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Preface 

Nanostructured materials may be defined as those materials whose structural 

elements - clusters, crystallites or molecules - have dimensions in the 1 to 100 nm range. 

The explosion in both academic and industrial interest in these materials over the past 

decade arises from the remarkable variations in fundamental, electrical, optical and 

magnetic properties that occur as one progresses from an “infinitely extended” solid to a 

particle of material consisting of a countable number of atoms. The different forms in 

which these materials find applications include dry powders, liquid dispersions, films 

and bulk solids. The novel size-dependent physical and chemical behaviour of 

nanomaterials are the areas of great interest. 

Titanium oxide is a well known wide band gap semiconductor with a wide range 

of applications. While the rutile form of titania is the common ingredient in paints and 

ceramic glazes, the anatse phase is mainly used for its photocatalytic and semiconductor 

applications. The interest in photocatalytic activity of titania has been fuelled by the 

demonstration of photolysis of water using titania, a promising method for the 

production of the future fuel hydrogen. Moreover titania is considered as the most 

ecofriendly environmental cleaning agent due to its photo degradation capacity of 

industrial effluents and its chemical inertness. Sol-gel method has been reported to be an 

effective route for the synthesis of nanocrystalline titanium oxide powders. Bulk of the 

sol-gel synthesis and property evaluation are reported using alkoxide precursors. Even 

though the method is well developed, certain difficulties are usually addressed 

including the use of various organic solvents in following commercialisation aspects.  

The much abundant industrial source of titania is still the metal salts. Hydrolysis 

condensation reactions are faster for the metal salts compared to the alkoxide and hence 

the control of the sol-gel reaction along with its application becomes difficult. So there is 

a need for the development of a sol-gel process using the cheaper salt precursors. The 

present thesis develops from this point of view of titania sol-gel chemistry and an 
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attempt is made to address the modification of the process for better photoactive titania 

by selective doping and also demonstration of utilization of the process for the 

preparation of supported membranes and self cleaning films.   

The thesis is presented in four chapters, each consisting of an abstract, introduction, 

experimental section, results, discussion and conclusion. 

A general introduction to nanomaterials, nanocrystalline titania and sol-gel 

chemistry are presented in the first chapter. A brief and updated literature review on 

sol-gel titania, with special emphasis on catalytic and photocatalytic properties and 

anatase to rutile transformation are covered. Based on critical assessment of the reported 

information the present research problem has been defined. 

The second chapter describes a new aqueous sol-gel method for the preparation 

of nanocrystalline titania using titanyl sulphate as precursor. This approach is novel 

since no earlier work has been reported in the same lines proposed here. The sol-gel 

process has been followed at each step using particle size, zeta potential measurements 

on the sol and thermal analysis of the resultant gel. The prepared powders were then 

characterized using X-ray diffraction, FTIR, BET surface area analysis and transmission 

electron microscopy. 

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

characterization of the aqueous sol-gel derived doped titania. The effect of dopants such 

as tantalum, gadolinium and ytterbium on the anatase to rutile phase transformation, 

surface area as well as their influence on photoactivity is also included. 

The fourth chapter demonstrates application of the aqueous sol-gel method in 

developing titania coatings on porous alumina substrates for controlling the poresize for 

use as membrane elements in ultrafiltration. Thin coatings having ~50 nm thickness and 

transparency of ~90% developed on glass surface were tested successfully for self 

cleaning applications. 
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Chapter 1: Introduction to Nanomaterials, Sol-gel Chemistry 
of Titanium oxide and Functional Applications  

 

1.1.     Overview on nanomaterials  

Interest in the unique properties associated with materials having dimensions on 

nanometer scale has been increasing at an exponential rate.1-4 In nanoparticulate 

materials, a large fraction of atoms is exposed on the surface of the particles. By 

restricting ordered atomic arrangements to increasingly smaller sizes, materials begin to 

be dominated by the atoms and molecules at the surfaces, often leading to properties that 

are strikingly different from the bulk material. For instance, a relatively inert metal or 

metal oxide may become a highly effective catalyst when manufactured as nanoparticles,5 

opaque particles may become transparent when composed of nanoparticles, or vice versa; 

conductors may become insulators, or vice versa; and moreover the nanophase materials 

may have many times the strength of the bulk material. Nanoparticles can comprise a 

range of different morphologies including nanotubes, nanowires, nanofibres, nanodots 

and a range of spherical or aggregated dendritic forms of different fractal dimensions. 

These materials have seen application in a wide range of industries including electronics, 

pharmaceuticals, chemical-mechanical polishing, materials for solid oxide fuel cells 

(SOFCs), catalysis, and it is likely that the next few years will see a dramatic increase in 

the industrial generation and use of nanoparticles. When the characteristic length scale of 

the microstructure is in the 1-100 nm range, it becomes comparable with the critical 

length scales of physical phenomena, resulting in the so-called "size and shape effects." 

This leads to unique properties and the opportunity to use such nanostructured materials 

in novel applications and devices. Phenomena occurring on this length scale are of 



Chapter I 

 2

interest to physicists, chemists, biologists, electrical and mechanical engineers, and 

computer scientists, making research in nanotechnology a frontier activity in materials 

science. Besides, the extremely high surface to volume ratio characterized by the 

nanomaterials makes them highly reactive 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. 

1.2     Titanium Oxide 

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

mineral ilmenite (FeO.TiO2) and belongs to the family of transition metal oxides. In the 

beginning of the 20th century, industrial production started with titanium dioxide 

replacing toxic lead oxides as pigments for white paints. 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. Presently titanium oxide is well recognized as a valuable material 

with application as a white pigment in paints, as filler in paper, textile and in 

rubber/plastics.7 Titania has received a great deal of attention due to its chemical stability, 

non-toxicity, low cost and other advantageous properties. While very high refractive 

index (~2.4) and low visible absorptivity favour in the field of anti-reflection coatings 

and in thin film optical devices, the wide band gap (~3.2 eV) combined with the high 

ultraviolet absorption could be exploited in the field of optical coatings. Further, it finds 

use in wastewater purification,8 inorganic membranes,9, 10 and as catalyst support. Titania 

is a potential ceramic sensor element.11, 12 Titanium oxide is also being used in 

heterogeneous catalysis, as a photocatalyst, in solar cells for the production of hydrogen 
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and electric energy,13-18 in ceramics, and in electric devices such as varistors. Titania has 

excellent biocompatibility with respect to bone implants, a candidate material for gate 

insulator in the new generation of MOSFETS, spacer material in magnetic spin-valve 

systems, and also finds applications in nanostructured form in Li-based batteries19 and 

electrochromic devices.20  

Titania exists in three forms, rutile, anatase and brookite. Anatase (tetragonal, D4h
19-

I41/amd, a=b=3.733 Å, c=9.37 Å), rutile (tetragonal, D4h
14-P42/mmm, a=b=4.584 Å, 

c=2.953 Å and brookite (rhombohedral, D2h
15-Pbca, a=5.436 Å, b=9.166 Å ).21,22 Anatase 

and rutile are in tetragonal structure and brookite is orthorhombic. In all three TiO2 

structures, the stacking of the octahedra results in threefold coordinated oxygen atoms.23 

Thermodynamically rutile structure is most stable. Brookite has an orthorhombic crystal 

structure and spontaneously transforms to rutile at ~750 °C.24 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 the Ti4+ ions are 

surrounded by an irregular octahedron of oxide ions. 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 the anatase they are 1.95A° and 

1.91A° (Figure 1.1). The anatase to rutile transformation is a metastable to 

thermodynamically stable transformation and therefore there is no unique phase 

transformation temperature as in the case of equilibrium reversible transformation.25 

Anatase transforms irreversibly and exothermally to rutile in the temperature range 600-

800 °C. The schematic diagram of unit cells for rutile and anatase is shown in Figure 1.1. 
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Figure 1.1. Anatase and rutile unit cells and crystals 

Anatase has a tetragonal crystal structure in which the Ti-O octahedrals are connected by 

their vertices as shown in Figure 1.1. Rutile has a crystal structure similar to that of 

anatase, with the exception that the octahedrals are connected through the edges. This 

Rutile  

Anatase

Anatase crystal 

Rutile crystal  
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leads to the formation of chains, which are subsequently arranged in a four-fold 

symmetry as shown in Figure 1.1. A comparison of layers in Figure 1.1 shows that the 

rutile structure is more densely packed than anatase. As a point of reference, the densities 

of the anatase and rutile phases are known to be 3.83 g/cm3 and 4.24 g/cm3 respectively.26 

Typical properties of the major two crystal forms of titania are provided in Table 1.1. 

Table 1.1. Typical properties of TiO2 

 

 

1.2.1     TiO2 Photo catalysis 

Photocatalytic applications of titania gained considerable emphasis in the 1990s 

with the emerging demands on clean energy and protecting environment. Other oxides of 

similar behaviour are zinc oxide, iron oxide, cadmium sulphide and zinc sulphide. Zinc 

oxide 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 

Crystal form Anatase Rutile 

Density (g/cm3) 3.83 4.24 

Hardness (moh) 5-6 6-7 

Crystal structure  Tetragonal,  

Uniaxial, negative 

Tetragonal, 

Uniaxial, positive 

Compressibility coefficient (10-6 cm2 Kg-1) -- 0.53 – 0.58 

Melting point (°C) 

        In Air 

       At higher % O2 

 

-- 

-- 

 

1830 ± 15 

1879 ± 15 

Specific heat (Cal °C-1 g-1) 0.17 0.17 

Dielectric constant 48 114 
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particles which in turn leads to slow catalyst inactivation. Ideally, a semiconductor 

photocatalyst should be chemically and biologically inert, photocatalytically stable, easy 

to produce and use, efficiently activated by sunlight, able to efficiently catalyze reactions, 

cheap and without risks to the environment or humans. Titanium dioxide (with sizes 

ranging from clusters to colloids to powders and large single crystals) is close to being an 

ideal photocatalyst, displaying almost all the above properties. The single exception is 

that it does not absorb visible light. Both crystal structures, anatase and rutile, are 

commonly used as photocatalyst, 27-31 with anatase showing a greater photocatalytic 

activity 32, 33 for most reactions. This increased photoreactivity is due to anatase’s slightly 

higher Fermi level, lower capacity to adsorb oxygen and higher degree of hydroxylation 

(i.e., number of hydroxy groups on the surface).34-36 Reactions in which both crystalline 

phases have the same photoreactivity37 or rutile have a higher one38 are also reported. 

Furthermore, there are also studies which claim that a mixture of anatase (70–75%) and 

rutile (30–25%) is more active than pure anatase.39-41 The disagreement of the results may 

lie in the intervening effect of various coexisting factors, such as specific surface area, 

pore size distribution, crystal size, and preparation methods, or in the way the activity is 

expressed. The behaviour of Degussa P25 commercial TiO2 photocatalyst, consisting of 

an amorphous state together with a mixture of anatase and rutile in an approximate 

proportion of 80/20, is for many reactions more active than both the pure crystalline 

phases.42,43 The enhanced activity arises from the increased efficiency of the electron–

hole separation due to the multiphase nature of the particles. Another commercial TiO2 

photocatalyst, Sachtlebem Hombikat UV 100, consisting only of anatase, has a high 

photoreactivity due to fast interfacial electron-transfer rate.44 Main processes occurring 
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on a semiconductor particle are: (a) electron–hole generation, (b) oxidation of donor (c) 

reduction of acceptor and (d) electron–hole recombination at surface and in bulk, 

respectively.15 There are numerous photocatalytic reactions reported for titania. 

Photocatalytic decomposition of trichloroethylene in water was investigated45 in which 

anatase form was found to be better compared with rutile form. Titania prepared by sol-

gel route was porous, having high specific surface area of ~ 600 m2g-1 containing anatase 

microcrystallites of the size of ~50 Ǻ and was highly photoactive.46 Chloroform was 

subjected to photo degradation in a medium containing suspended particles of titania.47 

Similarly, phenol photo decomposition has been reported using fine titanium oxide.48 

Photocatalytic reactions involving NO were conducted in presence of titania.49 Silica as 

support and titania as the active catalyst were tested for photo reactions and was 

compared with the precursor characteristics.50 Titania supported on alumina and silica 

was used for photo catalytic decomposition of salicylic acid and found that the titania-

alumina system showed improved performance.51 On analysis, it has been found that 

titania-silica consisted of matrix isolated titania quantum particles while the TiO2-Al2O3 

did not have such particles.  Pt/Pd 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.52 The photo responsive formation of 

gold particles dispersed silica-titania composite gels were further investigated.53 Photo 

reduction of such systems containing Au(III) ions yielded gold particles and this principle 

was used to produce micro patterns of gold particles on silica-titania films.  
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The titania sol-gel film coated on glass plate was exposed to water containing 

bacteria and the sterilization rate was found to be increasing with increasing amount of 

titania 54 and on the quantity of light absorbed by the titania thin film.  Preparation and 

characterization of semiconductor devices based on porous titania films and the 

experimental result on photo conduction and trap states in titania have been reported.55 

Dye sensitized titania film electrodes containing gold nano particles were investigated 

and the results indicate that the UV photo response was lowered by the dispersion of gold 

particles.56 The reason has been attributed to the shottky barriers at titania/gold interfaces 

and the band edge fluctuation induced by the gold particles. The possibility of a 

dissipative energy transfer from dyes to gold particles also has been indicated as a cause 

for any particle associated titania. Performance was improved at slightly elevated 

temperatures and a novel synergistic effect of photo and thermo catalytic behaviour has 

been identified.57 Thin films of titanium dioxide (TiO2) were deposited on variety of 

substrates by a simple sol-gel dip coating technique from the titanium peroxide precursor 

solution. The titanium oxide films were found to be very active for photocatalytic 

decomposition of salicylic acid and methylene blue.58 Yoko et al. recently reported on the 

Photo electrochemical properties of TiO2 coating films prepared using different solvents 

by the sol-gel method.59 Chan et al. studied the effect of calcination on the 

microstructures and photocatalytic properties of nanosized titanium dioxide powders 

prepared by vapour hydrolysis.60 A homogeneous-precipitation route was adopted by Lee 

et al.61 for the preparation of nanosize photocatalytic titania powders. Also, Watanabe et 

al.62 reported on the photocatalytic activity of TiO2 thin film under room light. Recent 
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reports indicate the improvement in the performance of nanosized titania photocatalysts 

under sunlight excitation by using suitable dopants.63, 64  

Table 1.2. TiO2 compositions for photocatalysis 

 

A few other reports on lanthanum oxide doped titania include the work of Gopalan et al.65 

and LeDuc et al.66 There are reports on the effects of addition of metal ion dopants on 

quantum efficiency of heterogeneous photocatalysis of titanium dioxide.67 The enhanced 

photo activity of titania doped by rare-earth oxides such as Europium, Praseodymium and 

Ytterbium oxides were reported by Ranjit et al.68 The high activity of oxide /TiO2 photo 

catalysts is attributed to the enhanced electron density imparted to titania surface by the 

dopant oxides. Also, Lin et al.69 reported the effect of addition of Y2O3, La2O3 and CeO2 

on the photo catalytic activities of titania for the oxidation of acetone. The catalytic 

property of V2O5/ La2O3-TiO2 mixed oxide systems prepared by co-precipitation route 

was reported by Reddy et al.70 The anatase form of titania is believed to possess enhanced 

Titania System Reaction system 

TiO2 films Trichloroethylene 71
 

TiO2 aerogel Aquatic decontamination 72
 

TiO2 suspension Chloroform 73
 

TiO2 in zeolite structure Phenol 74
 

TiO2 in zeolite Reactions of NO 75
 

TiO2/SiO2, TiO2/ Al2O3 Salicylic acid & phenol76
 

TiO2 thin film Microbial sterilisation 54
 

TiO2 nanofibrils Salicylic acid 77
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catalytic activity, probably due to its open structure compared to rutile and its high 

specific surface area. Table 1.2 provides presence of various titania compositions and the 

major chemical conversions reported for photocatalytic reactions.  

1.2.2     Sol-gel synthesis of TiO2 

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 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: ultra fine or spherical shaped 

powders, thin film coatings, ceramic fibres, microporous inorganic membranes, 

monolithic ceramics and glasses or extremely porous aerogel materials.78-82 An overview 

of the sol-gel process is presented in Figure 2.2. 

 TiO2 nanomaterials were synthesized by sol-gel method from hydrolysis of titanium 

precusor. These methods are used for the synthesis of thin films, powders, and 

membranes. Two types are known: the non-alkoxide and the alkoxide route. Depending 

on the synthetic approach used, oxides with different physical and chemical properties 

may be obtained. The sol–gel method has many advantages over other fabrication 

techniques such as purity, homogeneity, felicity, and flexibility in introducing dopants in 

large concentrations, stoichiometry control, ease of processing, control over the 

composition, and the ability to coat large and complex areas. 

The non-alkoxide route uses inorganic salts 83-85 such as nitrates, chlorides, 

acetates, carbonates and acetylacetonates, which require removal of the inorganic anion, 

while the alkoxide route (the most employed) uses metal alkoxides as starting material.86-

88 This method involves the formation of a TiO2 sol or gel or precipitate by hydrolysis and 
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condensation (with polymer formation) of titanium alkoxides. This process normally 

proceeds via an acid-catalyzed hydrolysis step of titanium (IV) alkoxide followed by 

condensation.89, 90 The development of Ti-O-Ti chains is favoured with low content of 

water, low hydrolysis rates, and excess titanium alkoxide in the reaction mixture. 

 

Figure 2.2. An overview of sol-gel process79 

Three dimensional polymeric skeletons with close packing result from the development 

of Ti-O-Ti chains. The formation of Ti(OH)4 is favoured with high hydrolysis rates in the 

presence of medium amount of water. The presence of a large quantity of Ti-OH and 

insufficient development of three-dimensional polymeric skeletons lead to loosely packed 

first-order particles. Polymeric Ti-O-Ti chains are developed in the presence of a large 

excess of water. Closely packed first order particles are yielded via a three-dimensionally 

Metal 
alkoxide 
solution 
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developed gel skeleton.91-102 From the study on the growth kinetics of TiO2 nanoparticles 

in aqueous solution using titanium tetraisopropoxide (TTIP) as precursor, it is found that 

the rate constant for coarsening increases with temperature due to the temperature 

dependence of the viscosity of the solution and the equilibrium solubility of TiO2. 

Secondary particles are formed by epitaxial self-assembly of primary particles at longer 

times and higher temperatures, and the number of primary particles per secondary particle 

increases with time. The average TiO2 nanoparticle radius increases linearly with time, in 

agreement with the Lifshitz-Slyozov- Wagner model for coarsening. In order to exhibit 

better control over the evolution of the microstructure, it is desirable to manipulate the 

steps of hydrolysis and condensation.103 In order to achieve this goal, several approaches 

were adopted. One of them is alkoxide modification by complexation with coordination 

agents such as carboxylates104-109 or diketonates that hydrolyze slower than alkoxide 

ligands. Additionally, the preferred coordination mode of these ligands can be exploited 

to control the evolution of the structure. In general, β-diketone110 ligands predominately 

form metal chelates111 which can cap the surface of the structure.112 Carboxylate ligands 

have a strong tendency to bridge metal centers113 which are likely to be trapped in the 

bulk of materials and on the surface of the particle.114 Acid–base catalysis can also be 

used to enable separation of hydrolysis and condensation steps.115 It has been 

demonstrated that acid catalysis increases hydrolysis rates and ultimately crystalline 

powders are formed from fully hydrolyzed precursors. Base catalysis is thought to 

promote condensation with the result that amorphous powders are obtained containing 

unhydrolyzed alkoxide ligands. On the other hand, acetic acid may be used in order to 

initiate hydrolysis via an esterification reaction, and alcoholic sols prepared from titanium 
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alkoxide using amino alcohols have been shown to stabilize the sol, reducing or 

preventing the condensation and the precipitation of titania.116 These reactions are 

followed by a thermal treatment (450–600 °C) to remove the organic part and to 

crystallize either anatase or rutile TiO2. Recent variants of the sol–gel method lowered 

the necessary temperature to less than 100 °C.117 The calcination process will inevitably 

cause a decline in surface area (due to sintering and crystal growth), loss of surface 

hydroxyl groups, and even induce phase transformation. Washing steps have also been 

reported to cause surface modifications.118, 119 Cleaning of particles is usually achieved by 

washing the surface with a solvent, followed by centrifugation. The solvent can affect the 

chemical composition and crystallization. It was also reported that particle washing could 

affect the surface charge of the particles by bonding onto the surface. An alternative 

washing technique is to dialyze particles against double-distilled water,120 which could be 

an effective method of removing soluble impurities without introducing new species. As 

titanium sources, Ti(O-Et)4,121 Ti(i-OP)4
122-124 and Ti(O-nBu)4

125-127 are most commonly 

used. The sol–gel method has been widely studied particularly for multicomponent 

oxides where intimate mixing is required to form a homogeneous phase at the molecular 

level. Thus, metal ions such as Ca2+,128 Sr2+ ,Ba2+ ,Cu2+,129,130 Fe3+,131-134 V5+,135 Cr3+, 

Mn2+, Pt4+,136 Co2+,137 Ni2+, Pb2+,138 W6+, Zn2+,139 Ag+, Au3+,140,141 Zr2+,142 La3+,143 and 

Eu3+ were introduced into TiO2 powders and films by this method and the photocatalytic 

activity was improved to varying extent. Most nanocrystalline-TiO2 (nc-TiO2) particles 

that are commercially obtainable are synthesized using sol–gel methods. Very recently, 

sol–gel and templating synthetic methods were applied to prepare very large surface area 

titania phases144-146 which exhibit a mesoporous structure. Ionic and neutral surfactants 
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have been successfully employed as templates to prepare mesoporous TiO2.147-152 Block 

copolymers can also be used as templates to direct formation of mesoporous TiO2.153-155 

In addition, many non-surfactant organic compounds have been used as pore formers 

such as diolates156-157 and glycerine.158, 159 

Sol–gel methods coupled with hydrothermal routes for mesoporous structures160 

lead to large surface area even after heating at temperatures up to 500 °C. This may be 

explained as follows: generally, mesopores collapse during calcination due to 

crystallization of the wall. When a hydrothermal treatment induces the crystallization of 

amorphous powders, the obtained powders can effectively sustain the local strain during 

calcination and prevent the mesopores from collapsing. For nanostructured thin films, the 

sols are often treated in an autoclave to allow controlled growth of the particles until they 

reach the desired size. Oswald ripening takes place during this process, leading to a 

homogeneous particle-size distribution. If a film is made using these particles, substances 

can be added to prevent cracking and agglomeration or increase the binding and viscosity 

after this ripening process. The resulting paste can be deposited on a substrate using 

doctor blading or screen printing. The solvent is evaporated and the particles are 

interconnected by a sintering process, normally at air temperatures around 450 °C. At this 

temperature, organic additives are also removed from the film. Slow heating and cooling 

is important to prevent cracking of the film. In most cases, the resulting film has a 

porosity of 50%. Thin films can also be made from the sol by dip coating. 
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1.2.3     Anatase - Rutile Phase Transformation 

Anatase and rutile are the two polymorphs of titania at atmospheric pressure. 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 °C161, 162 

depending on parameters such as the method of preparation, grain size, morphology, 

degree of agglomeration, nature of impurities and reaction atmosphere.163-166 At 

atmospheric 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 transition is a nucleation-growth process and follows the 

first order rate law with activation energy of ~90 kcal/mol.167 

The anatase - rutile transformation involves an overall contraction of oxygen and 

movement of ions so that a cooperative rearrangement of Ti4+ and O2- occur. The 

transformation implies that two of the six Ti-O bonds of anatase structure break to form a 

rutile structure. The removal of the oxygen ions, which generate lattice vacancies, 

accelerate the transformation and inhibit the formation of interstitial titanium. The 

impurities that have most pronounce inhibiting action are chloride, sulphate and fluoride 

ions whereas that accelerates the transformation includes alkaline and some of the 

transition metal ions. Those ions with valency greater than four reduce the oxygen 

vacancy concentration and will retard the reaction.168 

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 Ozaka as well as Shannon found that the 

transformation rate in a hydrogen atmosphere is greater than in air and under vacuum the 



Chapter I 

 16

rate of transformation decreases as oxygen partial pressure increases.169 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.170 It has been reported that at 950 oC the phase transformation in 

Ar/Cl2 atmosphere is about 300 times faster than in air.171 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. 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, Al, Y, La, Er, Co, 

Ni, Cu and Zn on anatase - rutile transformation was studied earlier.172 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 give a 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 dopant is larger than oxygen, it 

could be intercalated into the matrix, producing a lattice deformation. From that study 

dopant appears to have 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, anatase phase will be stabilized to a higher temperature. Dopants 
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bigger than oxygen ion produce large local deformation of lattice. Those dopant ions 

whose size fall 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 TiO2 lattice, thereby creating oxygen vacancies or interstitial Ti3+ ions. Oxides 

of Cu, Co, Ni, Mn and Fe mixed with anatase TiO2 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. 172, 173 

Bacsa174 reported an improvement of the anatase-to-rutile phase transformation by 

peptizing the hydrolyzed precipitates with nitric acid, however, the l00% rutile phase was 

not obtained. Bischoff 175 and Anderson found that acid peptization of TiO2 particles 

favoured the formation of rutile, in comparison with the situation that occurred at higher 

temperatures. It is generally accepted that the adsorption of protons on the surface of 

hydrous TiO2 particles creates a net positive charge, and thus yields an electrostatically 

stabilized sol during acid peptization. However, this adsorption model of peptization 

could not explain the rutile phase formation after peptization at low temperature. Zhang 

et al.176 used hydrochloric acid as peptizing agent and the phase formation of 

nanoparticles during the antiaggregation process was attributed to its chloride ion. 

Ferreira reported the effect of inorganic acid and base concentration on the anatase to 

rutile phase transformation and proposed a reaction mechanism for rutile formation. It is 

interesting to note that an increased concentration of electrolyte enhanced the rutile 

formation and the effect was shown even at room temperature.177  



Chapter I 

 18

1.2.4     High temperature catalysts 

Most of the applications of titania ceramics at high temperature calls for the pure 

rutile phase which is usually formed by heating titanium salts above 600 °C. However, 

with the expanding applications in the area of catalysts, photo catalysts, 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,178 the anatase 

phase has to be retained at the processing temperature above 1000 °C. The anatase-rutile 

transformation temperatures are fairly dependent on the history of the sample.179, 173 

Further, the low temperature densification in titania could be associated with the phase 

formation temperature. Early indicative reports on the incorporation of aluminium 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 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.180 However, a detailed investigation 

using thermal analysis and XRD techniques on the role of alumina in increasing the 

anatase-rutile transformation indicate181 that a metastable anatase solid solution 

containing alumina is formed at relatively low temperatures, and alumina is formed from 
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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 ∝-alumina is 

formed at as early as 900 °C in presence of titania while the usual ∝-alumina formation is 

above 1100 °C. 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 of Zr ions into anatase lattice. The formation of a limited solid solution of 

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

higher anatase to rutile transformation temperature.182 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.183 The dopants were 

introduced into the titania gel in the form of nitrates, heat treated in the range 350-1100 

°C and was characterized by wide angle X-ray diffraction (WAXS) and 

thermogravimetry. 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.184 SnO2, Al2O3, and Fe2O3 were 

doped in nanocrystalline titania precursors and found that while SnO2 and Fe2O3 decrease 

the transformation temperature, Al2O3 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. 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 boundaries thus lowering the 
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grain growth.185 The transformation kinetics in presence of Fe2O3 has been reported,186  

where Fe2O3-TiO2 mixture was heated in air and in argon atmosphere to different 

temperatures and the phases formed were analyzed by using XRD techniques. As found 

in the earlier study, the Fe2O3 primarily decreases the anatase to rutile transformation 

temperature.  

Platinum was incorporated in titania prepared through titanium butoxide and 

platinum acetyl acetonate.187 Platinum promoted the formation of rutile probably through 

metal catalyzed dehydroxylation of anatase precursor or through the presence of PtO2 

which has the rutile structure, as an intermediate phase. Platinum atoms, however, did not 

go into crystalline structure of rutile. In another study, chromium (III) 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. 

Acceleration in the rate of anatase to rutile phase transition was also reported.188 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.189 

1.2.5     Titania Functional Coatings 

The concept of development of ‘self-cleaning’ surfaces was reported in the 

ninentees,190 which was a step further on the application of photo responsive behaviour of 

titanium oxide. They prepared a thin TiO2 polycrystalline film from anatase sol on a glass 

substrate which on UV irradiation, the contact angle of the surface decreased to 0 ± 1° 

from that of 72 ± 1°. They found that irradiation created a surface that was highly 

hydrophilic and oleophilic. This was due to the creation of surface oxygen vacancies at 
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bridging sites on UV irradiation, which resulted in conversion of Ti4+ sites to Ti3+ sites 

that favoured the dissociative adsorption of water molecules and also influenced the 

affinity to chemisorbed water of its surrounding sites. This increase in surface wettability 

due to the formation of functional groups such as hydroxyl groups that is increased by the 

irradiation of light.191-194 A drop of water falling on a surface spreads very uniformly and 

therefore provides an even surface and excellent transparency. Super hydrophilic surfaces 

also provide antifogging property.195 However, organic additives, which usually are 

responsible for this function, have low stability with respect to mechanical, thermal and 

environmental considerations. Titania is a potential candidate in this line in view of their 

availability, stability and possibility to prepare in the form of nano coatings.196 Thus, a 

successful self-cleaning property is associated with synergic effect of photo catalytic 

decomposition of compounds and also by hydrophilicity, by which drops of water spread 

out evenly and clean the surface by removing decomposition products. These 

combination surfaces will have wide applications on windows of high rise buildings, 

optical glass, automobile window shields and rear view mirrors, removal of oil smears 

from surfaces when immersed in water, self cleaning of kitchen exhaust fans and floors of 

public comfort stations and hospitals.14,197, 198 Contaminants on exterior walls of buildings 

can be washed by rain water much more efficiently or can be cleaned easily by jets of 

water.  Sol-gel derived mesoporous titania films are also reported for applications in 

catalytic nano and ultra filtration membranes required in technologies such as gas 

separation, catalysis, membrane reactors, sensors and adsorbents. Sol-gel technique is a 

very good means to control the porosities of both bulk and thin film materials.199 

Recently, the use of organic or microporous templates is catching up in the process of 
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porosity control, besides the more traditional particle packing approach to prepare 

controlled porosity materials. Titanium oxide having macropores to micro pores and 

nanopores have been investigated 200 for drawing conclusions on preparation parameters 

and correlation to end properties, with considerable success. 
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1.3     Definition of the present problem 

Titanium oxide is used in heterogeneous catalysis and as a photocatalyst for the 

decomposition of organics, in the treatment of industrial waste water, for elimination of 

harmful bacteria and in the photocleavage of 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, sol-gel 

method is shown to be an effective route for the synthesis of nanocrystalline titanium 

oxide powders. Bulk of the sol-gel synthesis and property evaluation are reported on 

titania derived from alkoxide precursors. Even though the method is well investigated, 

the commercialization aspect of various technologies using titania is not addressed well 

when alkoxide precursors are used. The much abundant industrial source of titania is still 

the metal salts. Hydrolysis condensation reactions are faster for the metal salts compared 

to the alkoxide and hence the control of the sol-gel reaction along with its application 

becomes difficult. So there is a need for development of a sol-gel process using the 

cheaper salt precursors. The present thesis develops from this point of view of titania sol-

gel chemistry and an attempt is made to address the modification of the process for better 

photoactive titania by selective doping and also demonstration of utilization of the 

process for the preparation of supported ceramic membranes. Therefore, in the present 

work an attempt is made to 

1. Study the synthesis of nanocrystalline titania using an aqueous sol-gel 

method starting from titanyl sulphate and optimising process parameters. 

2. Modify the textural properties of titania by selective doping (Ta5+, Gd3+ 

and Yb3+) using tantalum oxalate, gadolinium nitrate, ytterbium nitrate. 
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3. Characterize the powder for anatase to rutile phase transformation, 

crystallite size, specific surface area, catalytic and photocatalytic 

properties. Correlation of synthetic procedure and properties of 

photocatalytic titanium oxide. 

4. Fabrication and detailed morphological investigation of titania membrane 

on porous alumina substrates and filtration studies. 

5. Photoactive nanocrystalline titania coatings on glass surfaces for possible 

self cleaning applications. 
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Chapter 2: Aqueous Sol-gel Synthesis of Nanocrystalline   
 Titania from Titanyl Sulphate  

 

2.1     Abstract 

An aqueous sol-gel method based on hydrolysis-peptisation has been developed 

for the preparation of nanocrystalline titania using titanyl sulphate as precursor. The 

stability of the sol has been monitored using the zeta potential measurement. The sol has 

been stabilized in acidic and basic pH range. A stable titania sol with extremely narrow 

range of distribution of particles having an average size of 27 nm has been obtained at a 

pH range 1.8 to 2.2. Thermo gravimetric and differential thermal analyses were used for 

the characterisation of the sol-gel derived titania powder. X-ray diffraction analysis has 

been used for the phase identification of the titania sample heated at different 

temperatures.  The crystalline anatase particles have average particle size of 12–32 nm 

and specific surface area of 48.7– 6.5 m2g-1 between the calcination temperature 500–700 

°C. The type IV isotherm indicates the mesoporous nature of the powder obtained 

through the present method. Transmission electron microscope image indicates that 

titania obtained through the present method after calcining at 600 °C have a crystallite 

size of 23 nm. 

2.2     Introduction 

Nanocrystalline anatase titania becomes increasingly important because of its 

potential application in catalysis/photocatalysis, coating for self-cleaning surfaces, 

ceramic membranes and sensors.1-4 Crystalline structure, particle size, surface area, 

porosity, thermal stability and morphology of the titania determine their efficiency in 
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vivid applications. In developing novel catalytic/ photocatalytic systems, it is essential to 

develop a titania with possible higher surface area or equivalently, the smallest particle 

size.5 Sol–gel method has become one of the successful and simple technique for 

preparing nanosized titania.6 Most of the earlier attempts used titanium alkoxides as 

precursors in the sol–gel route. The novel approach to start from titanyl sulphate 

(TiOSO4) or chloride (TiCl4) followed by peptisation through aqueous medium to the 

pure anatase phase appears to be very interesting. In 1998, Tsevis et al.7 investigated the 

preparation and characterisation of anatase powder starting from TiOSO4 by hydrolysis 

with KOH and they obtained relatively high surface area ranging from 135 to 250 m2g-1
 

but the method leads to preparation of bulk powders. Titania particles where prepared by 

controlling the hydrolysis conditions of the precursor and by using different catalysts. 

They were then characterized by X-ray diffraction and hence the structural parameters, 

concentration of anatase-rutile phases and average crystal size of titania were obtained.8 

Titania particles of submicron size have been prepared by aging a highly acidic solution 

of TiCl4 at 95 °C by using sulphate ion as control agent.9 Controlled hydrolysis of TiCl4 

below 0 °C resulted in nanosized anatase, but failed to hold the reproducibility of the 

anatase particle size.10 Li et al.11 reported a novel method for the preparation of 

nanocrystalline rutile titania powders by liquid hydrolysis of TiCl4. The nanocrystalline 

nature of titania obtained by sol-gel method was examined using HRTEM, BET surface 

area analysis and XRD techniques12 and found that the specific surface area from its intial 

value of 169 m2g-1 at low temperature calcination of the gel got reduced to 2.7 m2g-1 at 

983K. The size of anatase crystallite changed from 4.5 to 6.5 nm. Studies based on 

electron microscopy and atomic force microscopy indicate that the size of titania also 
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depends on temperature of processing.13 In the range 290K to 820K, the titania grains 

consisted of anatase and brookite phase. High resolution electron microscopy showed that 

sample gel heated to 573 K had grain sizes in the range of 4.5-7 nm which increased to 7-

12 nm with an average of 9 nm when heated to 820 K and had pore sizes between 6-10 

nm.14 Possibility of obtaining rutile form of titania was also reported starting from titanyl 

salts.15 Park et al.16 reported thermal hydrolysis of Ti(SO4)2 at 80 °C in a mixed solvent 

of n-propyl alcohol and water. The as precipitated powder was amorphous hydrates of 

titania and were crystallised by calcination into anatase (>600 °C) and rutile (>800 °C). 

Wei et al.17 prepared nanodispersed spherical TiO2 powder, of average particle size of 80 

nm, by forced hydrolysis of Ti(SO4)2 aqueous solution containing sulfuric acid under 

boiling reflux condition. Iwasaki et al.18 synthesized nanocrystalline anatase by thermal 

hydrolysis of titanylsulphate in a mixed solution of alcohol and water. The size of the 

anatase crystallites was controlled between 2 and 7 nm, by adjusting the preparation 

conditions such as water/alcohol ratio and reflux time. The powder after calcinations at 

400 °C had a specific surface area of 68 m2g-1, which reduced to 30 m2g -1on further 

calcination at 600 °C. Earlier, Kato et al.19 reported the formation of spherical TiO2 

powders from an aqueous solution of titanyl sulfate by homogeneous precipitation using 

urea as the precipitating agent and claimed the essential presence of urea for obtaining 

spherical particles. Recently, the photoactivity of titania derived from titanylsulphate by 

thermal hydrolysis and precipitation has been reported, but these methods lead to bulk 

titania powders.20-23 In this chapter we presented a new aqueous sol-gel method for the 

synthesis of nanosized anatase titania by homogeneous precipitation of titanyl sulphate 
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solution at room temperature. This method is useful for preparation of photoactive 

nanopowder, dense and porous coatings as well as photoactive nanodispersions. 

2. 3     Experimental 

Titanyl sulphate (Aldrich Chemicals, 99.99 % purity) was dissolved in 500 ml of 

doubly distilled water (0.2 M) and was subjected to precipitation by the slow addition of 

ammonium hydroxide (sd Fine chemicals, 25%, India Ltd) solution under constant 

stirring at room temperature (32 °C). The hydrolysis was controlled with the addition of 

NH4OH (sd Fine chemicals, 25%, India Ltd), until the reaction mixture attains a pH 8.5. 

The precipitate obtained was separated by filtration, and washed repeatedly with distilled 

water until the precipitate becomes free of sulfate ion (confirmed by BaCl2 test). The 

peptisation of the precipitate was done by dispersing the precipitate in 1000 ml of hot 

distilled water by adjusting the pH in the acidic and basic range using HNO3 (GR Merck, 

69%, India Ltd) and Ammonia (sd Fine chemicals, 25%, India Ltd) solution respectively . 

Stability of the sol was followed by zeta potential measurement at different pH values 

using Malvern Zetasizer 3000HS (U.K). Sol particle size distribution was analysed by 

Malvern 3000 HS (U.K) particle size analyser. The sol to gel conversion was achieved by 

drying the sol in a water bath. The gel was again dried at 70 °C in an oven over a period 

of 24h. Thermal analysis of the gel was carried out in flowing nitrogen gas at a heating 

rate of 10 °C min-1 in Shimadzu TG /DT 50H thermal analyzer. The dried gel was then 

calcined at 500, 600, 700, 800 and 850 °C in separate batches for 1h with a heating rate 

of 10 °C min-1. The flow chart for the preparation for stable titania sol is provided in 

Figure 2.1. 
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The gel and the calcined powders were characterised by powder X-ray diffraction, 

thermal analysis and N2 adsorption surface area analysis. XRD patterns were obtained 

with a Philips PW 1710 diffractometer, using Ni-filtered Cu Kα radiation, and the 

crystallite size was calculated using Scherrer formula as given in equation 2.1.24 

Φ = Kλ / β cos θ     (2.1) 

where K is the shape factor taken as 0.9 for the calculations presented, λ the wavelength 

of the X-ray, β the full width at half maxima, and θ the diffracting angle. 

 

 

Figure 2.1. Flow chart for the preparation of titania sol 

 

Titania powder 

Titanium hydroxide precipitate 

Titanyl suphate (0.2 M) solution  

 Ammonia, pH 8 to 9  
 Stirring for 2h 

 
Washing to free suphate ion, peptisation 
using 20% nitric acid stirring for 4 h,  

Titania sol 

Dried in water bath followed by 
oven at 70 °C 

Calcination at different 
temperatures 

Titania gel 
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The rutile fraction in the sample was determined by measuring the XRD intensities of 

anatase (101) and rutile (110) from the equation 2.2.25 

WR = 1/1 + 0.8(IA/IR)     (2.2) 

where WR is the weight fraction of the rutile present, IA and IR are the X-ray integrated 

intensities of anatase 101 plane and rutile 110 plane respectively. IR spectra were 

recorded in a Nicolet Magna 560, FTIR spectrometer in the range 400-4000 cm-1 on 

powders dispersed in KBr pellets. Surface area and pore analysis of the samples were 

carried out by N2 adsorption in a Micromeritics Gemini 2375 surface area analyzer after 

degassing the samples at 200 °C for 2h. The TEM observation of the calcined titania 

powder was performed on a Hitachi HF 2200 TU field emission microscope operating at 

an accelerating voltage of 200 kV. 

2.4     Results and Discussion 

2.4.1     Zeta Potential, particle size Vs pH of the sol  

Most particles dispersed in an aqueous system will acquire a surface charge, 

principally either by ionization of surface groups, or adsorption of charged species. These 

surface charges modify the distribution of the surrounding ions, resulting in a layer 

around the particle that is different from the bulk solution. If the particle moves, under 

Brownian motion, this layer also moves as part of the particle. The zeta potential is the 

potential at point in this layer where it moves past the bulk solution.26 This is usually 

called the slipping plane. The charge at this plane will be very sensitive to the 

concentration and type of ions in solution. A schematic representation of the origin of 

zeta potential is given in Figure 2.2. Zeta potential is one of the main forces that mediate 

interparticle interactions. Particles with a high zeta potential of the same charge sign, 
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either positive or negative, will repel each other. Conventionally a high zeta potential can 

be high in a positive or negative sense, i.e., <-30mV and >+30mV would both be 

considered as high zeta potentials. For molecules and particles that are small enough, and 

of low enough density to remain in suspension, a high zeta potential will confer stability, 

i.e. the solution or dispersion will resist aggregation. So zeta potential is the measure of 

stability of colloidal particle in the suspension. 

 

Figure 2.2. Schematic representation of the origin of zeta potential26, 27 

Zeta potential and particle size against pH of titania particle was given in the 

Figure 2.3. It shows that at lower pH below 2.5 and higher pH above 7.5 the particle 

shows a zeta potential value above ± 30mV which indicates that the peptisation of the 

particle below pH 2.5 and above pH 7.5 may leads to stable colloid. From these 

observations we can conclude that at lower pH, the preferential absorption of H+ ion on to 
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the surface of the titania particle from HNO3 (used for peptisation) increases the surface 

charges and makes the particles repel each other and stay apart, i.e., the electrostatic 

stabilization occur.  The zeta potential value indicates that the preferential adsorption of 

ions on the surface of the particles increases the zeta potential value above +30 mV. The 

same phenomena happened in the higher pH range also, where the preferential absorption 

of hydroxyl species from ammonium hydroxide (used for peptisation) on the surface 

increases the zeta potential value in the negative region. Zeta potential value between pH 

2.5 to 7.5 also shows a value between +30 mV and -30 mV. The particle size number also 

indicates that in the pH range 2.5 to 7.5, the particles are aggregated, which is due to 

lowering of surface charge in this region which makes the particles to come closer to 

each other and aggregate.  The average particle size increases from 27 nm obtained at pH 

2 to 490 nm at pH 3 which further increases to 1250 nm at pH 6.5. However at pH 8.5 the 

average particle size has a value of 130 nm. The particle size distribution is given in 

Figure 2.4. It indicates that in the pH range 2.5 to 7.5, the surface charge is not enough to 

keep the particle apart.  

 

Figure 2.3. Zeta potential and particle size of titania colloids as a function of pH. 
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Figure 2.4. Particle size distribution curve of titania at (a) pH 2 (b) pH 3 (c) pH 6.5 and 

(d) pH 8.5. 

The photograph of the titania nanoparticles peptised at different pH is given in Figure 2.5. 

From this photograph we can see that in between pH 2.5 and 7.5 the titania particles gets 

aggregated and settle down.  

 

 
Figure 2.5. Photograph of the titania nanoparticles peptised at different pH (i) 2 (ii) 2.5 

(iii) 4.5 (iv) 7.5 (v) 8.5 
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For further studies, the region related to lowest particle size which is at pH 2, was 

selected for the peptisation of particle. A monomodal distribution of particles was 

obtained at pH 2 with an average particle size of 27 nm as provided in Figure 2.6a. The 

particle size distribution of titania sol aged for six months is also provided in Figure 2.6.  

 

Figure 2.6. Particle size distribution curve of titania sol (a) at pH 2 (b) aged for six 

months and (c) aged for six months after ultrasonication for 10 min. 

We could not observe any visible sedimentation or flocculation even after keeping the sol 

for six months. There was, however, a very slow tendency for the sol particles to undergo 

particle growth resulting in a slightly higher monomodal distribution of average size of 

about 32.7 nm (Figure 2.6). When this sol was ultrasonicated for 10 min, titania particles 

with an average particle size of 29 nm were obtained (Figure 2.6) This increase in particle 

size could be attributed to a possible dissolution-reprecipitation process occurring in the 

sol, on the larger particles at the expense of smaller particles.28 
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2.4.2     Thermo gravimetric and Differential Thermal analysis 

Thermogravimetric analysis (Fig. 2.7a) shows that the gel dried at 70 °C 

undergoes a total weight loss of 30.4% with three decomposition steps between 30–1000 

°C. The derivative of weight loss centered around (Figure 2.7b) 80, 250 and 370 °C 

which also indicates the three step decomposition pattern. The weight loss occurs in the 

region from 30 °C to 150 °C is 10%, and it is due to the physically adsorbed water in the 

gel matrix and the weight loss between the 150 °C to 450 °C is due to the removal of 

chemically adsorbed water and the nitrate ions. There was no major change in the weight 

loss observed beyond 450 °C. Theoretically, the decomposition of titanium hydroxide to 

titania [Ti(OH)4            TiO2+2H2O] should have about 31% weight loss.29,30 The weight 

loss between 110 and 1000 °C in the present case is only 22% and moreover, the total 

weight loss is also 30.4%. This indicates that the gel contains a high fraction of 

crystalline TiO2 particles interconnected through weak solvent network.  

 
Figure 2.7. Thermogravimetric curve of dried titania sol (a) % weight loss (b) derivative 

of the weight loss. 
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This is supported by the observations from the X-ray diffraction pattern of gel (Fig. 2.9) 

which gave well-defined anatase peaks.  

 

Figure 2.8. Differential thermal analysis curve of dried titania sol  

The DTA analysis shows (Figure 2.8) an endothermic peak below 150 °C is due to the 

removal of physically adsorbed water in the titania gel matrix. An exothermic peak in the 

region 270 °C is due to the evoluation of nitrate used for peptisation of the sol. 

2.4.3     X-ray Diffraction analysis 

The X-ray diffraction pattern of anatase phase of titania has a main peak at 2θ = 

25.2° corresponding to the 101 planes (JCPDS 21-1272) and the main peak of rutile 

phase is due to its 110 planes (JCPDS 21-1276) present at 2θ = 27.4°. X-ray diffraction 

patterns of the gel and the calcined powders are presented in Figure 2.9. A broad peak 

corresponding to the 101 plane peak of anatase phase is found in the X-ray diffraction 

pattern of 70 °C dried gel. This clearly indicates that the crystalline anatase is formed in 

the dried gel even at this low temperature. After calcination at 500 °C the crystalline 
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nature of titania increases, which resulted in distinct anatase peak in the X-ray diffraction 

pattern.  

 

Figure 2.9. X-ray diffraction pattern of titania calcined at different temperatures (a) 70 

(b) 500 (c) 600 (d) 700 (e) 800 (f) 850 °C. A stands for Anatase (101) plane and R is for 

Rutile (110) plane 

At 600 °C the anatase to rutile conversion starts and about 28% rutile was present in the 

system after calcination at 600 °C for 1h. While 71 % of titania is present in the rutile 

phase after calcination at 700 °C, the titania completely transformed to rutile phase at 800 

°C. The anatase to rutile ratio and crystallite size calculated using Scherrer equation are 

given in Table 2.1. The crystallite size also increases with temperature and it is 12.8 nm 

at 500 °C and it further increased to 20 nm after 600 °C calcination. One of the important 

observations is that the phase transformation also occurs from anatase to rutile in this 

temperature range. On heating, anatase irreversibly transforms into rutile with a moderate 

exothermic contribution. As reported in the literature, anatase to rutile phase 

transformation occurs at a temperature between 500 and 800 °C.31 
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Table 2.1. Anatase to rutile percentages and crystallite size of titania calcined at various 

temperatures 

 

However, it was recently demonstrated that a very low particle size (below 14 nm) causes 

the anatase phase to be thermodynamically stable.32 This may be the reason for the phase 

transformation occuring between 500 to 600 °C. 

2.4.4     FTIR spectroscopy 

The IR spectra of gels calcined at various temperatures presented in Figure 2.10a 

indicate a broad band between 3500 and 3000 cm-1, which is due to the presence of –OH 

groups on the surface of titania.33-35 The δH2O band around 1620 cm-1 demonstrates the 

presence of molecularly adsorbed water in the dried gel.35 The shift of the νOH bands 

from 3750–3600 to around 3200 cm-1 is due to the presence of hydrogen bonding.36 On 

calcination at high temperature (Figure 2.10b & c), the peaks get sharpened with less 

intensity, indicating the removal of –OH groups from the surface. Calcination to high 

temperatures decreased the intensity of the 1624 cm-1 band (Fig. 2.10). The presence of 

small absorbance in the high temperature calcined samples around 1600 cm-1 may be due 

to the water adsorption on dehydroxylated anatase.37 

Calcination 
Temp. (°C) 

Anatase: Rutile 
ratio 

Crystallite Size of 
anatase (nm) 

70 100:0 6 

500 100:0 12.8 

600 72:28 20 

700  29:71 31.1 

800  0:100 Rutile 
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Figure 2.10. FTIR spectrum of the gel calcined at (a) 70 °C (b) 500 °C (c) 800 °C 

 

The sharp absorbance at 1348 cm-1 in the gel (Fig. 2.10a) is due to the presence of nitrate 

species and is completely absent in the calcined samples. Ti–O–Ti bonds appear in the 

range 400–600 cm-1 and the sharpness of the peak increases with increase of calcination 

temperature. No characteristic peaks corresponding to chemisorbed SO4
2- ions (1230, 

1135, 1050 cm-1) were observed in the prepared gel, 38 indicating that the surface of 

anatase is SO4
2- free. 

2.4.5     BET surface area analysis 

  Textural characteristics of the samples calcined at 500, 600,700 and 800 °C 

derived from N2- adsorption analysis is presented in Table 2.2. Specific surface area 

(SBET), total pore volume calculated at p/p0 = 0.99, BJH mesopore volume and micro pore 
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volume which were calculated by t-plot method and average pore diameter values are 

presented in Table 2.2. 

Table 2.2. N2 adsorption characteristics of titania with calcination temperature 

 

On increasing the temperature, the surface area, total pore volume and mesopore volume 

also decrease. This may be due to an increase in crystallite size and densification or 

collapse in pore structure of titania. The adsorption isotherms (Figure 2.11) of the 

samples show type IV behaviour with typical hysteresis loop. This hysteresis loop is 

characteristic of mesoporous materials.39  

 
Figure 2.11. Adsorption isotherm of titania calcined at (a) 500 (b) 600 °C 
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The mesopore contributions towards the surface area of these samples are greater than 

that of the micropores. This is corroborated from mesopore volume and the micropore 

volume calculated by t-plot method. The micropore analysis indicated that the micropore 

volume decreases with increase of calcinations temperature, and is an evidence of the 

gradual collapse of the gel network when subjected to high temperature treatment. Titania 

powder calcined at 800 °C becomes almost nonporous as evidenced from the very low 

surface area which is less than 1 m2g-1, and it is not possible to measure through our BET 

surface area analyser.  

2.4.6    Transmission Electron Micrographs 

 The Transmission electron microscope images of titania sample calcined at 600 

°C are presented in Figure 2.12. The bright field image indicate the mesoporous nature of 

the titania (Figure 2.12.A). The titania has a crystallite size of 23 nm.  

 

 

Figure 2.12. TEM images of the titania sample calcined at 600 °C  

The electron diffraction image (Figure 2.12.A1) indicates that the titania sample is 

crystallized and sharp diffraction pattern indicates the crystallinity. 

 

A A1
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2.5     Conclusion 

 An aqueous sol-gel method for the preparation of titania sol using titanyl sulphate 

precursor was successfully developed. The stability of the sol was monitored using zeta 

potential measurement. The sol is stabilized both in acidic (below pH 2.5) and basic 

(above pH 7.5) region and the smallest particle size was obtained in the acidic range. An 

average particle size of 27 nm was obtained for the sol peptised at pH 2. The sol was 

aged for about 6 months and it was found that the sol was very stable. The X-ray 

diffraction image indicates that the anatase to rutile phase transformation starts above 500 

°C and completes at 800 °C. The Transmission electron micrograph image indicates that 

the average crystallite size of titania prepared through aqueous sol-gel method is 23 nm at 

600 °C. 
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Chapter 3: Incorporation of Selective Ions in Aqueous Sol-gel  
 Titania 

 

3.1     Abstract 

In the present chapter the effect of doping of tantalum ( Ta5+, oxidation state of 5+, 

ionic radius, 0.061nm) and two lanthanide ions gadolinium and ytterbium (Gd3+, Yb3+ 

oxidation state 3+, ionic radius, 0.094 and 0.081nm respectively) on the crystallite size, 

anatase to rutile phase transformation, surface area and photocatalytic property of  

aqueous sol-gel derived titania were investigated. Tantalum doping increases the anatase 

phase stability above 1000 °C, while gadolinium and ytterbium effectively hinder the 

anatase to rutile phase transformation upto 900 °C. Titania has a lower crystallite size in 

presence of these dopants and the anatase to rutile phase transformation initiates when the 

anatase grain reaches a critical size of ~12-20 nm in all compositions. The tantalum, 

gadolinium and ytterbium doped titania also has higher surface area than pure titania. The 

adsorption isotherms obtained are all typical of mesoporous materials. The total acidity, 

measured using pyridine adsorption followed by FTIR analysis indicate that doping with 

tantalum, gadolinium and ytterbium increases the number of acidic sites in titania.  

Brφnsted acidity has been determined using 2,6-dimethyl pyridine as a probe molecule, 

followed by thermo gravimetric analysis. The photocatalytic property of titania was 

studied using methylene blue degradation and was compared with undoped and the 

commercially available Hombikat UV 100 titania.  

3.2     Introduction 

Titania is well known for its catalytic1 and photocatalytic applications 2-4 like 

remediation of contaminants such as phenols, aromatic carboxylic acids, dyes, surfactants 
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and pesticides.5-7 For an efficient photocatalytic titania, features such as predominant 

anatase phase, high surface area, mesoporous structure and particle size in the nanosize 

range are desirable along with a high anatase to rutile transformation temperature when 

uses are envisaged at high temperatures.8,9 Many experimental results are reported for 

increasing photoactivity by selective doping with metal ions and oxides like Cr3+, Fe 3+, 

Sb5+, Pt, Si4+, Mo5+, WO3,
 La3+, Eu3+, Nd3+, Pr3+ , Er3+, Dy3+, ZrO2.10-18 The change in 

electrical property of titania with the addition of tantalum seems to be the more 

prominent interest in the tantalum doped titania system according to literature.19,20 Bonini 

et al.21 used a laser induced pyrolysis method for the preparation of tantalum doped titania 

and investigated the electrical conduction property as well as extent of  inhibition of 

anatase to rutile phase transformation for use in CO and NO2 sensing. XAS investigation 

on tantalum and niobium doped titania prepared by alkoxide sol-gel process indicates that 

the dopants substitute the Ti cations in the +5 valence state.22 Further, anatase to rutile 

phase transformation and grain growth were found to be hindered by tantalum doping.23 

Thus from the earlier reports on tantalum doped titania, it can be seen that no significant 

investigations have been carried out with respect to photoactivity of these systems. 

Recently, Visinescu et al.24 studied the photoactivity of dc sputtered tantalum doped 

titania films and Wang et al.25 reported the photoactivity of polymer templated titania/ 

tantalum mixed oxide. Wang explained the high photoactivity of the mixed oxide system 

by considering the change in optical property and surface area. The photo catalytic 

property of the tantalum doped titania prepared through an aqueous sol-gel method i.e. all 

salt precursors, is yet to be reported. Effect of lanthanides on the anatase to rutile phase 

transformation and the photoactivity of titania has been subjected to investigation by 
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different researchers.26-33 Effect of rare earth oxides in the anatase to rutile phase 

transformation was studied by Hishita et al.34 Recently, Zhang et al.35 reported the anatase 

phase stability and photoactivity of alkoxide derived Gd3+ and Yb3+doped titania, but 

effects of textural properties were overlooked. In this chapter an alkoxide free sol-gel 

method for the preparation of tantalum, gadolinium and ytterbium doped titania in 

aqueous medium is presented along with its effect on anatase to rutile phase 

transformation, specific surface area, acidity and finally, photocatalytic activity. 

3.3     Experimental 

Titanyl oxysulphate (TiOSO4, Aldrich Chemicals, 99.9% purity) was used as 

precursor for the synthesis of titania sol. In a typical experiment, titanyl oxysulphate was 

dissolved in 500 ml of distilled water (0.2 M) and hydrolysed by slow addition of 

ammonium hydroxide (25%, sd Fine Chemicals, India Ltd) solution under constant 

stirring at room temperature (32 °C), until the reaction mixture attained pH 8.5. The 

precipitate obtained was separated by filtration and was washed free of sulphate ions 

(confirmed by the BaCl2 test) with distilled water. The precipitate was further peptised in 

1000 ml of hot distilled water by the addition of 10% HNO3 (Merck, India Ltd) solution. 

A stable sol was obtained in the pH range 1.7 to 2.2. Tantalum oxalate (M/s CMET, 

Hyderabad, AR grade) in oxalic acid was used as precursor for tantalum ions and the 

corresponding nitrate solutions were used as precursors for gadolinium (Aldrich 

Chemicals, 99.99% purity) and ytterbium (Aldrich Chemicals, 99.99% purity).  The 

precursor solution of the respective dopant was added drop wise to the titania sol and kept 

under stirring for a period of 1h to obtain the doped compositions. Compositions 

containing 1, 2, 5 and 10 mol% of the dopant was prepared for all dopants.  The sols were 



Chapter III 

 58

concentrated over steam bath and subsequently dried in an electric hot air oven at 70 °C 

to obtain the xerogel. Thermal analyses of the gels were done at a rate of 10 °Cmin-1. A 

Shimadzu, TGA 50H, Japan was used for the thermogravimetric analysis, while a 

Shimadzu, DTA 50H, Japan was used for the differential thermal analysis. To study the 

effect of calcination temperature these gels were calcined at different temperatures from 

500 °C to 1100 °C and a heating rate of 10 °C min-1 was used with soaking for 1h at the 

peak temperature. The surface area measurements and pore analysis were carried out by 

nitrogen adsorption method using Micromeritics Gemini 2375 surface area analyser after 

degassing at 200 °C for 2 h. XRD patterns of the calcined gels were recorded on a Philips 

X’ pert X-ray diffractometer in the 2θ range 20-60° using Cu Kα radiation. The amount 

of rutile in the sample was estimated using the Spurr equation (3.1).36 

FR = 1/ [1+ {0.8 IA (101)/ IR (110)}]    (3.1)  

where, FR is the mass fraction of rutile in the sample and IA (101) and IR (110) are the 

integrated main peak intensities of anatase and rutile respectively. The crystallite size was 

calculated using the Scherrer equation (3.2).37 

Φ = Kλ / β cos θ      (3.2) 

where K is the shape factor taken as 0.9 for the calculations presented, λ the wavelength 

of the X-ray, β the full width at half maxima, and θ the diffracting angle. 

 The Transmission Electron Micrographs of the calcined titania powder was taken using a 

Hitachi HF 2200 TU field emission microscope operating at an accelerating voltage of 

200 kV. The diffuse reflectance spectrum was recorded on a UV-visible spectrometer 

(Shimadzu, Japan, UV-2401 PC) using BaSO4 as standard. Surface acidity of the system 

was determined using pyridine adsorption method. Samples were placed in a chamber 
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with saturated pyridine atmosphere at 50 °C for a period of 48h. The chamber was then 

evacuated using a vaccum pump for 2h. The titania samples were then mixed with KBr 

and pressed into the shape of pellets of diameter 10 mm and analysed in an FTIR 

spectrophotometer (Nicolet Magna 560, USA). The Brφnsted acidity was determined by 

2,6-dimethyl pyridine adsorption followed by TG analysis. Samples calcined at 600 °C 

were used for the Brφnsted acidity measurements. The samples were kept in a desicator 

saturated with 2,6-dimethyl pyridine at 50 °C for 48h and then subjected to thermo 

gravimetric analysis in N2 atmosphere at a heating rate of 10 °Cmin-1
 ( Shimadzu, TGA 

50H, Japan ) .  

The photocatalytic activity of doped and undoped titania was studied by 

measuring the amount of methylene blue degraded under UV radiation. For the 

methylene blue degradation studies aliquots were prepared by dispersing 0.1 g of titania 

powder in 250 ml of 6.4 × 10-9 mol l-1 methylene blue solution (AR grade, Qualigens Fine 

Chemicals, India Ltd). The peak between 640 nm and 680 nm in the UV spectrum of 

methylene blue was used for determining the concentration. The suspension was 

equilibrated by stirring in the dark for 1h prior to measurements. To eliminate the error 

due to the adsorption of methylene blue by titania from the measurements the initial 

concentration of methylene blue was measured only after equilibration. The suspension 

was then irradiated with UV using a Rayonet Photoreactor (Netherlands) with constant 

stirring. The UV source was fifteen 15 W tubes (Philips G15 T8) arranged in circular 

fashion emitting radiation in the region 200–400 nm. The degradation of the dye was 

monitored after 60 min UV irradiation using a UV-visible spectrometer (Shimadzu, 
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Japan, UV-2401 PC). A blank dye solution was also irradiated, for about 1 h to confirm 

that the dye was not photobleached by the radiation in the UV chamber.  

3.4     Results and Discussions 

3.4.1 TGA and DTA analysis 

The thermo gravimetric and differential thermal analyses were carried out on 

dried gels of undoped and 10 mol% doped compositions. The TGA curves (Figure 3.1) 

show that in pure titania the percentage of weight loss in the region 30 °C to 150 °C is 

10%, and is due to the physically adsorbed water in the gel matrix. The weight loss of 

20% between 150 °C and 450 °C is due to the removal of chemically adsorbed water and 

nitrate ion. There was no major weight loss beyond 450 °C. In the case of 10 mol% 

tantalum doped sample, the weight loss between 30 °C and 150 °C is 30%. The increased 

weight loss in this region is due to the change in gel structure as a result of tantalum 

doping. There is a weight loss of around 60% up to 450 °C, which is due to the 

decomposition of tantalum oxalate and oxalic acid used for tantalum doping. In the case 

of 10 mol% gadolinium doped sample there is a weight loss of 21% upto 150 °C and 19% 

weight loss between 150 and 450 °C. A similar pattern is observed for the 10 mol% 

ytterbium doped sample. Upto 150 °C a weight loss of 19% was observed corresponding 

to the loss of physically adsorbed water. The weight loss between 150 and 450 °C is 20% 

and is due to the chemically adsorbed water and nitrate species. The source of nitrates is 

the nitric acid used for peptisation and the nitrate solution used for doping gadolinium 

and ytterbium. DTA pattern shows (Figure 3.2) an endothermic peak below 150 °C 

corresponding to the removal of physically adsorbed water in the gel matrix.  
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Figure 3.1. TGA pattern of dried gel (a) undoped titania (b) 10 mol% tantala doped 

titania (c) 10 mol% gadolinium doped titania (d) 10 mol% ytterbium doped titania 

 
 

Figure 3.2. DTA patterns of dried gel (a) undoped titania (b) 10 mol% tantala doped 

titania (c) 10 mol% gadolinium doped titania (d) 10 mol% ytterbium doped titania 
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All compositions show an exothermic peak in the region 270 °C due to the evolution of 

nitrate. In the case of tantalum doped titania, the endotherm around 300 °C is due to the 

decomposition of tantalum oxalate.  

3.4.2     X-ray Diffraction Analysis 

X-ray diffraction was used for the determination of phase assemblage of undoped 

and doped titania at different temperatures. The X-ray diffraction pattern of anatase has a 

main peak at 2θ = 25.2° corresponding to the 101 planes (JCPDS 21-1272) and the main 

peak of rutile phase is due to its 110 planes (JCPDS 21-1276) present at 2θ = 27.4°. The 

X-ray diffraction patterns of titania and tantalum doped titania calcined at different 

temperatures are given in Figures 3.3, 3.4 & 3.5.  

Considerable stability of the anatase phase is observed for the tantalum doped 

samples and stability increases with increasing concentration of tantalum. While after 

calcination at 700 °C 71% of rutile titania was present in the case of undoped titania, only 

12% was present in 5 mol% tantalum doped titania. The most significant observation is 

that, in the case of 10 mol% tantalum, there was no phase transformation from anatase to 

rutile (Figure 3.3). Pure titania completely transforms to rutile at 800 °C (Figure 3.4), 

while complete transformation occurs only above 1000 °C for the 10 mol% tantalum 

doped titania (Figure 3.5), indicating the high order of thermal stability of the anatase 

phase. The fraction of rutile present at different temperatures in the pure and tantalum 

doped titania compositions is given in Figure 3.6. X-ray diffraction patterns indicate the 

presence of small peaks corresponding to orthorhombic Ta2O5 (JCPDS 79-1375) in 

composition containing 5 and 10 mol% tantalum. From the X-ray diffraction studies it is 

clear that anatase to rutile phase transformation is supressed by tantalum doping.  
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Figure 3.3. XRD patterns of different TiO2 samples calcined at 700 °C for 1 h: (A) 

Anatase, (R) Rutile (T) Ta2O5 (a) Pure TiO2, (b) 1 mol% Ta2O5 doped TiO2, (c) 2 mol% 

Ta2O5 doped TiO2, (d) 5 mol% Ta2O5 doped TiO2, (e)  10 mol% Ta2O5 doped TiO2 

 

Figure 3.4. XRD patterns of different TiO2 samples calcined at 800 °C for 1 h: (A) 

Anatase, (R) Rutile (T) Ta2O5 (a) Pure TiO2, (b) 1 mol% Ta2O5 doped TiO2, (c) 2 mol% 

Ta2O5 doped TiO2, (d) 5 mol% Ta2O5 doped TiO2, (e)  10 mol% Ta2O5 doped TiO2. 
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Figure 3.5. XRD patterns of different TiO2 samples calcined at different temperatures for 

1h: (A) Anatase, (R) Rutile (T) Ta2O5 (a) 1 mol% Ta2O5 doped TiO2, (b) 2 mol% Ta2O5 

doped TiO2, (c) 5 mol% Ta2O5 doped TiO2, (d) 10 mol% Ta2O5 doped TiO2 calcined at 

900 °C, (e) 5 mol% Ta2O5 doped TiO2, (f) 10 mol% Ta2O5 doped TiO2, calcined at 1000 

°C 

 
Figure 3.6. Phase transformation from anatase to rutile of pure and Ta2O5 doped TiO2    

calcined at different temperatures for 1h (■) Pure titania (●) 1 mol% Ta2O5 doped TiO2  

(▲) 2 mol% Ta2O5 doped TiO2  (○) 5 mol% Ta2O5 doped TiO2 (∇) 10 mol% Ta2O5 

doped TiO2 
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The crystallite size of anatase titania versus the temperature of calcination is 

plotted in Figure 3.7 for all tantalum doped titania compositions. It can be seen that 

tantalum doped compositions has lower anatase crystallite size compared to the undoped 

composition at all calcined temperatures. Hence by increasing the concentration of 

tantalum in the titania matrix, the crystallite size decreases and anatase to rutile phase 

transformation temperature increases. 

 
Figure 3.7. Crystallite size of the anatase phase in pure and Ta2O5-doped TiO2 calcined 

at different temperatures for 1h (■) Pure titania (●) 1 mol% Ta2O5 doped TiO2  (▲) 2 

mol% Ta2O5 doped TiO2  (○) 5 mol% Ta2O5 doped TiO2 (∇) 10 mol% Ta2O5 doped TiO2 

Comparing the X-ray diffraction patterns of undoped and gadolinium doped 

titania, heated at 700 °C (Figure 3.8), it can be seen that more than 71% of anatase is 

converted to rutile in the undoped titania while all gadolinium doped titania compositions 

retains complete anatase phase. The undoped titania completely transforms to rutile at 

800 °C, but 2, 5 and 10 mol% gadolinium doped titania retains the anatase phase 

indicating the excellent thermal phase stability (Figure 3.9 & 3.10). In all the 

compositions containing gadolinium, the complete rutilation occurs only above 900 °C. 
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Figure 3.8. XRD patterns of different TiO2 samples calcined at 700 °C for 1 h: (A) 

Anatase, (R) Rutile (G) Gd2TiO7 (a) Pure TiO2, (b) 1 mol% Gd2O3 doped TiO2, (c) 2 

mol% Gd2O3 doped TiO2, (d) 5 mol% Gd2O3 doped TiO2, (e)  10 mol% Gd2O3 doped 

TiO2 

Thus, the anatase phase stability is achieved through gadolinium doping. In 2, 5 and 10 

mol% gadolinium doped titania an additional phase of Gd2Ti2O7 (JCPDS 23-0259) is 

formed at 700 °C (Figure 3.8). The main peak of Gd2Ti2O7 corresponds to the 222 plane 

at a 2θ value 30.38°, and it is observed that Gd2Ti2O7 peaks are amorphous at 700 °C. But 

increasing the temperature from 700 to 800 and 850 °C (Figure 3.9 & 3.10), crystallised 

peaks of Gd2Ti2O7 are formed. Between 800 and 900 °C a sharp anatase to rutile phase 

transformation was observed. The fraction of rutile present at different temperatures in 

the pure and gadolinium doped titania is given in Figure 3.11. The crystallite size of 

anatase titania versus the temperature of undoped and gadolinium doped titania is given 

in Figure 3.12. 
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Figure 3.9. XRD patterns of different TiO2 samples calcined at 800 °C for 1 h: (A) 

Anatase, (R) Rutile (G) Gd2TiO7 (a) Pure TiO2, (b) 1 mol% Gd2O3 doped TiO2, (c) 2 

mol% Gd2O3 doped TiO2, (d) 5 mol% Gd2O3 doped TiO2, (e)  10 mol% Gd2O3 doped 

TiO2 

 
Figure 3.10. XRD patterns of different TiO2 samples calcined at 850 °C for 1 h: (A) 

Anatase, (R) Rutile (G) Gd2TiO7 (a) Pure TiO2, (b) 1 mol% Gd2O3 doped TiO2, (c) 2 

mol% Gd2O3 doped TiO2, (d) 5 mol% Gd2O3 doped TiO2, (e)  10 mol% Gd2O3 doped 

TiO2 

20 30 40 50 60

R110

G222

G222

R110

A101 e

d

c

b

a

In
te

ns
ity

 (A
.U

)

2θ (degree)  

20 30 40 50 60

G222

G222

G
222

R
110

A101 e

d

c

b

a

In
te

ns
ity

 (A
.U

)

2θ (degree)



Chapter III 

 68

 
Figure 3.11. Phase transformation from anatase to rutile of pure and Gd2O3 doped TiO2 

calcined at different temperatures for 1h (■) Pure titania (●) 1 mol% Gd2O3 doped TiO2  

(▲) 2 mol% Gd2O3 doped TiO2  (○) 5 mol% Gd2O3 doped TiO2 (∇) 10 mol% Gd2O3 

doped TiO2 

 
Figure 3.12. Crystallite size of the anatase phase in pure and Gd2O3-doped TiO2 calcined 

at different temperatures for 1h (■) Pure titania (●) 1 mol% Gd2O3 doped TiO2  (▲) 2 

mol% Gd2O3 doped TiO2  (○) 5 mol% Gd2O3 doped TiO2 (∇) 10 mol% Gd2O3 doped 

TiO2 
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Ytterbium doped titania also shows anatase phase stability. Upto 700 °C only 

anatase phase was present in all ytterbium doped titania samples (Figure 3.13). 1 mol% 

ytterbium doped titania contained 35% rutile after calcination at 800 °C (Figure 3.14), all 

the other ytterbium doped titania compositions remains in the anatase phase. At 850 °C 

(Figure 3.15) 1, 2, 5 mol% ytterbium doped titania samples had 39, 27 and 37% rutile 

phase respectievely. But the 10 mol% ytterbium doped titania exists completely as 

anatase phase at 850 °C. In addition to anatase and rutile phase an additional phase of 

crystalline Yb2TiO5 (JCPDS 33-1457) was formed at 850 °C in 2, 5 and 10 mol% 

ytterbium doped titania. The main peak of Yb2TiO5 corresponds to the reflections from 

its 111 planes and occurs at the 2θ value of 30.02°. The fraction of rutile present after 

calcination at different temperatures in the pure and ytterbium doped titania is given in 

Figure 3.16. A sharp anatase to rutile phase transformation was observed, as in the case 

of gadolinium and ytterbium doped samples between 800 and 900 °C. The additional 

phases, Gd2Ti2O7 and Yb2TiO5 formed during calcination, may be aiding the anatase to 

rutile phase transformation in both cases. In both ytterbium and gadolinium doped titania 

the relative intensity of the peak corresponding to Gd2Ti2O7 and Yb2TiO5 is increased by 

calcinations at 800 and 850 °C. 

The crystallite size of anatase titania versus temperature of heat treatment in undoped and 

ytterbium doped titania is presented in Figure 3.17. The rutile phase in tantalum, 

gadolinium, ytterbium doped and pure titania is formed when the crystallite size reaches a 

critical value of ~12-20 nm (Figure 3.7, 3.12, 3.17), which is accordance with the critical 

sizes reported..38, 39  
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Figure 3.13. XRD patterns of different TiO2 samples calcined at 700 °C for 1 h: (A) 
Anatase, (R) Rutile (Y) Yb2TiO5 (a) Pure TiO2, (b) 1 mol% Yb2O3 doped TiO2, (c) 2 
mol% Yb2O3 doped TiO2, (d) 5 mol% Yb2O3 doped TiO2, (e)  10 mol% Yb2O3 doped 
TiO2 

 

Figure 3.14. XRD patterns of different TiO2 samples calcined at 800 °C for 1 h: (A) 
Anatase, (R) Rutile (Y) Yb2TiO5 (a) Pure TiO2, (b) 1 mol% Yb2O3 doped TiO2, (c) 2 
mol% Yb2O3 doped TiO2, (d) 5 mol% Yb2O3 doped TiO2, (e)  10 mol% Yb2O3 doped 
TiO2 
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The anatase phase is reported to be thermodynamically stable at low particle sizes (below 

14 nm); when the temperature increases, the crystallite size will also increase leading to 

the formation of rutile phase. On increasing the dopant amount in the titania matrix, the 

anatase to rutile phase transformation temperature increases and crystallite size decreases. 

The reduction in crystallite size may be due to the segregation of dopant in the grain 

boundary which will restrict the contact of grains and inhibit the grain growth. Further, it 

is also reported 40- 42 that the oxygen vacancies act as the nucleation centre for crystallite 

growth, which further leads to the phase transformation. Dopants can either go into the 

interstitial positions or to the lattice points by replacing Ti atoms. Cations with an 

oxidation state above +4, irrespective of their position in the lattice, will invariably 

reduce the oxygen vacancy concentration in the titania lattice.  

 
Figure.3.15. XRD patterns of different TiO2 samples calcined at 850 °C for 1 h: (A) 

Anatase, (R) Rutile (Y) Yb2TiO5 (a) Pure TiO2, (b) 1 mol% Yb2O3 doped TiO2, (c) 2 

mol% Yb2O3 doped TiO2, (d) 5 mol% Yb2O3 doped TiO2, (e)  10 mol% Yb2O3 doped 

TiO2 
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Figure 3.16. Phase transformation from anatase to rutile of pure and Yb2O3 doped TiO2 

calcined at different temperatures for 1h (■) Pure titania (●) 1 mol% Yb2O3 doped TiO2  

(▲) 2 mol% Yb2O3 doped TiO2  (○) 5 mol% Yb2O3 doped TiO2 (∇) 10 mol% Yb2O3 

doped TiO2 

 
Figure 3.17. Crystallite size of the anatase phase in pure and Yb2O3- doped TiO2 calcined 

at different temperatures for 1h (■) Pure titania (●) 1 mol% Yb2O3 doped TiO2  (▲) 2 

mol% Yb2O3 doped TiO2  (○) 5 mol% Yb2O3 doped TiO2 (∇) 10 mol% Yb2O3 doped  

TiO2 
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The influence of cations with an oxidation state of +4 or lower on the oxygen vacancy 

concentration will depend on their position in the titania lattice. If the cations with an 

oxidation state of +4 or lower are present in the lattice points, they increase the oxygen 

vacancies in the titania lattice and if placed in the interstitial position, they decrease the 

oxygen vacancy concentration.40 In our study, tantalum, gadolinium and ytterbium are 

used as dopants. The stable oxidation state of tantalum is +5 and for gadolinium and 

ytterbium it is, +3 and the corresponding ionic radii are 0.064, 0.094 and 0.081 nm 

respectively. The ionic radius of Ti4+, Ta5+, Gd3+ and Yb3+ follow the order Ti4+ 

(0.061nm) ≈  Ta5+ (0.064 nm) < Yb3+ (0.081 nm) < Gd3+ (0.094 nm). Due to the similarity 

in ionic size  Ta 5+ can easily substitute Ti4+in the titania lattice but due to the larger size 

Gd3+and Yb3+ needs to occupy the interstitial position. The +5 tantalum irrespective of its 

position in the matrix decrease the oxygen vacancy concentration and hence will delay 

anatase to rutile phase transformation.  On the other hand Gd3+ and Yb3+ decreases the 

oxygen vacancy concentration by their occupancy in the interstitial position. Increasing 

doping concentration of tantalum seems to result in the segregation of tantalum oxide as 

evident in the XRD pattern [JCPDS 79-1375]. This is in disagreement with the 

observation of Saeerdoti et al.22 where they could not find any peak corresponding to 

tantalum oxide in the XRD patterns. But there is a significant difference in the 

preparation procedures adopted. While we have used salt precursors for both tantalum 

and titania, they had chosen alkoxide precursors.  

In the case of Gadolinium and Ytterbium doping the formation of the 

corresponding lanthanide titaniumoxide is observed. Many researchers have observed the 

expulsion of dopants into the matrix with calcination temperature. Due to the mismatch 



 74

of the ionic sizes Gd3+ and Yb3+ has a higher probability of getting expelled than 

tantalum. According to Zhang et al.35, lanthanides substituting for Ti4+ expelled into the 

matrix probably exist as amorphous lanthanide oxide, and can further react with titania to 

form lanthanide titanium oxide. Presence of lanthanide titaniumoxide has been found to 

favour anatase to rutile phase transformation by Lin et al. 33 while studying mixtures of 

TiO2 and oxides of lanthanides. But in this study XRD results show the presence of 

amorphous peaks corresponding to Gd2Ti2O7, Yb2TiO5 at low temperatures in the 

gadolinium and ytterbium doped titania and there is no evidence to the presence of rutile 

phase. But at higher temperatures, the peaks of Gd2Ti2O7, Yb2TiO5 becomes more 

crystalline and an enhanced rate of anatase to rutile phase transformation is observed. 

This would mean that the degree of crystallinity of the lanthanide titaniumoxide phase is 

important in its role as an anatase to rutile phase transformation aid.  

3.4.3     BET surface area analysis 

Textural characteristics of all samples calcined at 500, 600 and 800 °C derived from N2 

adsorption analyses are presented in Table 3.1, 3.2 & 3.3. Specific surface area (SBET), 

total pore volume calculated at p/p0 = 0.9, BJH mesopore volume and micro pore volume 

calculated by t-plot method and average pore diameter are presented. The surface area of 

tantalum doped titania is considerably high and could be explained on the basis of the 

hindered crystallite growth.  

All the tantalum doped compositions show higher surface area than pure titania at 

all calcined temperatures (Table 3.1). Pure titania after calcining at 500 °C have a surface 

area and total pore volume of 48.7 m2g-1 and 0.1084cm3g-1 respectively, while the 1, 2, 5 

& 10 mol% tantalum doped titania have surface area of  78.8, 92.2, 87.9, 63.2 m2g-1 and 
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total pore volume of 0.1431, 0.1425, 0.1133, 0.0885 cm3g-1 respectively. In the case of 

600 °C calcined samples the surface area values of pure and 1, 2, 5, 10 mol% tantalum 

doped titania samples are 19.1, 45.1, 67.1, 61.9, 49 m2g-1 and total pore volume are 

0.0478, 0.0935, 0.1708, 0.13, 0.0899 cm3g-1 respectively. So there is a drastic reduction 

in the surface area and pore volume of pure titania when calcined at high temperature. 

Table 3.1. N2 adsorption characteristics of undoped and tantalum doped titania with 

calcination temperature  

 
 

mol.% doping BET surface 
area (m2g-1) 

Total pore 
volume 
(cm3g-1) 

Micro pore 
volume (cm3g-1) 

Meso pore 
volume (cm3g-1) 

Pore 
diameter 

(nm) 

Calcined at 500 °C 

Undoped 
 

48.7 0.1084 0.00392 0.1045 7.9 

1 mol.% Ta2O5 
 

78.8 0.1431 0.00158 0.1415  7.3 

2 mol.% Ta2O5 
 

92.2 0.1425 0.00246 0.1401 6.2 

5 mol.% Ta2O5 
 

87.9 0.1133 0.00144 0.1118 5.2 

10 mol.% Ta2O5 
 

63.2 0.0885 0.00264 0.0858 5.5 

Calcined at 600 °C 
 

Undoped 
 

19.1 0.0478 0.00015 0.0477 10.0 

1 mol.% Ta2O5 
 

45.1 0.0935 0.00073 0.0927 8.3 

2 mol.% Ta2O5 
 

67.1 0.1708 0.00155 0.1693 10.2 

5 mol.% Ta2O5 
 

61.9           0.13 0.00041 0.1296 8.5 

10 mol.% Ta2O5 
 

49 0.0899 0.0009 0.089 7.3 

Calcined at 800 °C 
 

Undoped 
 

Very low     

1 mol.% Ta2O5 
 

8 0.0188 0.000611 0.0182 10.2 

2 mol.% Ta2O5 
 

17.5 0.0485 0.002046 0.0464 10.8 

5 mol.% Ta2O5 
 

17.1 0.0665 0.000934 0.0655 13.3 

10 mol.% Ta2O5 
 

13.4 0.1038 0.000928 0.1028 19.6 
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Figure 3.18. Surface area of titania and tantala doped titania calcined at different 

temperature for 1h 

After 800 °C calcination 1, 2, 5, 10 mol% tantalum doped titania samples show surface 

area values of 7.9, 17, 17, 13 m2g-1 and 0.0188, 0.0485, 0.0665, 0.1038 cm3g-1 but at the 

same time pure titania has a very low surface area, below 1m2g-1. From this observation it 

is confirmed that the tantalum doping in titania matrix hinders the nucleation of titania 

particle and there by prevents the decrease in surface area of the system. It is also 

observed that upto 2 mol% doping of tantalum an increase in surface area was observed 

and on further doping, the surface area decreases marginally (Figure 3.18). This may be 

due to the high amount of tantalum doping which leads to formation of a separate tantala 

phase having less surface area in the titania matrix. The adsorption isotherms (Figure 3.19 

& 3.20) of all samples show type IV behaviour with the typical hysteresis loop. This 

hysteresis loop is characteristic of mesoporous materials.43 The pore size distribution 

curve (Figure 3.19 & 3.20 inset) also indicates that the pores are in mesoporous region. 
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Figure 3.19. Adsorption isotherm and pore size distribution curve (inset) of (A) Pure 

titania (B) 1 mol% Ta2O5 doped TiO2  (C) 2 mol% Ta2O5 doped TiO2  (D) 5 mol% Ta2O5 

doped TiO2 (E) 10 mol%  Ta2O5 doped TiO2 , calcined at 500 °C  
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Figure 3.20. Adsorption isotherm and pore size distribution curve (inset) of (A) Pure 

titania (B) 1 mol% Ta2O5 doped TiO2  (C) 2 mol% Ta2O5 doped TiO2  (D) 5 mol% Ta2O5 

doped TiO2 (E) 10 mol%  Ta2O5 doped TiO2 , calcined at 600 °C  
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In gadolinium doped titania, it is clear that even the presence of 1mol% 

gadolinium increases the surface area of titania considerably. The increase is more than 

two times the value of undoped titania at all temperatures (Figure 3.21).  The undoped 

sample has the highest average pore diameter. With increasing calcination temperature 

the average pore size increases for all compositions possibly due to the increasing 

crystallite size. Interparticle pores will be larger for larger particles. This is reflected in 

the surface area values and all compositions shows decrease in surface area with 

increasing temperature of calcination (Table 3.2).  

 
 
Figure 3.21. Surface area of pure and gadolinium doped titania calcined at different 

temperature for 1h 

The decrease in pore volume for undoped and gadolinium doped titania is considerable 

when the calcination temperature is 800 °C. From the graph of rutile percentage versus 

calcination temperature, it is evident that all gadolinium doped compositions start 

converting to rutile phase around this temperature. This would mean that the anatase 

phase has its maximum particle size at this temperature. The mesoporous nature of the 
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gadolinium doped titania is evident from the adsorption desorption isotherm and pore size 

distribution curves (Figure 3.22 & 3.23).  

Table 3.2. N2 adsorption characteristics of undoped and gadolinium doped titania with 

different calcination temperature. 

 

 

mol.% doping BET 
surface 

area 
(m2g-1) 

Total pore 
volume (cm3g-1) 

Micro pore 
volume 
(cm3g-1) 

Meso pore 
volume 
(cm3g-1) 

Pore 
diameter 

(nm) 

Calcined at 500 °C  

Undoped 
 

48.7 0.1084 0.0039 0.104445 7.9 

1 mol.% Gd2O3 
 

97.7 0.1515 0.0022 0.14933 6.2 

2 mol.%  Gd2O3 
 

88.5 0.1405 0.00265 0.137809 6.4 

5 mol.%  Gd2O3 
 

117.9 0.1511 0.0041 0.146973 5.1 

10 mol.%  Gd2O3 
 

107.7 0.1517 0.0030 0.14868 5.6 

Calcined at 600 °C 
 

Undoped 
 

19.1 0.0479 0.00015 0.047647 10.0 

1 mol.%  Gd2O3 
 

71.5 0.1511 0.000386 0.150745 8.5 

2 mol.%  Gd2O3 
 

57.6 0.1366 0.00096 0.135645 9.5 

5 mol.%  Gd2O3 
 

81.8 0.1488 0.00114 0.14763 7.3 

10 mol.%  Gd2O3 
 

88.9 0.1449 0.00285 0.142046 6.5 

Calcined at 800 °C 
 

Undoped 
 

Very low     

1 mol.%  Gd2O3 
 

22.5 0.0351 0.00107 0.034058 6.3 

2 mol.%  Gd2O3 
 

21.9 0.0428 0.00036 0.042405 7.8 

5 mol.%  Gd2O3 
 

20.8 0.0353 0.00022 0.035034 6.8 

10 mol.%  Gd2O3 
 

15.3 0.0258 0.00041 0.025343 6.7 



Chapter III 

 81

 

Figure 3.22. Adsorption isotherm and pore size distribution curve (inset) of (A) Pure 

titania (B) 1 mol% Gd2O3 doped TiO2  (C) 2 mol% Gd2O3 doped TiO2  (D) 5 mol% 

Gd2O3 doped TiO2 (E) 10 mol% Gd2O3 doped TiO2 , calcined at 500 °C 
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Figure 3.23. Adsorption isotherm and pore size distribution curve (inset) of (A) Pure 

titania (B) 1 mol% Gd2O3 doped TiO2 (C) 2 mol% Gd2O3 doped TiO2  (D) 5 mol% Gd2O3 

doped TiO2 (E) 10 mol% Gd2O3 doped TiO2 , calcined at 600 °C 
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Surface area results of ytterbium doped titania shows higher surface area than the 

undoped titania at all temperatures measured (Figure 3.24). A sharp increase was 

observed for 1 mol% ytterbium doping and further the increase was not a prominent one.   

 
 
Figure 3.24. Surface area of undoped and ytterbium doped titania calcined at different 

temperature for 1 h 

Surface area and total pore volume of undoped titania calcined at 500°C shows a value of  

48.7 m2g-1 and 0.1084cm3g-1
 respectively, while the 1, 2, 5 & 10 mol% ytterbium doped 

composition has 92.6, 85.4, 102.2, 111.3 m2g-1 and 0.1399, 0.1371, 0.1382, 0.1327 cm3g-1 

respectively . In the case of 600 °C calcined samples the surface area values of titania and 

1, 2, 5, 10 mol% ytterbium doped titania samples are 19.1, 36.6, 59.1, 68.5, 80 m2g-1 and 

total pore volume 0.0478, 0.0988, 0.1395, 0.1338, 0.1258 cm3g-1 respectively.. After 800 

°C calcination 1, 2, 5, 10 mol% ytterbium doped titania samples show surface area values 

of 20.5, 23.5, 18.9, 20.9 m2g-1 and total pore volume 0.0393, 0.0448, 0.0275, 0.1299 

cm3g-1
 respectively while undoped titania has a very low surface area (Table 3.3). The 

results confirmed that the doping of ytterbium in the titania matrix hinders the nucleation 
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of titania particle and there by prevent the decrease in surface area of the system. It is also 

observed that the total pore volume also increases in the ytterbium doped titania. 

Table 3.3. N2 adsorption characteristics of undoped and ytterbium doped titania with 

different calcination temperature 

 

 

mol.% doping BET surface 
area (m2g-1) 

Total 
pore 

volume 
(cm3g-1) 

Micro pore 
volume 
(cm3g-1) 

Meso pore 
volume (cm3g-1) 

Pore diameter 
(nm) 

Calcined at 500 °C 

Undoped 
 

48.7 0.1084 0.00392 0.10445 7.9 

1 mol.%  Yb2O3 
 

92.6 0.1399 0.00258 0.13727 6.0 

2 mol.%   Yb2O3 
 

85.4 0.1371 0.00145 0.13564 6.4 

5 mol.%   Yb2O3 
 

102.2 0.1382 0.00216 0.13599 5.4 

10 mol.%   Yb2O3 
 

111.3 0.1327 0.00507 0.12767 4.8 

Calcined at 600 °C 
 

Undoped 
 

19.1 0.0478 0.00015 0.04765 10.0 

1 mol.%   Yb2O3 
 

36.6 0.0988 0.00894 0.08973 10.8 

2 mol.%   Yb2O3 
 

59.1 0.1395 0.00074 0.13876 9.4 

5 mol.%   Yb2O3 
 

68.5 0.1338 0.00035 0.13344 7.8 

10 mol.%   Yb2O3 
 

80.0 0.1258 0.00219 0.12363 6.3 

Calcined at 800 °C 
 

Undoped 
 

Very low     

1 mol.%   Yb2O3 
 

20.5 0.0393 0.00017 0.03911 7.7 

2 mol.%   Yb2O3 
 

23.5 0.0448 0.00138 0.04337 7.6 

5 mol.%   Yb2O3 
 

18.9 0.0275 0.00088 0.02659 5.8 

10 mol.%  Yb2O3 
 

20.9 0.1299 0.00089 0.12904 24.9 
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Figure 3.25. Adsorption isotherm and pore size distribution curve (inset) of (A) Pure 

titania (B) 1 mol% Yb2O3 doped TiO2  (C) 2 mol% Yb2O3 doped TiO2  (D) 5 mol% 

Yb2O3 doped TiO2 (E) 10 mol% Yb2O3 doped TiO2 , calcined at 500 °C 
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Figure 3.26. Adsorption isotherm and pore size distribution curve (inset) of (A) Pure 

titania (B) 1 mol% Yb2O3 doped TiO2  (C) 2 mol% Yb2O3 doped TiO2  (D) 5 mol% 

Yb2O3 doped TiO2 (E) 10 mol% Yb2O3 doped TiO2 , calcined at 600 °C 
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Ytterbium doped titania is also mesoporous in nature and has the Type IV adsorption 

isotherm (Figure 3.25 & 3.26). The pore size distribution obtained was narrow and falls 

in the mesoporous region as provided in the inset of Figure 3.25 & 3.26. The average 

pore diameter values indicate that all are lower than that of the undoped titania.   

The adsorption isotherm of undoped titania has a upward tailing at high relative 

pressure, an indication of a wide distribution of mesoporosity with some contribution of 

large pores beyond mesopore scale. In contrast, adsorption isotherm of gadolinium and 

ytterbium doped titania has a narrow pore size distribution without any contribution of 

large pores beyond mesopore scale (>50 nm).43 The hysteresis loop obtained is 

intermediate between H1 and H2 type, which also indicates that the gadolinium and 

ytterbium doped mesoporous titania has uniform cylindrical mesopores.43 

3.4.4     Transmission Electron Micrographs 

The TEM images of undoped, 10 mol% tantalum, 10 mol% gadolinium, 2 & 10 

mol% ytterbium doped titania samples presented in Figure 3.27 A, B, C, D and E 

respectively. Undoped titania has a crystallite size of 23 nm and 10 mol% tantalum doped 

titania has a crystallite size of 6 nm, 10 mol% gadolinium doped has a crystallite size of 4 

nm. In the case of 2 and 10 mol% Yb2O3 doped titania it is 8 and 7 nm respectively. From 

this observation it confirms that the doping of tantalum, gadolinium and ytterbium 

hinders the crystallite growth of titania.  

The HRTEM & selected area electron diffraction images (Figure 3.27 A1, B1, C1, 

D1 & E1) indicate that the undoped titania is more crystallised, with well defined electron 

diffraction pattern. 
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Figure 3.27. TEM, HRTEM & SAED images of pure and doped titania calcined at 600 

°C (A,A1) undoped titania (B,B1) 10 mol% tantala doped titania (C,C1) 10 mol% 

gadolinium doped titania (D,D1) 2 mol% ytterbium doped titania (E,E1) 10 mol% 

ytterbium doped titania 

However in doped samples electron diffraction patterns are diffused, which indicates the 

amorphous nature. It is well correlated with our observation that the dopant hinders the 

crystallisation of titania, subsequently hinder the anatase to rutile phase transformation. 

3.4.5     Diffuse Reflectance Spectrum 

The UV- Visible diffuse reflectance spectroscopy was used for observing the 

optical property of the pure, tantalum, gadolinium and ytterbium doped titania. The 

D D1

E E1
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results are given in Figure 3.28, 3.29 & 3.30. Segregated crystallite anatase phase was 

identified from the observed bands between 300-350 nm.44 

 

Figure 3.28. DRS spectrum of TiO2 samples calcined at 500 °C for 1 h (a) Pure TiO2, (b) 

1 mol% Ta2O5 doped TiO2, (c) 2 mol% Ta2O5 doped TiO2, (d) 5 mol% Ta2O5 doped 

TiO2, (e)  10 mol% Ta2O5 doped TiO2 

It was observed that upon increasing the concentration of the dopants the samples start 

absorption from lower wavelength region. UV-Visible absorption spectra show a blue 

shift in the absorbance onset value of the doped titania. Further we calculated the 

bandgap, which is presented in Table 3.4. The blue shift may be due to the quantum size 

effect of doped titania. Generally the quantum size effect is shown if crystallite size is 

below 10 nm. 45  
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Figure 3.29. DRS spectrum of TiO2 samples calcined at 500 °C for 1 h (a) Pure TiO2, (b) 

1 mol% Gd2O3 doped TiO2, (c) 2 mol% Gd2O3 doped TiO2, (d) 5 mol% Gd2O3 doped 

TiO2, (e)  10 mol% Gd2O3 doped TiO2 

 

Figure 3.30. DRS spectrum of TiO2 samples calcined at 500 °C for 1 h (a) Pure TiO2, (b) 

1 mol% Yb2O3 doped TiO2, (c) 2 mol% Yb2O3 doped TiO2, (d) 5 mol% Yb2O3 doped 

TiO2, (e)  10 mol% Yb2O3 doped TiO2 
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Table 3.4. Band gap of undoped and doped titania calcined at 500 °C 

 

The change in band width is related to the particle radius according to the equation 3.3.  

∆Eg = (ħ2Π2/2r2µ) - 1.8e2/rε     (3.3) 

Where r is the radius of the particle, ε is the dielectric constant of the materials and µ is 

the reduced mass of the excition calculated from 

µ-1 = me* + mh* 

where me* is the mass of the electron and  mh* is the mass of the hole . 

This equation relates the band gap shift to particle radius. This size effect is one of the 

reason for the blue shift in the case of doped titania.45 

3.4.6     Acidity determination using pyridine adsorption studies                

The acidity of undoped and doped titania was studied using pyridine adsorption 

technique.46 The FTIR pattern of pyridine adsorbed on undoped and doped titania are 

presented in Figure 3.31, 3.32 & 3.33. The bands at 1600-1630 cm-1 and 1460 cm-1 

correspond to the presence of Lewis acidic sites in the samples. A band at 1542 cm-1 

corresponds to the formation of pyridonium ion on protonic sites, ie Brφnsted acid sites.47  

 Band gap(eV) 

 Tantalum Gadolinium Ytterbium 

Undoped  3.211 3.211 3.211 

1 mol% doped  3.259 3.242 3.255 

2 mol% doped 3.27 3.262 3.289 

5 mol% doped 3.285 3.306 3.316 

10 mol% doped 3.395 3.331 3.344 
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Figure 3.31. Pyridine absorption studies on (a) Pure titania (b) 1 mol% Ta2O5 doped 

TiO2  (c) 2 mol% Ta2O5 doped TiO2  (d) 5 mol% Ta2O5 doped TiO2 (e) 10 mol% Ta2O5 

doped TiO2 , calcined at 600 °C  

 
Figure 3.32. Pyridine absorption studies on (a) Pure titania (b) 1 mol% Gd2O3 doped 

TiO2  (c) 2 mol% Gd2O3 doped TiO2  (d) 5 mol% Gd2O3 doped TiO2 (e) 10 mol% Gd2O3 

doped TiO2 , calcined at 600 °C  
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Figure 3.33. Pyridine adsorption studies on (a) Pure titania (b) 1 mol% Yb2O3 doped 

TiO2  (c) 2 mol% Yb2O3 doped TiO2  (d) 5 mol% Yb2O3 doped TiO2 (e) 10 mol% Yb2O3 

doped TiO2 , calcined at 600 °C  

Compare to the undoped titania, the intensity of peaks for doped ones is higher pointing 

out the presence of more acidic sites in doped samples. The increase in acidic sites can be 

correlated with increase in surface area of the doped samples. 

3.4.7     Brφwnsted Acidity using DMP adsorption technique 

Brφnsted acidity was measured by the thermodesorption studies of 2,6-

dimethylpyridine. Satsuma et al.48 reported that complete elimination of co-ordinately 

adsorbed 2,6-dimethylpyridine occurs above 300 °C. It has been also reported that 

complete removal of 2,6- dimethylpyridine occurs above 300 °C, which directly 

corresponds to the amount of  Brφnsted acid sites.49 In the present case the fraction of 

weight loss in the range 300- 600 °C was found out and was taken as the measure of 

Brφnsted acidity of the samples. The weight percentage and amount of 2, 6-dimethyl 
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pyridine desorbed in the pure and tantalum, gadolinium, ytterbium doped titania samples 

are shown in the Figures 3.34, 3.35 & 3.36.  

 
Figure 3.34. Amount of DMP adsorbed versus tantalum concentration in titania matrix 

 
 

Figure 3.35. Amount of DMP adsorbed versus gadolinium concentration in titania matrix 
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Figure 3.36. Amount of DMP adsorbed versus ytterbium concentration in titania matrix 

It was observed that all the tantalum doped systems show more Brφnsted acidic sites than 

the pure titania. Upto 5 mol% tantalum doping, there is an increase in Brφnsted acidity 

but in 10mol% tantalum doped titania, the Brφnsted acidity decreases. This may be due to 

the segregation of tantalum in the titania matrix at higher concentration. In the case of 

gadolinium doped titania, up to 2 mol% there is increase in the Brφnsted acidic sites. 

However there is a slight decrease after 2 mol% gadolinium doped which may be due to 

the segregation of dopant in the titania matrix. In ytterbium doped titania, maximum 

Brφwnsted acidity was obtained for 1 mol% doped sample and after that a slight decrease 

in acidity is observed. This also may be due to the segregation of dopant in the tiania 

matrix. 

3.4.8     Photoactivity studies 

The photocatalytic activity of the titania samples calcined at different temperature 

tested against methylene blue degradation is provided in Figure 3.37, 3.38 & 3.39. The 

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

A
m

ou
nt

 o
f D

M
P 

ad
so

rb
ed

 (1
0-4

 m
ol

 g
-1
)

Mol (%) Ytterbium in titania matrix  



Chapter III 

 97

increase in tantalum content increases the activity of titania as evident from the graph 

(Figure 3.37). There is a considerable shift in rate of photoactivity when concentration of 

tantalum is increased from 1 to 2 mol%. Further increase in photoactivity with increase in 

tantalum content is not that pronounced. In fact a slight decrease is observed for the 10 

mol% tantala doped titania. For comparison of activity a commercially available titania, 

Hombikat UV 100 was used. 2 mol% tantala doped sample gives titania with much better 

activity than commercially available Hombikat UV100 titania.  

Precursor gel calcined at 500 °C contained only anatase phase for all samples 

including undoped and tantala doped titania as confirmed from XRD analysis. Hence the 

ratio of anatase to rutile phase can be ruled out as an influencing factor for the 

photocatalytic activity for the 500 °C calcined tantala doped titania samples. The 

difference in surface area alone will not be able to account for the observed photoactivity. 

The 2 mol% tantala doped titania has a surface area of 92 m2g-1 and has activity two 

times than that of the 1 mol% tantalum doped titania which has a surface area of 78.8 

m2g-1. At the same time 10 mol% tantala doped titania has a surface area of 63 m2g-1 

which is less than that obtained for the 1 mol% tantala doped titania but has photoactivity 

close to that of 2 mol% tantala doped titania. When calcined at 600 °C for compositions 

below 2 mol% tantalum doping there is an increase in activity, but for samples with 2 

mol% tantala and above there is significant decrease in activity.  Even for the 1 and 2 

mol% tantala doped titania the surface area decreases but the photoactivity can be seen to 

increases. 

Table3.5. provides the samples tested in the decreasing order of their activity. 

Crystallite size, surface area and rutile fraction in the sample are all provided for clarity 
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of discussion. From the data it can be seen that the samples having either crystallite size 

below 9 nm or which contains a mixture of phases show higher activity. In the absence of 

rutile phase as in the case of 500 °C samples high activity is observed when crystallite 

size falls below 9 nm. But when rutile phase is present when the gels are calcined above 

500 °C, the activity is influenced by the composition of phases along with surface area. It 

can be seen that there is an increase in surface area along with the increase in activity and 

similarly a decrease in rutile percentage.  

Table 3.5. Tantala doped titania compositions with decreasing order of their 

photoactivity 

 

The decrease in crystallite size in the nano regime is associated with a blue shift in 

absorption edge 45, 50 and this has been found to aid photoactivity by decreasing the rate 

of recombination of hole electron pairs formed by photon irradiation. Mixture of rutile 

Sample Calcination 
Temperature, °C 

Crystallite 
Size, nm 

Surface 
Area, m2g-1 

Percentage 
Rutile 

5% Ta doped TiO2 500 8.5 87.9 0 

2% Ta doped TiO2 500 8.71 92.2 0 

10% Ta doped TiO2 500 7.15 63.2 0 

10% Ta doped TiO2 600 8.96 49 0 

2% Ta doped TiO2 600 11.66 67.1 17 

5% Ta doped TiO2 600 9.8 61.9 0 

1% Ta doped TiO2 600 15.4 45.1 26 

Pure TiO2 600 19.08 19.1 28.35 

1% Ta doped TiO2 500 11.35 78.8 0 

Pure TiO2 500 12.8 48.7 0 
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and anatase phase has been reported 51 to show better activity than phase pure anatase 

titania. But from this study it is clear that anatase phase in the nano regime is better than a 

mixture of anatase and rutile phases. Tantalum doping influences the photoactivity of 

pure titania through a synergistic contribution from a modified phase composition, 

surface area and crystallite size.    

 

Figure 3.37. Photocatalytic degradation profile of Tantalum doped and undoped titania  

The photocatalytic property of gadolimium doped titania calcined at 700 & 800 

°C was measured using methylene blue degradation studies (Figure 3.37). The doping 

increases the photocatalytic property of titania. The increase in gadolinium concentration 

increases the photoactivity upto 5 mol% but at still higher concentration of 10 mol%, the 

photoactivity gets decreased to a level less than that of 1 mol% gadolinium doped titania. 

However, excessive doping makes the space charge layer very narrow so that the 

penetration depth of light into TiO2 greatly exceeds the thickness of the space charge 

layer, resulting in easy recombination of electron-hole pairs and poor photoactivity.50, 52 
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This may be one of the reasons for the lower activity of 10 mol% gadolinium doped 

titania. 

 
Figure 3.38. Photocatalytic degradation profile of gadolinium doped and undoped titania  
 
 
 

 
Figure 3.39. Photocatalytic degradation profile of ytterbium doped and undoped titania  
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In ytterbium doped titania, the maximum photocatalytic efficiency is shown by 1 

mol% ytterbium doped titania at 700 and 800 °C. After 1mol% ytterbium the 

photoactivity decreases gradually. At 700 °C the 5 and 10 mol% show lower activity than 

the undoped titania. But at 800 °C all the doped compositions show higher activity than 

the pure titania but the same trend of increase in activity upto 1mol% doping and a 

decrease after observed. From this observation we can conclude that upto 1mol% 

ytterbium doping is enough for the photoactivity of titania. 

Among the dopants, the Ta5+ which has an ionic radius similar to Ti4+ and which 

also did not form any additional phase with titania is most effective in photo catalysis. 

While the most active tantalum doped composition has an efficiency of 80%, ytterbium 

and gadolinium compositions show a maximum efficiency of only 35%. Tantalum doped 

compositions have higher photo activity than the commercially available Hombikat UV 

100 titania. The gadolinium and ytterbium doped samples have more photoactivity 

compared to undoped titania calcined at 700 & 800 °C.  

3.5 Conclusions 

 The anatase to rutile phase transformation was effectively hindered by the 

presence of tantalum, gadolinium and ytterbium in the titania matrix. In undoped titania, 

the anatase to rutile transformation starts at 600 °C and completes at 800 °C. An 

enhanced anatase phase stability was achieved through the doping. In the case of 

tantalum doped titania the complete anatase to rutile phase transformation occurs at a 

temperature above 1000 °C while in the case of gadolinium and ytterbium doped titania, 

it is above 900 °C. The crystallite size also decreased in presence of dopant. TEM images 

show that undoped titania has a crystallite size of 23 nm at 600 °C, while 10 mol% 
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tantala, gadolinium and ytterbium doped titania have crystallite size of 6, 4, 7 nm 

respectively. One significant observation found is that when the crystallite size reaches a 

critical size between 12-20 nm, anatase to rutile phase transformation occurs. The 

specific surface area increased 2 to 3 times higher when compared to undoped titania at 

all the temperatures investigated. This indicates that the dopants effectively hinder the 

reduction in surface area by controlling the crystallite size and pore stability of the titania. 

The catalytic activity of the system was measured using pyridine adsorption studies and 

in all the doped samples the intensity of the adsorbed pyridine and pyridonium ions 

increase, which means the acidity increases in the doped system compared to the undoped 

titania. Brφnsted acidity measurement using the DMP adsorption shows that the 

Brφwnsted acidity of tantala doped titania increases upto 5 mol% and then slightly 

decreases. In gadolinium doped titania, it increases upto 2 mol% and then a slight 

decrease in acidity was observed. In ytterbium doped system, the maximum Brφwnsted 

acitiy is shown by 1mol% ytterbium doped titania and decreases after 1 mol% doping. 

Tantalum doping is found to increase the photocatalytic activity of titania and doping of 

tantala above 1 mol% and calcination at 500 °C results in titania photocatalysts with 

better activity than commercially available Hombikat UV100 titania. In case of 

gadolinium doped titania, upto 5 mol% doping the photoactivity increases and then 

decreases. In ytterbium doped titania photoactivity increases upto 1 mol% doping. At 

higher concentration of ytterbium doping photoactivity decreases. 
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Chapter 4: Development of Functional Coatings on Porous  
  Alumina and Glass Substrate 

 

4.1     Development of Ultra Filtration Membrane on Porous Alumina  
   Substrate 

4.1.1     Abstract 

Ceramic membranes are of interest because of their higher chemical, thermal and 

mechanical stability than all other membrane materials. These membranes allow filtration 

under extreme conditions, like high temperature and extreme pH. In this chapter the 

fabrication of alumina-titania multilayer ceramic membrane layers on porous alumina 

support is described. The coating precursor is made from boehmite and titania sols, which 

is prepared through aqueous sol-gel route. Different compositions of coating solutions are 

prepared using boehmite and titania sols with hydroxyethyl cellulose (HEC) as binder. 

The various coating compositions prepared were characterised by viscosity 

measurements, TGA and DTA. Unsupported membranes were first prepared to check 

crack free drying and to study the porosity features of the membranes. The compositions 

corresponding to crack-free and thin membranes were chosen for coating on porous 

alumina substrates. Thus the one containing 1.5% HEC and 0.4% boehmite was coated as 

an intermediate layer. The top layer was formed with the composition containing 1%HEC 

and 0.2% titania. The membranes were characterised by XRD, FTIR and surface area 

measurements. The morphological features of coated layer were studied using scanning 

electron microscope. The filtration property of the membrane has been examined by 

cross-flow filtration method using a colouring agent such as congo red which is a red 

coloured dye. About 99.3% rejection of congo red was observed. 



Chapter IV 

 107

4.1.2     Introduction 

Ceramic membranes are a class of engineering ceramic systems having great 

potential for application in the field of water desalination, ultrafiltration and separation of 

gas mixtures. They are also projected as potential candidates for catalytically active and 

carrier membranes. Ceramic membranes are thin (few nanometers to few micrometres 

thick) planar structures formed, either as supported or as unsupported configuration by 

the regular packing of fine ceramic particles (2 to 1 nm) or inorganic polymer clusters. 

The first ever application of ceramic membranes dates back to the 1940’s, after the 

second World war. They were used for the enrichment of U235.In that process, U235F6 was 

separated from a mixture of U238F6 and U235F6 using a supported membrane in a tubular 

configuration. Commonly used materials for making ceramic membranes are Al2O3, 

TiO2, SiO2, ZrO2 or a combinations of these materials. Aluminium, titanium and 

zirconium are considered as the three most common porous membrane materials. There 

are also reports on oxide membranes with minor amounts of dopants to improve the 

thermal and chemical stability.1 Doping and surface modification can also improve the 

catalytic performance of the membranes.2 There are many reports for the preparation of 

membranes employing solid state-particle-sintering,3,4  sol-gel,5, 6 anodic oxidation,7,8,9 

chemical vapour deposition 10,11,12 phase separation and leaching 13and the reverse 

micelle method.14, 15 Out of these methods, solid state-particle-sintering and sol-gel 

process are considered to be the practical methods. Usually ceramic microfiltration 

membranes are prepared by solid state-particle-sintering method in which the membranes 

are fabricated with particles by coating the support and then sintering to form a 

membrane skin which is chemically attached to the support. Pore size obtained by this 
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method varies from 0.1 to 1µm and the porosity of the ceramic membranes is in the range 

of 30-50%. Ceramic ultra filtration membranes are generally prepared by the sol-gel 

methods. By sol-gel method, the mean membrane pore size mainly assembles between 2 

and 20 nm.16 The sol-gel process involves the hydrolysis and condensation of various 

metal alkoxide molecules under controlled conditions to form metal-oxygen-metal 

bridging units.17, 18 Microporous alumina membranes are used for separation of microbes 

from drinking water, concentration of fruit juices in food industry and filtration of 

beverages for their clarification and sterilization. They also find application as substrate 

for nanofiltration, ultrafiltration and reverse osmosis membranes.19-23 

4.1.2.1     Structural features of supported ceramic membranes 

Supported ceramic membranes consist of a macroporous support which is a few 

millimeters thick (Figure 4.1.1) with an average pore diameter of 1 to 15µm and with a 

porous intermediate layer of 10 to 100µm thick. The average pore diameter of the porous 

intermediate layer is 100-1500 nm. The third top layer, which is the functional membrane 

layer, usually has a thickness of 0.1 to 10µm with an average pore diameter in the range 

of 1-100 nm (Table 4.1.1).24 
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Figure 4.1.1 (A) SEM photo and (B) a schematic representation of an asymmetric 

composite membrane (C) Cross sectional view of porous membrane support tube 

 

Table 4.1.1 Properties of membrane layers 

 

 

A

B 

C

 

Layer Thickness Average pore diameter 

α-Al2O3-support - 1.4µm 

α-Al2O3 -MF 20-25 µm 0.18µm 

Coarse ZrO2-UF 10 µm 60 nm 

Coarse  TiO2-UF 10 µm 50 nm 

Fine ZrO2-UF 100-200 nm 2-3 nm 

Fine TiO2-UF 500 nm 10 nm 

ZrO2-NF <50 nm 1-2 nm 

TiO2-NF <50 nm 1-2nm 
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4.1.2.2     Formation steps of ceramic membranes  

The important step in the preparation of sol-gel derived ceramic membranes is the 

preparation of a stable colloidal sol. The size and nature of the agglomerates in the sol is 

very important because they affect the ease of formation and the final nano structure of 

the membranes. The exact role of the agglomerates is that they influence the top-layer 

growth kinetics. In fact, the agglomerates must be weak and below a certain size in order 

to give small pores and a narrow pore size distribution.25 In general, a colloidal sol yields 

a membrane with pore size in the mesopore range while inorganic polymer solutions 

yield microporous membranes.  

The next step is to apply the sol / solution (dip solution) on a porous support by 

bringing one side of the support (in the case of flat plate supports) in contact with the dip-

solution. An alcogel or a hydrogel layer will be formed on the support and the layer 

formation mechanism can be film coating or a combination of slip-casting and film 

coating.26 The film coating process depends on the viscosity of the dip-solution and the 

pulling speed of the support from the dip-solution. On the other hand, the slip-casting 

process depends on the pore characteristics of the support as well as on the viscosity and 

the surface tension of the dip-solution. After forming an alcogel or a hydrogel layer, the 

membrane-support system is dried at controlled temperature and relative humidity.  

The dipping stage is absent in the preparation of unsupported membranes. They are 

formed simply by pouring the dip-solution into a glass or a polyethylene petri dish and 

dried directly to get the xerogel. Drying is one of the most important steps in the 

preparation of ceramic membranes. During drying, large stresses develop due to the 
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capillary tension of the pore fluid and these stresses are not relaxed by shrinkage because 

of the presence of rigid support.   

 
Figure 4.1.2. Flow chart illustrating the formation of ceramic membranes using sol-gel 

process. 

The stress field in the top-layer can become inhomogeneous around hard agglomerates. 

This makes the membrane top-layer to crack and peel off from the support. Drying 

Dipping: Layer formation by 
bringing one side of the support in 

contact with the ‘Dip-Solution’ 

Synthesis of Sol 

 
Preparation of the Dip-Solution 

(Sol+ Additives) 

Porous support is 
prepared by dry pressing 
and calcination. Surface 

was polished and cleaned 

For making unsupported 
membranes the ‘Dip-

Solution’ is poured into a 
glass/Plastic ‘Petri dish’ 

Drying at 40 to 60 °C and Relative Humidity 
40 to 60% followed by calcination at 450-900°C 
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stresses also have a positive role in membrane formation. The stresses cause weak 

aggregates to break down and may help in further rearrangement and ordering of the 

primary particles.27 The final nano structure of the membrane is believed to be 

established at this stage. There exists a maximum and minimum allowable thickness 

which should not be surpassed if defect (crack) free membranes have to be obtained. The 

actual thickness limit depends on the membrane material.28 The last step is calcination, 

which gives the mechanical integrity to the membrane-support system. During 

calcination, physically adsorbed water, hydroxyls, residual organics and nitrates will 

escape below 450 oC. Flow chart for the preparation of membrane using sol-gel method is 

presented in Figure 4.1.2. 

4.1.2.3     Filtration technology 

Filtration technology using membranes has a wide range of applications. So far, 

organic filters commonly have been used, although these filters have relatively low 

temperature limitations (typically <200oC) and lack chemical stability. As a new kind of 

membrane, ceramic filters have a potential capability for replacing organic filters for 

some applications; because of their superior high temperature (>1000oC) and chemical 

stability. Ceramic filters are expected to be used in applications such as microfiltration 

(100 nm < pore size < 10 µm), ultrafiltration (pore size<100 nm), filtration of molten 

metal, gas separation at high temperature and particle removal from exhaust gas from 

diesel engines (Figure 4.1.3).29 Filtration performance of various type of membranes are 

given in Table 4.1.2. 
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Figure 4.1.3. Diagramatic representation of classification of various types of membranes 

 

Table 4. 1. 2. Filtration performance of various types of membranes 

 

For membranes used for liquid phase separation, the driving force is mechanical pressure 

difference, and they are categorized into microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO), depending on their pore sizes (Figure 

 

 

 Microfiltration Virus   
Filtration
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Performance
Filtration 

Ultrafiltration Nanofiltration/
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osmosis 

Components 
retained 
by   
membrane 

Intact  cells 
Cell  debris 

Viruses Proteins Proteins Antibiotics 
Sugars 
Salts 

Membrane 

Components 
passed 
through 
membrane 

Colloidal  
material 
Viruses 
Proteins 
Salts 

Proteins 
Salts 

Proteins 
Salts 

Small peptides 
Salts 

Salts 
Water 

Approximate 
membrane 
cutoff 
range 
 

0.05µm-1µm 100kD-
0.05µm 

10kD-300kD 1kD-1000kD <1kD 
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4.1.3). Microfiltration membranes have pore sizes between 100 and 1000 nm and UF and 

NF are classified at the pore size less than 100 nm. RO membranes have smaller pore size 

than 1 nm. According to conventional definition and for the convenience of membrane 

users, molecular weight cut-offs (MWCO) which are based on permeation performance 

are also often used. NF membranes are categorized to have MWCO between 200 and 

1000.30, 31 Filtration performance of various types of membranes were given in Table 

4.1.2. 

4.1.2.4     Applications of ceramic membranes 

Initially ceramic membranes were used in waste water technology. Meanwhile, 

successful solutions and possible applications cover all industries. 

 Chemical industry 

(a ) Product separation and cleaning (b)Concentration of polymer suspensions and 

metal hydroxide solutions (c) Separation of catalysts (d) Recovery of dyes and 

pigments (e) Desalination of products (f) Cleaning and recycling of organic solvents 

(g) Metal industry / Surface engineering (h) Recycling and disposal of degreasing and 

rinsing baths (i) Treatment of oil / water emulsions (j) Recovery of heavy metals (k) 

Cleaning of waste water from grinding processes (l) Treatment of waste water from 

glass and glass fibre production 

 Biotechnology  

(a)Concentration, fractionation, isolation and sterilization of antibiotics, enzymes, 

proteins, amino acids and vitamins (b) Separation, concentration and dewatering of 

biomass and algae (c) Disposal of fat emulsions (d) Separation of yeast 
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 Food and beverages 

(a) Clarification of juice and beer ( b) Concentration of juice (c)Sterilization of milk 

and whey (d) Separation and fractionation of milk and whey ingredients (e) 

Desalination of whey (f) Dewatering of products (g) Purification of drinking water 

 Recycling and environment 

(a) COD / BOD reduction (b) Oil / water separation (c) Recovery of pharmaceuticals 

and pesticides (d) Retention of microorganism (e) Retention of heavy metals and 

radioactive substances (f) Recycling of water from swimming pools (g) Purification 

of the drain of sewage plants. 

4.1.2.5     Benefits of ceramic membranes 

(a ) Long and reliable lifetime (b) High resistance to temperature and pressure (c) 

High stability to organic media (d) Rigidity with no creep or deformation (e) Stablity 

over a wide pH range (f) Corrosion and abrasion resistance (g) Insensitivity to bacterial 

action (h) Can be repeatedly sterilized by steam or chemicals (i) Ability to be 

backwashed (j) Consistent pore size (k) Can process highly viscous fluid (l) Possibility of 

regeneration after fouling (m) Membranes are bonded to substrate by strong ceramic 

bonds. 

4.1.2.6     Disadvantages of ceramic membranes 

(a) Brittle and poor geometrical stability  (b) Needs to be in the supported 

configuration (c) High installation and maintenance costs (d) Sealing is very difficult for 

high temperature application. 

Ceramic membranes have a wide variety of applications in chemical industries, 

food and beverage industries, biotechnology, water purification and recycling etc. The 
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general mode of adapting ceramic membranes to the different application domains, in 

particular for liquid filtration, has been to superpose successive porous layers starting 

from a macroporous support. In order to minimize flow resistance, non interpenetrated 

layers are superposed with decreasing pore sizes and thicknesses. The resulting multi-

layered ceramic structures must be regarded as advanced ceramic materials with unique 

fluid processing performance. Research is actively done in this area of development of 

membrane with desired pore structures. Normally all the sol-gel membrane formation 

starts with alkoxide precursors. To the best of our knowledge there is no report on the 

preparation of multilayered membrane through an aqueous sol-gel method. The objective 

of the present work is the development of an aqueous sol-gel method for the preparation 

of mesoporous membrane layer on the surface of porous alumina substrate for ultra 

filtration applications. 

4.1.3     Experimental 

Al(NO3)3.9H2O, ( sd. Fine Chemicals, India Ltd ) 125 g was dissolved in 1 litre 

water. The solution was heated to 90 °C. Keeping the temperature constant at 90 oC, 

ammonium hydroxide solution was added drop wise. Addition was continued till the 

precipitation was complete at pH 8. The precipitate was filtered while solution was hot 

and washed with distilled water till it becomes free from nitrates. The precipitate was 

aged for 24h. It was peptised to a stable sol by the addition of 10% HNO3 at a pH of 3.5. 

The particle size of the sol was measured using Malvern Zetasizer 3000 HS (U.K) 

particle size analyzer. Alumina coating solutions of different compositions were prepared 

using boehmite sol with hydroxylethyl cellulose (HEC) as the binder. The calculated 

amount of hydroxyethyl cellulose was dissolved in water and added into the boehmite 
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sol. The resultant solution was homogenized by stirring for half an hour by gentle 

warming followed by centrifugation. The different wt% of boehmite and hydroxy ethyl 

cellulose are provided in Table 4.1.3. The viscosities of the above compositions were 

measured to study the variation of viscosity with shear rate using a Viscorheometer 

(Rheo Labmc1, Physica, Anton Paar, Germany) 

Table 4.1.3. Alumina coating solutions of different compositions were prepared using 

boehmite sol with hydroxyl ethyl cellulose 

 

 

Percentage composition 

of HEC 

Percentage composition 

of Boehmite 

1 0.1 

1 0.2 

1 0.3 

1 0.4 

1 0.5 

1.5 0.1 

1.5 0.2 

1.5 0.3 

1.5 0.4 

1.5 0.5 

2 0.1 

2 0.2 

2 0.3 

2 0.4 

2 0.5 

2.5 0.1 

2.5 0.2 

2.5 0.3 

2.5 0.4 

2.5 0.5 
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Titanyl oxysulphate (TiOSO4, Aldrich Chemicals, 99.99% purity) was used as 

precursor for the synthesis of titania sol. In a typical experiment, titanyl oxysulphate was 

dissolved in 500 ml of distilled water (0.2 M) and hydrolysed by slow addition of 

ammonium hydroxide (10%, sd. Fine Chemicals, India Ltd) solution under constant 

stirring at room temperature (32 0C), until the reaction mixture attained pH 8.5. The 

precipitate obtained was separated by filtration and was washed free of sulphate ions 

(confirmed by the BaCl2 test) with distilled water. The precipitate was further dispersed 

in 1000 ml of hot distilled water and peptised by addition of 10% HNO3 (Merck, India 

Ltd) solution. A stable sol was obtained at a pH range of 1.7 to 2.2. Different 

compositions of coating solutions were prepared by mixing titania sol with hydroxyethyl 

cellulose dissolved in water (HEC). The compositions were stirred for half an hour and 

then centrifuged. The compositions prepared were given in Table 4.1.4. 

Various compositions of coating solutions prepared from boehmite and titania 

sols were used for making unsupported membranes. Particle size distribution of the sol 

was analyzed by Malvern Zetasizer 3000 HS particle size analyzer. 20 ml of the different 

compositions were poured into separate clean plastic petri dishes and were dried in a 

humidity chamber at 50 oC and at 60% relative humidity for 24h followed by drying at 70 

oC. The composition which gave crack free membrane of desired viscosity was chosen 

for coating purpose. The porous alumina tubes were cleaned well by boiling several times 

in distilled water and were subsequently dried. Then the tube to be coated was held in the 

vertical direction with the help of a support stand. A glass tube was attached to the upper 

end of the porous alumina tube. The lower end of alumina tube was connected to a glass 

column. The column was lowered beyond the position of the tube and the coating 
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solution prepared from boehmite sol and hydroxyethyl cellulose of suitable composition 

and which showed crack-free behaviour when tested as unsupported membrane was 

introduced into the column. 

 

Table 4.1.4. Titania coating solutions of different compositions prepared using boehmite 

sol with hydroxylethyl cellulose 

 
The column containing the coating solution was slowly raised so that the solution rises 

through the porous alumina tube until it reaches the glass tube attached to the upper 

portion of the alumina tube. The column was then lowered slowly at a speed of 20 cm per 

min. so that the level of coating solution also slowly lowered. The coated tubes were 

dried in a humidity chamber at 50 oC and 60% relative humidity for 24h and then dried at 

70 oC. The dried coated tubes were calcined at 800 °C for 5h at a heating rate of 1 °C per 

Percentage composition

of HEC 

Percentage composition

of Titania 

1 0.1 

1 0.2 

1 0.3 

1 0.4 

1 0.5 

1.5 0.1 

1.5 0.2 

1.5 0.3 

1.5 0.4 

1.5 0.5 

2 0.1 

2 0.2 

2 0.3 
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minute followed by atmospheric cooling. Thus an intermediate layer was formed in the 

alumina tubes. 

The top layer was coated in the tubes with the coating solution made from titania sol and 

hydroxyethyl cellulose. The coating procedure was exactly the same as for coating of 

intermediate layer. A schematic diagram of coating unit is given in Figure 4.1.4. 

 

Figure 4.1.4. Schematic diagram of the coating process for the membrane on the inner 

surface of the tubular support (1) coating solution tank; (2) soft tube; (3) valve; (4) 

tubular membrane; (5) glass tube 

The coated tubes were dried in a humidity chamber at 50 oC and 60% relative humidity 

for 24h followed by drying at 70 oC. The dried coated tubes were calcined at 500 °C for 

3h at a heating rate of 1 °C per min. followed by atmospheric cooling. The TGA and 

DTA analysis was carried out in the dried coating solutions at a heating rate of 10 °C 

min-1
 using a Thermogravimetric analyzer (Shimadzu, TGA 50H, Japan) and Differential 

thermal analyzer (Shimadzu, DTA 50H, Japan). The surface area measurements and pore 

analysis were carried out by nitrogen adsorption using Micromeritics Gemini 2375 
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surface area analyser after degassing each sample at 200 °C for 2 h. XRD patterns of the 

calcined gels were taken in a Philips X’ pert X-ray diffractometer in the diffraction angle 

2θ range 10-80° using Cu Kα radiation. The morphology of membrane layer was 

observed by a Scanning Electron Microscope (SEM JEOL JSM-6700F). Ultrafiltration 

studies were carried out with Congo red (Mw 696.66 g/mol), a red coloured dye, using 

indigenously developed flux measurement set up and the photograph of the unit is 

presented in Figure 4.1.5. The equipment consists of support-holding chamber, a dosing 

pump, water reservoir, inlet and outlet flow meter, pressure gauge and an open end for 

collecting the filtrate. Two alumina porous tube supports of dimensions 17 cm length and 

8.5 mm diameter can be fixed in the support chamber. The schematic arrangement of the 

flow stream is presented in Figure 4.1.6.                                

 

 

Figure 4.1.5. Photograph of the filtration set up 
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Figure 4.1.6. Schematic representation of filtration setup 

The feed is pumped by a positive displacement pump (reciprocating) from a sump 

through the inlet to the substrate and the retenate was allowed to go back to the sump in a 

closed loop manner. A controller is provided at inlet line to control the line pressure and 

flow rate. The filtrate is collected down in a measuring cylinder over definite time 

interval. The flux is calculated at different time intervals and a plot was made against 

time vs. flux. By knowing the concentrations of the feed and the filtrate, the percentage of 

rejection by the membrane is calculated.    
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4.1.4     Results and discussions 

4.1.4.1     Particle size measurements 

Figure 4.1.7 (a) and (b) shows the particle size distribution of boehmite and titania 

sol prepared through an aqueous sol-gel method. Boehmite sol shows unimodal particle 

size distribution have an average size of 165 nm and titania sol also shows unimodal 

particle size distribution having an average size of 27 nm. This sol is further used for the 

preparation of alumina and titania membrane. 

 
 
Figure 4.1.7. Particle  size  distribution  curves  of  ( a )  boehmite  sol  and  ( b )  titania  

sol. 

4.1.4.2     Viscosity measurements 

The viscosity curves of the different coating compositions prepared using 

boehmite sol and hydroxyethyl cellulose (HEC) are shown in Figure 4.1.8 a, b, c & d. It 

is seen that viscosities of all compositions vary with different shear rate. There is a 

sudden increase in viscosity upto a particular shear rate and after that it shows a gradual 

decrease. The increase in viscosity corresponds to the gelation of sol particles with 
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hydroxyethyl cellulose. The decrease in viscosity is due to the collapse of gel structure 

with a further increase in shear rate. 

 

 
Figure 4.1.8. a, b, c & d. Viscosity curves of various coating compositions prepared with 

boehmite sol and hydroxyethyl cellulose (HEC).  

 

The viscosity curves of titania and hydroxy ethyl cellulose are given in Figure 4.1.9a, b & 

c. The viscosities of all compositions except 1% HEC + 0.1% Titania, 1% HEC + 0.5% 

Titania and 1.5% HEC + 0.1% Titania are initially high due to the fact that the suspension 
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structure is close to equilibrium. Hence the movement of the particles dominates over the 

viscous force (first Newtonian region).32 

Figure 4.1.9. a, b & c. Viscosity curves of various coating compositions prepared with 

titania sol and hydroxyethyl cellulose (HEC) 

At high shear rates, the viscous forces affect the suspension structure and shear thinning 

occurs due to progressive breakdown of particulate network or agglomerates (floc). At 

very high shear rates, viscous forces dominate and normally a plateau in viscosity is 

observed (second Newtonian region) 32 indicating completely hydrodynamically (arising 

from the shear field) controlled structure.33 The remaining three compositions show a 

small increase in viscosity upto a particular shear rate due to gel formation with 
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hydroxyethyl cellulose (HEC) and a small decrease in viscosity is observed due to 

collapse of gel structure with further application of shear rate.   

4.1.4.3     Analysis of unsupported membrane 

The photographs of the unsupported membranes prepared using different coating 

compositions of alumina (boehmite) sol and hydroxyethyl cellulose (HEC) are shown in 

Figure 4.1.10.  

 

Figure 4.1.10. (I) 1% HEC (II) 1.5%HEC (III) 2%HEC (IV) 2.5% HEC (a) 0.1% 

Boehmite, b) 0.2% Boehmite, c) 0.3% Boehmite, d) 0.4% Boehmite, e) 0.5% Boehmite. 
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The cracking behaviour of the unsupported alumina membranes was studied. The 

unsupported membrane contains 1% HEC + 0.4% boehmite, 1.5% HEC+ 0.3% boehmite 

and 1%HEC+ 0.5% boehmite cracked during drying. Upon considering the viscosity of 

the coating composition, thickness and crack free formation of unsupported membrane, 

we adopted a composition 1.5% HEC + 0.4% boehmite which could easily give a crack 

free alumina membrane intermediate layer on porous ceramic substrate.  

The photographs of unsupported membranes prepared with different coating 

compositions of titania sol and hydroxyethyl cellulose (HEC) are shown below in Figure 

4.1.11. The cracking behaviour of the unsupported titania membranes was studied. The 

unsupported membrane containing 1% HEC + 0.3% titania, 1% HEC + 0.4% titania, 1% 

HEC + 0.5% titania and 1.5% HEC + 0.5% titania cracked during drying.  

 

Figure 4.1.11. (I) 1% HEC (II)1.5% HEC (III) 2% HEC a) 0.1% Titania, b) 0.2% 

Titania, c) 0.3% Titania, d) 0.4% Titania, e) 0.5% Titania. 
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Upon considering the viscosity of the coating composition, thickness and crack free 

formation of unsupported titania membrane, we adopted a composition (1% HEC + 0.2% 

titania) which could easily give a crack free titania membrane top layer on porous 

ceramic substrate. 

4.1.4.4     Thermo gravimetric and Differential thermal analysis 

Figure 4.1.12 a & b shows the Thermo Gravimetric and Differential Thermal 

analysis profiles of the unsupported alumina membrane (1.5% HEC + 0.4%Boehmite) 

dried at 50 °C and at 60% relative humidity for 24h. 

 

Figure 4.1.12. TGA and DTA curves of 1.5% HEC- 0.4% Boehmite composition. 

In the TGA curve (4.1.12a), the percentage of weight loss is 21.87% up to 190 °C due to 

the elimination of physically adsorbed water. A weight loss of 5.59% is observed in 

between 191 to 240 °C, which is attributed to due to the loss of nitrate. Similarly a weight 

loss of 51.57% is observed in between 241 to 540 °C resulting from the decomposition of 

hydroxyethyl cellulose (HEC) and removal of structurally adsorbed water. Beyond 540 

°C, there is no obvious weight loss in the TGA curve. 
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In the DTA curve (4.1.12b) an endothermic peak at 106 °C corresponds to the 

elimination of physically adsorbed water. The exothermic peak at 205 °C is due to the 

loss of nitrate. The exothermic peak at 370 °C corresponds to the decomposition of 

hydroxyethyl cellulose (HEC). 

Figure 4.1.13 shows the TGA and DTA curves of the unsupported titania membrane (1% 

HEC + 0.2% Titania) dried at 50 °C and at 60% relative humidity for 24 h.  

 

Figure 4.1.13. TGA and DTA curves of 1% HEC-0.2% Titania composition. 

In the TGA curve (4.1.13 a), percentage of weight loss is 17% up to 185 °C, 

which is the results of elimination of physically adsorbed water. The percentage weight 

loss between 186 to 220 °C is 1.22% which is due to the loss of nitrate. The percentage 

weight loss from 221 °C to 500 °C is 43% due to consequence of decomposition of 

hydroxyethyl cellulose (HEC) and removal of chemically coordinated water. There is no 

major weight loss observed after 500 °C. In the DTA curve (4.1.13b), endothermic peak 

centered around 100 °C is the result of removal of physically adsorbed water. The 
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exothermic peak at 190 °C corresponds to the loss of nitrate. The exothermic peak at 320 

°C results from the decomposition of hydroxyethyl cellulose (HEC). 

4.1.4.5     X-ray diffraction analysis 

Powder X-ray diffraction pattern of unsupported alumina membrane (1.5% HEC 

+ 0.4% Boehmite) calcined at 800 °C for 5 h is shown in Figure 4.1.14(a). The peaks 

correspond to the γ- alumina formed on calcination. The XRD pattern is not sharp due to 

the spinel structure of γ- alumina formed.34 

 
Figure 4.1.14. XRD pattern of (a) unsupported alumina membrane calcined at 800 °C for 

5 h (b) unsupported titania membrane calcined at 500 °C for 3 h (A) anatase (γ) alumina . 

The XRD pattern of unsupported titania membrane (1% HEC + 0.2% Titania) calcined at 

500 °C for 3h is shown in Figure 4.1.14 (b). The broad peak at 2θ value 25.3° is the 

characteristic (101) plane peak of nanocrystalline anatase titania. From these 

observations, we can conclude that a γ- alumina intermediate layer and a nanocrystalline 
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titania top layer were formed in the porous alumina support during the fabrication of 

membrane layer. 

4.1.4.6     Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of unsupported alumina membrane (1.5% HEC + 0.4% 

Boehmite) calcined at 800 °C for 5h (Figure 4.1.15.a) and unsupported titania membrane 

(1% HEC + 0.2% Titania) calcined at 500 °C for 3h (Figure 4.1..15b) is shown in Figure 

4.1.15. 

 
Figure 4.1.15. FTIR Spectrum of (a) unsupported alumina membrane calcined at 800 °C 

for 5 h and (b) unsupported titania membrane calcined at 500 °C for 3 h. 

In the FTIR spectrum of unsupported alumina membrane calcined at 800 °C (Figure 

4.1.15 a) the band at 3443 cm-1 corresponds to the stretching vibration of O-H bond that 

results from co-ordinated water on the alumina surface. The bands at 1646 cm-1 is due to 

the bending vibration of O-H bond, which is related to absorbed water. The strong broad 

band between 500 and 750 cm-1 and centered at 579 cm-1is due to the vibrations of AlO6 

(ν AlO6). The strong broad band between 900 and 750 cm-1 and centered at 791 cm-1is 
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assigned to the νAlO4 vibrations.35 From this observation, it is concluded that both 

octahedral and tetrahedral alumina species are present in the system. 

The FTIR spectrum of titania 4.1.15 (b) shows bands at 3450 cm-1 and 1626 cm-1 which 

corresponds to the stretching and bending vibrations of hydroxyl group. The band below 

1000 cm-1 is due to the stretching vibrations of Ti-O-Ti network.36 

4.1.4.7     BET Surface area analysis                                       

The adsorption isotherm and pore size distribution curve of unsupported alumina 

membrane calcined at  800 °C for 5h are shown in  Figure 4.1.16 (a) and (b) respectively. 

The adsorption isotherm is of type IV which is characteristic of mesoporous material. The 

pore size distribution curve is bimodal, one is below 6 nm (60 angstrom) and other one is 

below 40 nm (400 angstrom). An average pore diameter of 10.5 nm is obtained.                                              

 
Figure 4.1.16. (a) Adsorption isotherm and (b) Pore size distribution curve (inset) of 

unsupported alumina membrane calcined at 800 °C for 5 h. 
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The adsorption isotherm and pore size distribution curve of unsupported titania 

membrane calcined at 500 °C for 3h are shown in  Figure 4.1.17 (a) and (b) respectively. 

The adsorption isotherm is of type IV which is characteristic of mesoporous material. The 

pore size distribution curve is bimodal, one is below 4 nm (40 angstrom) and other one is 

below 30 nm (300 angstrom). An average pore diameter of 13 nm is obtained. 

 
Figure 4.1.17. (a) Adsorption isotherm and (b) Pore size distribution curve (inset) of 

unsupported titania membrane calcined at 500 °C for 3 h. 

Table 4.1.5. Surface area results of unsupported alumina membrane calcined at 800 °C 

for 5 h & unsupported titania membrane calcined at 500 °C for 3 h. 
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 BET Surface 
Area (m2g -1) 

Total Pore 
Volume 

( cm3 g-1 ) 

Average Pore 
Diameter 

( nm) 
Unsupported  alumina membrane 

calcined at 800 °C for 5h 

108.3 0.2848 10.5 

Unsupported  titania membrane 

calcined at 500 °C for  3h 

76.7 0.2498 13.0 
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The surface area results are given in Table 4.1.5. From these observations it is concluded 

that a mesoporous alumina and titania multi layer membrane are successfully formed on 

the porous alumina support. 

4.1.4.8     Scanning Electron Microscopy (SEM) 

The morphological features of uncoated and coated substrates can be studied by 

Scanning Electron Microscopy (SEM). The SEM pictures of uncoated and alumina 

coated alumina substrates are shown in Figures 4.1.18 (a) and (b). The fracture of the 

alumina coated substrate is provided in Figure 4.1.18(c).  

 
 
Figure 4.1.18. SEM images of (a) porous alumina surface (uncoated) (b) alumina coated 

surface (c) fracture of the coated porous alumina substrate. 

The integrity of the membrane layer and its incorporation with the porous Al2O3 substrate 

are crucial factors in the fabrication of defect-free membrane since even few cracks, pin-
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holes or breakage of weak joints can cause failure of the separation efficiency. Examining 

the SEM images (plain view) of membrane layer shown in Fig. 4.1.18b we observe that 

this method is successful to fabricate membrane layer with good integrity and without 

significant cracks or pin-holes. 

From the SEM images, it is observed that a uniform coating layer was formed on the 

surface of porous alumina substrate. From the fracture micrograph a coating layer of 

thickness approximately ~1-2 µm is formed on porous alumina substrate. The second 

layer of titania composition having a particle size of 27 nm was formed over the alumina 

layer and the total thickness of the layer became ~4-5 µm. This was further used for the 

ultra filtration application. The scanning electron micrographs of the alumina-titania 

multilayer coating is given in Figure 4.1.19 a, b & c 

 
 

Figure 4.1.19. SEM images of (a) (b) & (c) fracture of the Alumina –titania multi layer 

coated porous alumina substrate. 

a b 

c 
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4.1.4.9     Filtration studies 

  The multi-layered membrane fabricated with alumina as intermediate layer and 

titania as top layer was used for cross-flow filtration studies. Congo red (696.66 g/mol), a 

red coloured dye, was dissolved in water (200 mg / l) and used as the colouring agent in 

the feed. The molecular structure of the Congo red dye is given in Figure 4.1.20. The 

filtration was performed for 10h and the flux was measured at 15 minute intervals. An 

average flux rate of 40 l/m2.h.b is obtained. The permeation flux versus time curve is 

given in Figure 4.1.21. This flux rate is comparable to the flux rate observed in other ultra 

filtration membranes.37 

 

Figure 4.1.20. Molecular structure of Congo red 

The filtrate collected after 10h of filtration was analyzed by UV-Visible spectroscopy for 

determining rejection rate of membrane in the case of Congo red. A standard plot 

showing concentration Vs. absorbance of the standard samples is shown in Figure 4.1.22. 

The absorbance of the filtrate was compared with the standard curve. An absorbance 

value of 0.061 was observed and from the standard plot, concentration of Congo red in 

the filtrate was found to be 1.2743 mg / l.  
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Figure 4.1.21. Permeation flux of alumina-titania multilayer membrane during cross flow 

filtration with Congo red. 

 

Figure 4.1.22. Standard curve of Concentration (mg/l) vs. Absorbance of congo red dye. 

 

The membrane prepared through the present method showed a very high rejection 

(~99%) of ‘Congo Red’ (mol. wt.696.66 g/mol). From these measurements a cut-off 

value of around 1000 Da can be deduced.37 
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4.1.5     Conclusions 

Successful fabrication of alumina-titania multi-layer ceramic membrane on 

porous alumina substrates was achieved. The coating compositions prepared from 

boehmite and titania sols with hydroxyethyl cellulose (HEC) as binder were characterised 

by viscosity measurements, TGA and DTA. Unsupported membranes were prepared and 

their cracking behaviour was studied. The composition which corresponds to crack-free 

thin layers was chosen for coating on substrates. The membranes were characterised by 

XRD, FTIR and Surface area measurements. The morphological features of the 

membranes were studied using Scanning Electron Microscopy. The filtration property of 

the membrane was examined by filtration test using congo red as a colouring agent. 

About 99.3% rejection was observed with congo red. A membrane layer having a 

molecular cut off value around 1000 Da was developed.  
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4.2     Development of Photoactive Titania Coating on Glass Surfaces 

4.2.1     Abstract 

A uniform nanolayer of alumina doped titania coating has been developed on 

glass surface through an aqueous sol-gel method starting from titanylsulphate and 

aluminium nitrate as precursor. The thermo gravimetric analysis has been used to 

study the decomposition characteristic of coating precursor. The UV-Visible 

absorption spectrum shows that the absorption edge is blue shifted in the presence of 

alumina in the titania matrix. Scanning Electron Micrographs show that a uniform 

thin layer was formed on the glass surface. The Type IV behaviour shown by the 

pure and alumina doped titania powder indicates the mesoporous nature of the titania 

thin film formed on the glass surface. The 10 mol% alumina doped titania coating 

powder shows two times higher surface area than pure titania powder. Anatase phase 

was detected in both pure and 10 mol% alumina coated samples by Raman spectra. 

The alumina doping increases the photoactivity of titania film and the maximum 

photoactivity is observed for 2 mol% alumina doped titania film. 

4.2.2     Introduction 

Titania films have attracted attention due to their applications in anti-bacterial,38, 

39 self-sterilizing,40, 41 self-cleaning,42 antisoiling and antifogging coatings. Of the 

different polymorphic forms of titania, anatase was found to be more photo catalytic 

active and useful in such type of coatings. For the fabrication of these titania thin layer, 

sol-gel method was found to be a promising one.43, 44 The deposition of TiO2 film by sol–

gel method has been reported by few authors.45-48 Almost all sol-gel process start from 

alkoxide precursor. But for the bulk production of these coating an alkoxide process is 



Chapter IV 

 140

not found to be economically viable. Kishimoto et al. demonstrated the wettability of 

titania coating films by sol-gel method using an aqueous solution of Ti(SO)4 containing 

polyvinyl pyrollidone (PVP) as the coating solution.49 Ichinose et al.50, 51 demonstrasted 

the proparation of peroxo titanic acid (PTA) sol derived from TiCl4 for the preparation of 

titania film. Lee et al.52 prepared and characterised peroxo titania sol from TiCl3.  Ge et 

al.53 prepared the autoclaved sol for the preparation of titania film using titanyl sulphate 

and H2O2. To best of our knowledge no work has been reported for the preparation of 

alumina doped titania film using simple aqueous sol-gel method. So in the present study 

an aqueous sol-gel method was developed for the preparation of titania film doped with 

alumina. Further it was characterized using scanning electron microscopy, atomic force 

microscopy and photoactivity studies.  

4.2.3     Experimental 

Titanyl oxysulphate (TiOSO4, Aldrich Chemicals, 99.99% purity) was used as 

precursor for the synthesis of titania sol. In a typical experiment, titanyl oxysulphate was 

dissolved in 500 ml of distilled water (0.2 M) and hydrolysed by slow addition of 

ammonium hydroxide (10%, sd Fine chemicals, India Ltd) solution under constant 

stirring at room temperature (32 0C), until the reaction mixture attained pH 8.5. The 

precipitate obtained was separated by filtration and was washed free of sulphate ions 

(confirmed by the BaCl2 test) with distilled water. The precipitate was further dispersed 

in 1000 ml of hot distilled water and was peptised by the addition of 10% HNO3 (Merck, 

India Ltd) solution. A stable sol was obtained at a pH range 1.7 to 2.2. To the stable sol 1, 

2, 5 and 10 mol % alumina is added as boehmite sol using Al (NO3)3. 9H2O (sd Fine 

Chemicals, India Ltd) as a precursor, which was prepared by a procedure reported 
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earlier.54 To the undoped and alumina doped titania sol, 2 wt% polyethylene glycol was 

added. The resultant sol was coated on glass surfaces using a dipcoater machine (KSV 

dipcoater, Finland). Before the deposition, glass substrates were cleaned in concentrated 

sulphuric acid, distilled water and then absolute ethanol.TiO2 thin film was deposited on 

substrate by a dip-coating process at room temperature with the withdrawing speed of 

about 2 cm/min. Substrates were immersed into the TiO2 sol for 1min. Upon withdrawing 

from the sol, the substrates were dried at 70 °C. The corresponding dried gels were 

further characterized using Thermogravimetric analyzer (Shimadzu, TGA 50H, Japan). 

The coated glass slides were calcined at 400 °C for 3h at a heating rate 1°C per min. 

XRD patterns of the calcined gels were taken in a Philips X’ pert X-ray diffractometer in 

the diffraction angle 2θ range 20-60° using Cu Kα radiation. The crystallite size was 

calculated using Scherrer equation 4.2.1.  

Φ = Kλ / β cos θ    (4.2.1) 

where K is the shape factor taken as 0.9 for the calculations presented, λ the wavelength 

of the X-ray, β the full width at half maxima, and θ the diffracting angle.The surface 

morphology of dried TiO2 thin film was observed by a Scanning electron microscope 

(SEM JEOL JSM-6700F) and Atomic Force Microscope (Topometrix Inc.) in contact-

mode using a silicon tip (Mikro Masch Inc., Estonia) of length: 350 µm, width: 10 µm, 

height:1 µm, and an end-curvature radius < 10 nm. Spectroscopic analysis of the TiO2 

film was performed using UV-Visible spectrophotometer (Shimadzu UV 2401) in the 

wave length range of 200–800 nm. The surface area measurements and pore size analysis 

were carried out by nitrogen adsorption using Micromeritics Gemini 2375 surface area 

analyser after degassing each sample at 200 °C for 2 h. Raman spectra of the samples was 
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taken using a FT- Raman spectrometer (Bruker IFS66V). Methylene blue degradation 

was used for the determination of photocatalytic property of titania film. In presence of 

titania film, methylene blue solution shows photo catalytic degradation. In a typical 

experiment, coated glass plates were dipped in an aqueous solution of methylene blue dye 

(AR Grade, Qualigens Fine Chemicals, India Ltd) for one hour. It was dried in dark, and 

irradiated with ultraviolet light in a UV chamber with wavelength range from 200 to 400 

nm (Rayonet Photo reactor, The Netherlands). The degradation of the dye was monitored 

after 60 min using UV-Visible spectrometer (Shimadzu, Japan, UV-2401 PC). 

4.2.4     Result and Discussion 

4.2.4.1     Thermogravimetric analysis 

Thermogravimetric analysis shows (Figure 4.2.1) that the coating solutions dried 

at 70 °C undergo three decomposition steps between the analysed temperature 30 to 1000 

°C. Thermo gravimetric analysis curve shows similar decomposition patterns for pure 

titania coating solution and the 10 mol% alumina doped titania coating solution. But  10 

mol% alumina doped titania coating solution shows slight increase in the total weight 

loss. Pure titania coating solution dried at 70 °C undergoes a total weight loss of 23%, 

whereas 10 mol% alumina doped titania coating solution results in a total weight loss of 

27.5%. The weight loss below 150 °C is due to the removal of loosely bound water in the 

gel network. The decomposition step between 200 and 400 °C is due to the 

decomposition of nitrate ions, dehydroxylation of the gel and removal of the polyethylene 

glycol used in the coating solution. The % of weight loss is 15.4 and 16.6% respectively 

for titania and 10 mol% alumina doped titania compositions in the temperature range 200 

to 400 °C. Weight loss between 400 and 1000 °C is extremely small and, hence, a lack of 
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clear decomposition step. The higher weight loss in titania–alumina samples may be due 

to the boehmite species incorporated in the titania gel network. The similarity in the 

decomposition pattern of alumina doped samples with pure titania may be an indication 

of the higher degree of homogeneous dispersion achieved between titania and alumina in 

the doped system through the mixing of the respective colloidal sols. 

 
Figure 4.2.1. TGA curve of coating solution (a) titania (b) 10 mol% alumina doped 

titania. 

4.2.4.2     X-ray diffraction analysis 

The X-ray diffraction analysis (Figure 4.2.2) indicated that only anatase phase 

was present in pure and alumina doped titania samples. The crystallite size decreases with 

increase in the alumina content in the titania matrix (Table 4.2.1). It was 11.3 nm in pure 

titania and it decreases to 8.1 nm in case of 10 mol% alumina doped titania. The alumina 

in the titania matrix effectively hinders the crystallite growth of titania.  
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Figure 4.2.2. X-ray diffraction pattern of coating solution calcined at 400 °C for 1h (a) 

titania (b) 1 mol% alumina doped titania (c) 2 mol% alumina doped titania (c) 5 mol% 

alumina doped titania (d) 10 mol% alumina doped titania 

 
Table 4.2.1 Crystallite size data of alumina doped titania  

 
 

4.2.4.3     UV–Visible spectrophotometry  
 

Pure and alumina doped titania thin films deposited on glass substrates calcined at 
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for band gap determination are provided in Figure 4.2.3. & 4.2.4. The bandgap against 

alumina content in the titania matrix for pure and alumina doped titania films calcined at 

400 °C are provided in Figure 4.2.5. The titania film has a transmittance between 96 to 

87% within the visible region (400 to 800 nm). A significant decrease in the 

transmittance below 400 nm can be assigned to absorption of light by anatase titania thin 

film. This leads to the excitation of electrons from the valence band to the conduction 

band of titania.55 UV-Visible spectra show that the adsorption edge was shifted to the 

lower wavelength region when the amount of alumina in the titania thin film increases. 

These observations indicate that the electronic structure of the overall solid is deeply 

modified. The UV-visible spectrum of titania coated glass looks like the typical one for 

anatase.55,56 It is characterized by an absorption edge whose high wavelength limit is 

detected with an absorption onset at 385 nm. This edge is associated with the electron 

transition from the O2p valence band to the Ti3d conduction band and it corresponds to an 

O2- to Ti4+ charge transfer transition. The incorporation of aluminium causes a significant 

shift of the absorption edge towards lower wavelengths, as previously reported.57 These 

observations indicate that the electronic structure of the overall solid is deeply modified. 

This effect cannot be explained by a simple “dilution” or coverage of the anatase particles 

by alumina particles or “monolayers” and also cannot be due to a decrease of the particle 

size of titania, as proposed in the case of silica-titania.58 In fact, samples with very 

different particle sizes and surface areas is found to vary much less than in the present 

case. Moreover, the decrease of the crystal size as measured above is quite limited and is 

nil between the 2 mol% alumina doped titania and 5mol% alumina doped titania, which 
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instead shows a very different absorption edge shift. This effect must then be explained 

by dissolution of A13+ ions into the TiO2 matrix.  

 
Figure 4.2.3. UV-Visible spectrum of (a) Pure titania (b) 1 mol% Al2O3 doped TiO2 (c) 2 

mol% Al2O3 doped TiO2 (d) 5 mol% Al2O3 doped TiO2 (e) 10 mol% Al2O3 doped TiO2 

 

Figure 4.2.4.  Tau plot of (a) Pure titania (b) 1 mol% Al2O3 doped TiO2 (c) 2 mol% Al2O3 

doped TiO2 (d) 5 mol% Al2O3 doped TiO2 (e) 10 mol% Al2O3 doped TiO2 
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Figure 4.2.5. Band gap versus alumina content in the titania matrix 

Accordingly, the Ti3d and the Al3p orbitals mix in the conduction band, and this causes 

the lower limit of the conduction band to shift up, so that the energy gap increases from 

near 3.22 eV to near 3.47 eV calculated by Tau plot method. Therefore, the observations 

from the UV-visible spectra of the samples strongly support the idea that part of the 

alumina actually dissolves into the anatase bulk giving rise to a solid solution.  

4.2.4.4     Scanning Electron Microscopy  

Figure 4.2.6. shows Scanning electron micrographs of the pure and alumina doped 

titania thin films deposited on glass slides calcined at 400 °C.  It can be observed that in 

the pure titania thin film, the particles are grown in to a higher size than the alumina 

doped titania film. The homogeneously distributed alumina effectively hinder the particle 

growth of titania. It is already evident from the X-ray diffraction analysis that the 

crystallite size of all alumina doped composition is lower than the pure titania film. 

 

 

0 2 4 6 8 10
3.20

3.25

3.30

3.35

3.40

3.45

3.50

 

 

B
an

dg
ap

 (e
V

)

Alumina (mol%)
 



Chapter IV 

 148

 

Figure 4.2.6. Scanning Electron Micrographs of (A) undoped titania film (B) 10 mol% 

alumina doped titania film. 

4.2.4.5     Atomic Force Microscopy 

The surface structure of coating can be viewed from atomic force microscope 

(Figure 4.2.7). It shows that, for the pure titanium oxide coating, the particles are grown 

into large size than the 10mol% alumina doped titania. In the case of coating with 

addition of alumina, alumina will block the crystallite growth of titania thin film.  

 

Figure 4.2.7. Atomic Force Micrographs of (A) undoped titania film (B) 10 mol% 

alumina doped titania thin film  

As a result of alumina addition, titanium oxide remains less agglomerated, and the 

crystallization rate of titanium oxide is reduced, which was already observed from the 
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crystallite size data obtained from X-ray diffraction. The thickness of the titania layer 

formed on the glass surface was found out to be ~50nm. 

4.2.4.6     BET specific surface area analysis 

Textural characteristics of the pure and alumina doped titania thin film 

composition calcined at 400 °C were derived from N2 adsorption analysis. Specific 

surface area (SBET), total pore volume calculated at p/p0 = 0.9, BJH mesopore volume and 

micro pore volume which were calculated by t-plot method and average pore diameter 

value are presented in Table 4.2.2. The adsorption isotherms (Figure 4.2.8) of all samples 

show type IV behaviour with the typical hysteresis loop. This hysteresis loop is 

characteristic of mesoporous materials 59 and it infers that the mesoporous thin layer is 

formed on the glass substrate. Surface area results shows that all the doped titania 

samples have higher surface area than the undoped one after calcinations at 400 °C. In the 

case of pure titania it is 72 m2g-1 and for 10 mol% alumina doped titania it is 152 m2g-1 

which is two times higher than the undoped titania. The total pore volume and mesopore 

volume increased as the alumina content in the titania matrix is increased.  

Table 4.2.2. Textural characteristics of the pure and alumina doped titania thin film 

composition calcined at 400 °C derived from N2- adsorption analysis. 

 

Sample Surface area 

(m2g-1) 

Total pore volume 

(cm3g-1) 

Average Pore 

Diameter (nm) 

TiO2 72.33 0.1477 7.5 

TiO2 + 1 mol% Al2O3 87.5 0.1598 7.3 

TiO2 +2 mol% Al2O3 95.8 0.1728 7.2 

TiO2 + 5 mol% Al2O3 125.0 0.1978 6.3 

TiO2 + 10 mol% Al2O3 152.4 0.2116 5.6 
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Figure 4.2.8. Adsorption-desorption isotherm of (■) Pure titania (●) 1 mol% Al2O3 

doped TiO2 (▲) 2 mol% Al2O3 doped TiO2 (∇) 5 mol% Al2O3 doped TiO2 (♦) 10 mol% 

Al2O3 doped TiO2 

 

Figure 4.2.9. Pore size distribution curve of (■) Pure titania (●) 1 mol% Al2O3 doped 

TiO2 (▲) 2 mol% Al2O3 doped TiO2 (∇) 5 mol% Al2O3 doped TiO2 (♦) 10 mol% Al2O3 

doped TiO2 
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The pore size distribution curve (Figure 4.2.9) shows that pores are in mesoporous region 

and as alumina content increases, the poresize shifted further to lower region, which 

indicates that the alumina in titania matrix effectively hinders the pore size growth. In 

adsorption isotherm there was no tailing upward at higher relative pressure and this 

shows the formation of long-range order mesoporosity without any contribution of large 

pores beyond mesopore scale (>50 nm).59 

4.2.4.7     Raman spectroscopy 

Figure 4.2.10 shows the Raman spectra of pure and 10 mol% alumia doped 

titania. The observed peaks at 151, 404, 513 and 634 cm-1 can be attributed to the 

characteristics of the anatase phase. This indicates that the anatase is the predominant 

phase structure. The maximum at low-frequency of the Raman band, provides an idea of 

the nanoparticle size, since the particle size can cause large shifts in the location of the 

raman peaks and their widths, namely, the quantum size confinement effect.60 

 

Figure 4.2.10. Raman spectra of (a) undoped titania (b) 10 mol% alumina doped titania 
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The lowest frequency peak is at 151 cm-1 for undoped titania. It can also be evidently 

seen that the width of this peak increased and resulted in blue shift to 160 cm-1 in the case 

of 10 mol% alumina doped titania. This is due to the lower crystallite size of the sample 

than the undoped titania.61 

4.2.4.8     Photo catalytic activity studies 

Photoactivity of the titania film was measured using methylene blue degradation 

studies. The photocatalytic activity of pure titania and titania doped with alumina 

coatings was studied using the methylene blue degradation technique. Methylene blue 

shows considerable degradation in presence of titania coating. The degradation was 

followed through UV spectral measurement. The efficiency of degradation of methylene 

blue was plotted against alumina content in titania and is given in Figure 4.2.11. It was 

observed that upto 2 mol% alumina doping, the photoactivity increases and then 

decreases as the doping concentration of alumina is increased.  

 
Figure 4.2.11. Methylene blue degradation efficiency against alumina concentration in 

titania matrix. 
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The excessive doping makes the space charge layer very narrow so that the penetration 

depth of light into TiO2 greatly exceeds the thickness of the space charge layer, resulting 

in easy recombination of electron-hole pairs and poor photoactivity.62 This may be one of 

the reasons for the lower activity of 5 and 10 mol% aluminium doped titania. 

4.2.5     Conclusions 

An aqueous sol-gel method was developed for the preparation of alumina doped 

titania thin film. X-ray diffraction analysis indicates that the anatase layer was formed on 

the glass surface. Titania coatings having transmittance between 85 to 95% were 

developed on the glass surface using dip coating technique. The alumina addition leads to 

increase in band gap. Scanning electron micrographs indicates that a uniform thin layer of 

titania coating was formed on the glass surface. Atomic force micrographs indicate that 

undoped titania particles were grown into larger size than the 10 mol% alumina doped 

titania. The thickness of the coating was ~50 nm. Mesoporous nature of the titania layer 

formed was evident from BET surface area analysis. The pore stability was achieved by 

alumina doping. Raman spectra were used to confirm the exclusive presence of anatase 

phase in the coatings. The coated surface was photocatalytic and the alumina doped 

sample showed higher activity than the undoped one. The present method is hence very 

useful for the preparation of photocatalytic surfaces from a cheaper precursor, which will 

enable the bulk production of photocatalytic titania surfaces. 
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Summary 

 Nanocrystalline titanium dioxide has been widely experimented as catalyst and 

photo catalyst. The photocatalytic property of titania was effectively used in applications 

such as water and air purification, water splitting, solar cells and in fabricating self 

cleaning surfaces. The thesis entitled “Aqueous sol-gel process for nanocrystalline 

photocatalytic titania, transparent functional coatings and ceramic membrane” 

investigates the plausibility of an aqueous sol-gel process for the preparation of 

nanocrystalline titania for functional applications. 

The present thesis describes a new aqueous sol-gel method for the preparation of 

nanocrystalline titania using titanyl sulphate as precursor through precipitation-

peptisation reactions. The sol stability was monitored using zeta potential measurement 

and was highly dependant on peptised pH. The lower particle size was obtained in the 

acidic region. Titania sol having average particle size of 27 nm and a zeta potential value 

of 35 mV stable for months, could be prepared. The anatase to rutile transformation was 

found to occur in the region 500-800°C, which is in accordance with earlier reports for 

nano crystalline titania. The nano crystalline nature was evident from X-ray diffraction 

patterns and the crystallite size calculated from Scherrer equation was ~20 nm for the 

titania powders after calcining at 600 °C. Transmission electron micrographs also 

confirm the result. 

The prediction of Shanon and Pask was used to increase the temperature stability 

of anatase derived from aqueous sol-gel process. Accordingly +3 dopants with size 

higher than that of Ti occupying lattice sites and +5 dopants with size similar to that of 

Ti occupying interstitial sites were used which should decrease oxygen deficiency 

concentration in titania.  Oxygen vacancy acts as the nucleation centre for anatase to 
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rutile phase transformation and also as charge recombination centers. Further process 

was optimized to investigate other parameters which influence photoactivity such as 

high specific surface area, small crystallite size and higher anatase to rutile phase 

transformation temperature. In the present study the influence of +5 dopant tantalum, 

and +3 dopants, gadolinium and ytterbium on the photocatalytic activity of the titanyl 

sulphate derived sol-gel titanium oxide is presented. The addition of dopant salts was 

made to the sol in the process for the preparation of doped titania. Photocatalytic 

activity of titania was measured by following degradation measurements of methylene 

blue solution under UV exposure. In the case of tantalum addition, the photoactivity 

was found to increase and compositions with activity better than commercially available 

Hombikat UV100 could be prepared. The crystallite size, anatase to rutile phase 

transformation, specific surface area and photo catalytic property are explained. In this 

study, we observed that the selected dopants in the titania matrix increase the phase 

stability of the titania. In the case of tantala doped titania sample the phase stability was 

obtained above 1000 °C. In gadolinium and ytterbium doped sample also the phase 

stability is obtained upto 900 °C but in higher concentration of dopant additional phase 

such as Gd2TiO7 and Yb2TiO5, these phases increase the rate of anatase to rutile phase 

transformation at higher temperatures. We have also observed that the anatase to rutile 

phase transformation happens only when the crystallite size reaches a critical value 

between ~12-20 nm in tune with reported literatures. Transmission electron micrographs 

also indicate that the doping with tantalum, gadolinium and ytterbium effectively 

hinder the crystallite growth.  The specific surface area enhanced in the doped system 

and it shows higher value than the undoped one in the whole range of temperatures 

studied. The catalytic sites (lewis and brownsted sites) also increased in doped titania. 
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Gadolinium and ytterbium doped titania show higher photoactivity than the pure 

titania calcined at 700 and 800 °C. 

The aqueous sol-gel derived titania was further used for the preparation of 

titania films on the surface of porous alumina and glass surfaces. The porous alumina 

tubular substrate 10 mm diameter had an average pore size of 0.2 µm and was coated 

with an intermediate layer of alumina using a boehmite sol (average particle size 165 

nm) followed by calcinations at 800 °C for 5h. This was followed by coating a titania 

layer using titania sol (average particle size 27 nm). The coated samples were further 

characterised using scanning electron microscope, which showed that the alumina 

intermediate layer has a thickness of  ~1- 2 µm. The total thickness of alumina and 

titania layer was ~4-5 µm. The coated membrane was used for the filtration of organic 

compound such as congo red. A 99.3% of rejection of dye was observed in the permeate. 

Further nano titania thin films doped with alumina were formed on glass surface using 

titania sol derived from titanyl sulphate. Titania coatings having transmittance between 

85 to 95 %were developed on the glass surface using dip coating method. The UV visible 

spectral characteristics indicate a blue shift in the absorption spectrum. Scanning 

electron microscopic and atomic force microscopic investigations indicate that a thin 

layer of titania was formed on the glass surface. BET measurement indicates that a 

mesoporous layer was formed on the glass surface. The alumina addition increases the 

surface area, total pore volume and mesopore volume of the system. The alumina doped 

titania thin film shows higher photoactivity than that made using the pure titania.  
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