroborates well

with the literature data, which illustrate the selection of the co-dopants. 349

Table 20: BET specific surface area and crystallite size of TU and TLA10

samples calcined at 400°C

Sample

TU

TLAI0

Specific surface

area (rrr'g")

100

159

BJH cumulative

pore volume

(crrr'g")

0.135624

0.187092

Crystallite size

(run)

11

9

4.3.2 Ti02 Coating Characteristics

Al203 suspension was eo-doped to the La-Oj-doped Ti02 sol with a

VIew to develop functional surfaces, considering the high absorptivity of

alumina particles. The spin coating technique, adopted in the present

investigation resulted in the formation of transparent Ti02 films on glass

substrates as confirmed by the DV-Vis transmittance spectral analysis. The

transmittance of a typical eo-doped titania film is presented in Figure 70. ,-900/0
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transmittance in the visible region can be observed for the TLA10 coated

samples.
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Figure 70: U'V-Visible transmittance spectra of (a) glass substrate and

(b) TLA 10 coated glass substrate

4.3.2.1 Morphological Studies Using Atomic Force Microscope (AFM)

The AFM images of spin coated, TU film as well as TLA 10 film

imaged at different magnifications is presented as Figures 71a-d. The AFM

topography of the films indicates the morphological difference between these

coatings. While the film obtained from undoped Ti02 precursor sol gave a

teardrop shape particle distribution, the mixed oxide sol gave almost circular

particles with very low thickness. The circular shape obtained in case of

TLA10 could be due to the influence of second phase, alumina, on the titania

matrix. Being larger in particle size and having a higher density compared to
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titania, the alumina particles influence the movement of titania to some extent.

The greater tangential movement of larger alumina particles compared to

titania causes the teardrop shape to collapse and thus results in a thin coating.

However, the alumina particles could not be observed in the AFM images of

the films spin-coated with a rotation speed of 4000 RPM. The reason is the

high spin rate used for coating. Therefore, the coatings were done at a rotation

rate of 2000 RPM and the AFM imaging was done with the samples and the

morphology is presented in Figure 72. The AFM topography shows a "bumps

& valley" morphology for the TLA 10 film. The role of Al203 on the

morphology of Ti02 films derived by spin coating technique indicates that the

shape of Ti02 particles are influenced by large size inclusions, while the

selection of the spin speed can also be a deciding factor in such hybrid films.

While La203 could improve the photoactivity of titania by enhancing the

amount of Lewis acid sites, Al203 performed primarily as a thickness

regulating agent and also as a texture-enhancing agent that enhances the

surface area and thus the available OH functionalities.

4.3.2.2 Thickness Measurement Using Atomic Force Microscope (AFM)

The thickness of the samples was measured using atomic force

microscope by looking at the thickness of the layer as a whole. The results are

provided in Table 21. The actual numbers are not really important as they can

change a bit due to artifacts. The average thickness and standard deviations are

provided. The analyses show more or less homogeneous thickness values.
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Table 21: AFM Thickness measurement results of spin coated Ti02 coatings

Image Bottom Top Average Standard
Size height height Thickness Deviation

(nm) (nm) Thickness

TL-l (4000 RPM)

10 12.708 94.11 81.402 86.92025 5.233296
5 4.567 93.351 88.784
10 74.561 158.75 84.189
5 66.154 159.46 93.306

TLA 10 (4000 RPM)

10 28.876 48.538 19.662 21.44725 6.538663
5 16.466 29.524 13.058
10 74.254 102 27.746
5 68.443 93.766 25.323

The thickness of the films is found to be in the range 20-90 nm. The

high thickness values of undoped Ti02 films derived from the precursor sols

having particle size -.,30 nm is due to the specific drop-spin coating technique

adopted in the present method. The uniformly distributed eo-doped titania film

was developed by adjusting the rotating speed to 2000 RPM. AFM images

(Figure 72) show the formation of irregular surfaces. The presence of -.,310 nm

alumina particles can be observed, which are distributed in almost

homogeneous fashion on the glass surface. We can also observe a thin layer in

between that of the bigger particles. This can be assumed as the titania layer.
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Table 21: AFM Thickness measurement results of spin coated Ti02 coatings

Image Bottom Top Average Standard
Size height height Thickness Deviation

(run) (run) Thickness

TL-l (4000 RPM)

10 12.708 94.11 81.402 86.92025 5.233296
5 4.567 93.351 88.784
10 74.561 158.75 84.189
5 66.154 159.46 93.306

TLA10 (4000 RPM)

10 28.876 48.538 19.662 21.44725 6.538663
5 16.466 29.524 13.058
10 74.254 102 27.746
5 68.443 93.766 25.323

The thickness of the films is found to be in the range 20-90 run. The

high thickness values of undoped Ti02 films derived from the precursor sols

having particle size ,,-30 run is due to the specific drop-spin coating technique

adopted in the present method. The uniformly distributed eo-doped titania film

was developed by adjusting the rotating speed to 2000 RPM. AFM images

(Figure 72) show the formation of irregular surfaces. The presence of ,,-310 nm

alumina particles can be observed, which are distributed in almost

homogeneous fashion on the glass surface. We can also observe a thin layer in

between that of the bigger particles. This can be assumed as the titania layer.
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The irregularity makes the surface more hydrophilic, attributed to the increased

surface area.

The photoactivity of the TLA 10 coated fi Ims could not be measured as
eo(

they were fabricated on 10 mm dia discs. However, the corresponding powder

samples showed a higher activity for the samples.

4.4 Discussion

Coatings were made by both dip coating as well as spin coating

technique. Dip coating was used for the fabrication of coatings from TLS

precursor sols and spin coating from TLA 10 precursor sols. The detailed

characterization with respect to the optical as well as morphological features

demonstrates the possibility of fabrication of highly transparent films (>950/0)

with the present coating formulations. The effect of withdrawal speed on the

coating thickness corroborated with the earlier repots.

Coatings were carried out from the precursor sols with and without the

addition of polymers. The study on the effect of polymers on the film formation

as well as optical features illustrates PEG as a suitable additive among the

polymers attempted. Further, the addition of 0.5% PEG was found to be

enhancing the transparency as well as the absorbance of films. The absorbance

decreases on increasing the polymer concentration to 1% by wt. According to

reports, PEG also functions as an anatase phase nucleating agent at low

temperature. However, in view of the specific alcohol-free preparative route we

have adopted, the anatase formation could be achieved even at room
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temperature, without the incorporation of PEG, in the present case. Further, the

influence of polymers on the formation of crack-free films was a concern.

However, doping 5% silica was found to be facilitating the crack-free film

formation from the results. Therefore it was decided to stick to the coating

formulations without the incorporation of polymers for the rest of the

experiments.

The AFM analyses indicated the formation of continuous, micro crack

free films over the glass substrate when fabricated with the present coating

formulation. The rate of heat treatment (1"Czmin) as well as soaking period

(3h) accomplished the development of highly crystalline anatase phase at

40QoC, as is evident from the XRD pattern. The narrow high intensity peaks

observed for the samples indicate the formation of highly crystalline anatase

titania for the doped as well as eo-doped compositions, while the undoped Ti02

films showed the formation of a mixture of anatase and rutile phase. This can

also be evidenced from the high roughness value for the undoped Ti02 sample.

The presence of silica phase increases the hydrophilicity of the film.

However, the presence of amorphous silica phase is detrimental to the

photoactivity, owing to its possibility to act as charge carrier recombination

centres. Therefore in the present work, a calcination- followed by chemical

leaching is adopted to attain highly crystalline mesoporous titania framework.

The films were, first, calcined at a rate of 1QC/min upto 400
QC

and soaked for a

period of 3 h. After calcination, the films were undertaken a chemical leaching

process as per the procedure given in chapter 11 Section 2.2.4. This was
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instrumental in the 3-fold increase in specific surface area and the

corresponding enhancement in activity. The highly crystalline nature of the

-./.

matrix and pore walls of leached samples as confirmed by TEM demonstrates

its importance in the area of active coatings.

The nanocrystalline-mesoporous-high surface area-Ti02 film with

>95 % optical transmittance obtained even after the leaching process was found

to be a suitable candidate in active coatings. The high crystallinity of the

mesoporous network system could be potential for applications as high surface

area battery electrodes, sensors, optoelectronic devices, and catalysts as well.

Furthermore, this also offers an opening in the field of solar energy utilization

wherein solar cells and self-cleaning surfaces are involved.

4.5 Conclusion

precursor sols were prepared and films were fabricated with these sols. The

films were characterized for the optical properties with DV-Vis spectroscopy

and the morphological characterization was done with AFM. Band gap analysis

indicated a slight change on doping with both lanthana and ceria. The band

gaps of undoped Ti02, 1% La-Oj-doped Ti02(TL-l) and 1% Ce02-doped Ti02

(TC-l) are 3.23, 2.94 and 3.28 eV respectively. The morphological features of

the films before and after chemical leaching showed the formation of

transparent, homogeneous, ordered porous doped Ti02 films on glass surface.

The ordered, highly porous film formed as a result of leaching was tested to be
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hydrophilic in nature. Similarly, ultrathin titania films were prepared by spin

coating technique from TL-l and TLAI0 precursor sols. The lanthana doped

titania sol prepared through a hydrolysis-condensation process produced

teardrop shaped films. The incorporation of 10 % Al203 having larger particle

size of 288.9 run in the titania precursors influenced the morphology as well as

thickness of the film considerably. Comparison with morphological features of

samples prepared with different RPM established that the selection of spinning

speed is also crucial in obtaining hybrid films with tailored particle distribution.

The introduction of both lanthana and alumina produced a higher photoactivity

and such hybrid films should form excellent self-cleaning nano coatings on

glass surfaces. The tear-drop shape of the film derived from the polymeric

titania sol was converted to a more or less uniform shaped ultrathin film by

adding 10 % Al203 suspension (0.3Jl) to the 1% La-Oj-doped Ti02 sol and

subsequent spin coating at a rotation speed of 4000 RPM. The massy alumina

particles uniformly distributed in the titania sol is found to be responsible for

the formation of uniform ultra thin film. The tangential movement of alumina

particles drags away the titania sol particles, which is attached to it in the sol

stage. This whole process is responsible for the formation of an ultra thin film

having a uniform thickness. The preliminary experiments indicate that these

films are highly hydrophilic.
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Chapter V

Conclusion

In the present work, synthesis of rare earth oxide doped nanocrystalline

titanium ox\ne ~\\b a~~tec\ab\~ I\ign -pn()\()(\c\\V\tj \~ !e-PQrtec\. l'ne ~o\-%e\

titania precursor has further been used for developing self-cleaning nano

coatings on glass surface. The preparative parameters for the titania such as

temperature of reaction, solvent, acid concentration and water/alkoxide mole

ratio were kept constant and the effect of dopants such as lanthana and ceria

were studied in detail on the powder and films. The role of acetic acid on the

structural and textural properties of powders as well as films was also studied.

Attempt has been made to arrive at synthesis-property correlation.

Stable titania sol doped with La203 and/or Ce02 has been prepared

separately starting from TTIP through a solution-sol-gel process. Undoped

titania gel after heating to 300°C has a specific surface area of 120 m2g- l
, which

increased to 160 m2g-1 in presence of 1 % La203 and decreased considerably to

52 m2g-1 on calcination to 700 0 C. On the other hand, undoped titania possessed

only ~1 m2g- t surface area after calcination to 700° C. Further, the 1% La203

doping retained about 37% of the total pore volume at 300°C. La203 also

enhanced the high temperature anatase phase stability of titania. The A--).R

transformation temperature increased by about 200° C in presence of
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1 % La203. Doping with 1% La203 decreased the anatase crystallite size of

titania to 16.81 nm at 700° C, from its undoped counterpart having 39.09 run.

Furthermore, there is considerable increase in the surface acidity for the ~a203

doped Ti02 indicating its possibility to be used as solid acid catalysts. The

enhanced properties of titania are due to the excellent dopant distribution in

titania matrix, the presence of Ti-O-La linkage as well as the increased surface

acidity and nanocrystalline nature.

Besides La-Oj-doped Ti02 samples, Ce02-doped samples also have

shown an increase in surface area. The addition of cerium oxide resulted in a

decrease in crystallite size of titania and corresponding enhancement in phase

transformation temperature, which was further increased with increasing

concentration of both La203 and Ce02. However, La203 was found to be more

effective than Ce02. The anatase to rutile transformation temperature increased

to -940°C in presence of 1% La203 from 670°C for the undoped Ti02. The

crystallite size of titania ranged between 5-70 run and the critical size limit for

A~R transformation was established to be '"'J'39-47' nm in the present work.

The photoactivity of the undoped and doped titania obtained by the degradation

experiments of methylene blue solution established that 1% La-Oj.doped Ti02

annealed at 700°C is the better catalyst. The activity was found to be superior

to that of commercial Ti02 samples such as Degussa P-25 and Hombikat DV

100.

The activity is depended on both the structural and textural

characteristics of titania, evolved as a result of doping. Therefore, the structural
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evolution of sol-gel titania was studied with the objective to understand the role

ofacetic acid in the ordering of Ti and La/Ce species throughout the sol-gel

conversion. Lanthana and lor ceria added to sol-gel titania in the form of their

respective nitrates could effectively retard the anatase to rutile phase

transformation as well as the drastic reduction in surface area. The segregation

oflanthana I ceria particles at the grain boundary by the formation of Ti-O-RE

bonds or otherwise is demonstrated as responsible for the enhanced properties.

The thrust for the Ti-O-RE bond formation is attributed to the hard Lewis

basicity of acetic acid, which holds both the Ti4
+ and La3+/Ce3+ ions (Hard

Lewis acids) by formation of heterodentate bridges that keep them intact

towards much higher temperatures in the reaction sequences. The large

frequency separation between the symmetric and asymmetric stretching

vibrations of (COO) group in the FTIR spectra substantiates this conclusion.

The understanding of the chemical sequences associated with the present

procedure will provide repeatability to the material synthesis, which is a

concern of the sol-gel process. The role of acetic acid in the reduction of titania

sol particle size has been discussed and a possible reaction mechanism

involved in the process is proposed.

Further, the procedure is modified for the preparation of high surface

area, mesoporous doped titania. The controlled mesoporosity is achieved

through a doping-followed by chemical leaching process; wherein silica is first

added to a La203-doped Ti02precursor sol and allowed to form a homogeneous

gel. Subsequent to gelation, drying and heat treatment, the homogeneously
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distributed the amorphous silica phase is leached out preferentially using

NaOH solution. The mesoporous texture, with the fully crystalline pores walls

and matrix has enormous potential in the application fields such as high surface

area battery electrodes, sensors, optoelectronic devices, photoactive self

cleaning surfaces and as catalysts.

The precursor sols were further used for the film fabrication and the

morphological studies were carried out using the representative films. Undoped

titania showed a higher RMS roughness value compared to the lanthana doped

titania, which had an ordered structural morphology, while the eo-doped

leached films showed almost regular mesoporous texture. The mesoporous,

high surface area, transparent coatings were photoactive and hydrophilic. The

major conclusions are presented below.

I. Development of photoactive doped titania compositions, which are active

at higher calcination temperatures; 1% La-Oj-doped Ti02 at 700°C and

1% Ce02-doped Ti02 at 600°C. The activity was superior to the

commercially available titania such as Degussa P-25 and Hombikat DV

100.

2. The role of Hard and Soft Acids and Bases principle in the structural and

textural evolution of doped titania systems, which exploits the

heterodentating effect of acetic acid (hard Lewis base) between titanium

and lanthanum and/or cerium precursor ions (hard Lewis acids) to the

fullest.
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3. Synthesis of high surface area titania systems with a eo-doping process

(5% Si02-1 % La203 eo-doped Ti02). Further, the chemical leaching

resulted in the formation of thermally stable, extremely high surface area

(240 m2g-1 at 700°C) doped Ti02 catalyst having enhanced activity with

respect to the degradation of methylene blue.

4. Highly transparent (~95%), photoactive nanocrystalline titania and doped

titania films were fabricated from the optimized precursor sols.

5. The chemical leaching resulted in the production of transparent,

photoactive, thermally stable, mesoporous-doped titania films.

The highlight of the present work involves synthesis of nanocrystalline

rare earth oxide doped and undoped titania having catalytic and photocatalytic

property, through sol-gel route, synthesis of mesoporous titania having high

thermal pore stability by a doping-leaching process and developing transparent

photoactive, self-cleaning nano coatings. The novel synthesis method involves

use of acetic acid as reactive intermediate and its role in sol synthesis stage

based on HSAB principle. The role of lanthanum and cerium oxide dopants in

decreasing the. titania crystallite size, increase of anatase to rutile

transformation temperature, enhancement of specific surface area and the

enhancement of photocatalytic property have also been explained based on

structural properties. The present method may have excellent applications in

future developments with respect to self-cleaning nano coatings, anti-fogging

and super-hydrophilic coatings and probably in solar energy related systems.
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