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PREFACE 

The synthesis of the titania nanoparticles was done and its main features were 

optimized by the lyophilization process.  These features included the dispersion (size 

and size distribution), structure (phase) and, shape (morphology). The approach 

considered minimization of energy at the nucleation level.  Principally, for selected 

photocatalytic applications in water purification and gas sensing, we ensured 

optimization of the critical properties of TiO2 NPS via a proper selection of Titanium 

bearing precursors of high purity, meticulous preparation of solutions/formulations and,  

processing conditions leading to the final titania product of high quality.  By 

investigation, we singled out , pH, the concentration of solutions, nature of precursors, 

annealing temperature and time (duration )  as the parameters that control 

crystallographic structures, dispersion, morphology (shape), BET surface area, 

vibrational, mechanical (strain/stress), gas sensitivity and selectivity, photocatalytic and 

antibacterial activities. 

The originality of this Ph.D. work is based on full control of features of metal oxides 

nanoparticles (NPS) and scale-up capabilities determination of the lyophilization 

process, in particular for the TiO2 NPS. Indeed, being among the earliest, our research 

that started in 2001, has revealed that the Spray-lyophilization processing is extensively 

used for production and long shelf-life storage of high-quality nest café and baby milk 

formula, and numerous pharmaceuticals can equally be used for the production of high-

performance TiO2 nanoparticles. 

In chapter 4  of the thesis, we present experiments and results obtained using a 

lyophilization optimization strategy. First, the minimization of energy during the 

nucleation and crystallization is shown by XRD, TEM, and RAMAN Spectroscopy and 

the low (100 – 400°C) temperature decomposition of amorphous lyophilized products as 

per results of TGA / DSC, the phase transitions from amorphous to single-phase 

nanostructured (1-50nm) TiO2 particles,  

Secondly, we discuss research results obtained using thermal analyses, TGA/DTA and 

DSC (Differential Scanning Calorimetry), X-ray Diffraction (XRD), TEM / HTREM, EDS, 



   

 

BET, RAMAN spectroscopy, and UV-Vis spectroscopy. We summarize and recommend 

the lyophilization optimization strategy for crystallographic, shape, and surface (BET, 

surface-to-volume ratio), optical and mechanical properties' control.  

Finally, we argue that optimization by lyophilization is a strategy of minimization of 

energy of phase transformation, in particular crystallization, depending on solution 

concentration, pH of a solution, the freezing and drying (both primary and secondary) 

temperatures, and the nature of Titanium-bearing precursor. We, therefore, include the 

argument based on the evidence gathered experimentally that the optimized-lyophilized 

TiO2 NPS is indeed an excellent material for a gas sensor, organic pollutants photo-

decontaminant, and antibiotics in drinking water. 

  



   

 

ABSTRACT 

Monodisperse titanium dioxide (TiO2) nanoparticles were synthesized by a novel freeze-

drying process herein called lyophilization. The process of lyophilization is described in 

detail. The materials were characterized by scanning electron microscopy SEM) 

including energy dispersive x-ray spectroscopy (EDXS), high resolution transmission 

electron microscopy (HRTEM), x-ray diffraction (XRD), Raman spectroscopy and UV-

Vis-IR spectrophotometry. The TiO2 nanoparticles have narrow size distribution, mono-

disperse, strained with most of the characteristics showing presence of the four phases 

of TiO2 thus: anatase, brookite, rutile with each lyophilization process producing its own 

phase mostly controlled by pH and precursor concentration and anneal/calcining 

temperatures. With specific reference to HRTEM, Raman spectroscopy results and 

XRD, it was found that the Scherrer equation, the Williamson-Hall method and others of 

similar nature were not enough to explain the strain and the grain sizes of these 

particles. Therefore the Williamson-Hall method was revised to properly explain the new 

results. The obtained TiO2 nanoparticles were used in three applications: (1) gas 

sensing (2) degradation of organic water-borne pollutants using methylene blue as an 

indicator (3) anti-bacterial activity.  
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CHAPTER 1:  INTRODUCTION TO TITANIA MATERIAL AND 
LYOPHILIZATION METHODS 

This chapter starts with background information, followed by the statement, and Nano-

technological rationale justifying the use of the lyophilization method and the study of 

titanium dioxide nanoparticles (NPS) before it outlines the aims and objectives of the 

thesis work relative to the lyophilization method as an optimization technique of critical 

properties, characterization techniques used; and applications of TiO2 nanoparticles 

including gas sensing and photo-catalysts for water purification processes.  It ends with 

an outline of what will be covered in the thesis itself. 

1.1. A brief background on Titanium Dioxide 

The synthesis and optimization of TiO2 nanoparticles are derived from the Nanoscience 

and Nanotechnology endeavor, which is respectively the meticulous scrutiny and use of 

extremely tiny structures or objects, measuring between 1 – 100nm, to solve problems 

that we encounter in a bid to satisfy human needs.  The definition is the paraphrase of 

the idea elaborated by Richard Feynman, the earliest physicist who shaped the field of 

nanoscience and nanotechnology. 

Since then, the study of Titanium dioxide (TiO2) nanoparticles (NPS), in particular, has 

extensively been conducted by many material-scientists, covering innumerable 

applications. According to Aruna (12), the applications include catalysts and supports, 

ceramics, inorganic membranes, gas sensing, water purification, and solar energy 

conversion.  TiO2 can let light pass through in the visible region and absorbs light in the 

ultraviolet region of the solar spectrum, quite an attractive characteristic for filter 

application [3].  

Nanoscience and Nanotechnology of TiO2 NPS usability in aqueous media have been 

mainly driven by the study of insolubility, non-toxicity, chemical stability, powerful color 

(whiteness) and degradation of organic substances. These features have now almost 

been established along with high photocatalytic activity [2].  Non-toxic substances result 

from the oxidation of many organic contaminants of water, particularly alcohols, in the 

presence of TiO2 NPS. It is believed that the use of molecular oxygen as the ultimate 



   

 

oxidant makes the photocatalytic process the cheapest [2].  Also, the chemical stability 

of the TiO2 NPS is better in most photocatalytic processes. 

Many more interests in nano-crystalline form and its application as a semiconductor 

material is the cost-effective dye solar-cells, making it a material of great scientific and 

technological importance. Moreover, the effectiveness of TiO2 nanomaterials in 

degrading or absorbing water pollutants has been demonstrated and reported by many 

authors. The properties, especially, the surface properties, strongly influenced by the 

size, crystal structure, and morphology have been widely investigated and believed to 

affect the dispersion properties; on the other hand, the correlation between photo-

degradation or absorption of pollutants and the degree of dispersion of TiO2 

nanoparticles has also been established.  Nevertheless, decontamination processes 

and toxicity become difficult because of nanoparticles’ dispersive properties impact on 

delivery and transport efficiency [52]. 

Still, a lot of research has been intensified to answer several questions related to the 

control of these properties using the synthesis route, Sol-gel in particular, and in some 

cases the use of surfactant molecules for the control of properties, especially the 

dispersion. So, an effort to explain or establish the mechanism to find a way to exploit 

fully the potential and to enhance the efficiency of the TiO2 in the various applications is 

on-going. Some of the known techniques of enhancement are doping TiO2 with metals, 

for example, Ag, or surfactants. However, the use of surfactants raises health concerns, 

an additional problem for applications such as water quality [52]. The author argues that 

toxicity originates from "incomplete degradation" of "nonylphenol (NPE) compounds" 

from "sewerage treatment" and their presence implies the presence of "other NPE 

degradation by-products" in the "aquatic environment". So, surfactants, in particular, 

“Nonylphenol and “its “ethoxylates”, in short NPE, are toxic substances, not 

recommended for applications of our interest, especially water purification.  

Moreover, the nature of TiO2 particles has also been studied by several researchers 

trying to understand the influence of size and temperature on a succession of its three 

phases during the formation of NPS. Banfield  [9] argues a low-temperature formation of 

"ultrafine TiO2 particles, in its "anatase, "rutile and "brookite phases; in particular, he 



   

 

argues reasons anatase phase can be "synthesized at ultrafine sizes, the possibility of 

manipulating the succession of "phase "transformations from "composition, 

microstructure, qualities considering the influence of "phase-transformation". He found 

that, though in macrocrystalline form, "rutile is more thermo-dynamically stable than 

"anatase, maybe "brookite, but for "particle size diameter under 14nm, the phases’ 

succession changes, anatase becomes more stable than rutile.  So, we assume that if 

we gain a detailed understanding of the formation of TiO2 NPS from low temperatures to 

higher ones up to 900 degrees then we will be able to optimize accordingly TiO2 

material behavior for the various applications.   

1.2. Introduction to Lyophilization Technique of synthesis 

Lyophilization is also known as freeze-drying. This is a synthesis technique chosen for 

this study. Although the details of this process will be covered in the literature review in 

Chapter 2, lyophilization involves liquid precursors sprayed into a cold zone such as 

liquid nitrogen while subjecting the whole system to vacuum conditions thereby initiating 

the ultimate drying of the so-produce rather amorphous material.  

The lyophilization process has been considered the best storing nano-technological tool 

for conserving for a long period and chemically stable liquid formulations into solid forms 

[5].   Also, in monitoring the release of toxic gases from environmental processes, a gas 

sensing material that is chemically stable for a long period is critically needed.   

In our view, we lay the necessity to address the following points as the required 

strategies justifying the use of the spray-lyophilisation process and the adequacy of 

characterizing techniques in line with the TiO2 nanoparticles made. 

 Improving the gas sensitivity / response of bulk-based metal oxides gas 

sensors by optimal synthesis conditions 

Because of their size, morphology and, structure, bulk material-based metal oxides 

sensors ‘performance is de facto showing the decline in gas sensing properties, that is 

to say, they are now becoming lowly-sensitive, lowly-selective and respond with lesser 

speed.   Bulk-size material is the material whose ratio between the size of the largest 



   

 

lump or particle and the smallest lump is less than or equal to 2.5.  Whereas, 

continuum-bulk material is the material of which ratio is greater than 2.5.  The growing 

interest in bulk material-based gas sensors is because of the advantage that is offered, 

the reversibility of interaction between the gas with the surface of the sensing material, 

but also the varying conductivity in the material due to the reaction.  Detecting this 

reaction is made easier by simply measuring the variation in capacitance, work function, 

mass, typical optical feature, or conductivity of Metal oxide-gas sensors, in particular 

semiconductors, which are extensively utilized in environmental (air, water) and safety 

control of gases.  Improvement in the Metal Oxides gas sensing properties can be 

achieved considering nanostructures, defined as materials whose structural elements — 

clusters, crystallites, or molecules—have dimensions in the 1 to 100 nm range [3], 

morphology, and doping.  The first aim of this work is to test the gas sensing properties 

of spray-lyophilized TiO2 Nanoparticles exposed to NO2, CH4, NH3, and CO gases.  It 

was hypothesized that non-doped and optimized density surface states TiO2 

nanostructures will be more effective gas sensing materials. 

 Improving mono-dispersity of metal oxide particles and finding a synthesis 

technique, alternative to additive surfactant for making mono-disperse (narrow 

size distribution), non-toxic anti-bacterial material to curb the growing public 

health issues due to resistance to known antibiotics of waterborne strains 

Furthermore, the size, morphology, and structure of metal oxides are important factors 

in alternative remediation of antibiotic-resistant strains, a growing public health problem 

nowadays [6]. However, assessment of toxicity among many Metal Oxide Nanoparticles 

has been conducted using many models, especially in vitro dosimetry models.  Because 

of tremendous antimicrobial effects on Streptococcus, coating brackets with Copper 

Oxides (CuO), Zinc Oxides (ZnO), and Zinc Copper Oxides (Zn-CuO) is a typical use of 

metal oxides.  Nevertheless, confirmed minimal toxicity in human cell lines in the case 

of TiO2 NPS has been revealed by several toxicological studies that included CuO and 

ZnO NPS, to cite these few most popular antibacterial metal oxides [10].  It was then 

hypothesized that by using Spray-lyophilization, we will be able to synthesize TiO2 NPS 



   

 

of a specific size, size distribution, structure, and morphology, alternative antibiotics with 

minimal or tolerable toxicity to human cells would be generated for water purification.  

 Improving the effectiveness of surface cleaning by making highly pure and 

uniformly composed nanomaterials    

Qualitative nanoparticle characterization has been found a highly important analytical 

surface approach in the determination of composition, confirmation of occurrence of 

reaction, and effectiveness of surface cleaning state of contaminants [11].  

Quantitatively, X-ray photoelectron spectroscopy (XPS) is said to be an accurate way of 

determining the ultimate constituents in the structure in terms of parts per thousand, 

PPTH, which is the symbolic expression derived from experiment, a condition produced 

by chemistry and condition related to electrons of the constituents in a material [12].   

Accordingly, the XPS spectra are constructed as a beam of X-rays is shed on the 

material at the same time the kinetic energy plus the number of electrons slipping away 

from surface confinement deep down more or less 10nm within the layer of material are 

recorded.  

 Preserving the most critical nanomaterial performance surface attributes 

(states) by synthesis method. 

Because of its higher resolution, thousands of times compared to light microscopy,  

Transmission Electron Microscopy is the imaging technique widely used to provide fine 

details at nanoscales such as size, size distribution,  morphology (a geometric shape), 

and surface characteristics.  These are “performance defining attributes” which are 

important in gas sensing and photocatalytic water purification as mentioned .earlier.  

Particularly, the importance of Transmission Electron Microscopy (TEM) is found, in 

combination with the Dynamic Light Scattering (DLS) and Static Light Scattering (SLS), 

in the determination of the primary size of NPS in the study of dispersion in solution, 

which is critical in the study of toxicity.  In principle, the TEM technique creates an 

image by contrast that is generated by amplitude and phase shifts in the transmitted 

beam.  The contrast depends on the sample thickness and the nature of the sample 



   

 

material.  The length of the electron means path in the scattered beam is inversely 

proportional to the weight of atoms in the sample material.  

 Preserving the intrinsic geometric and electronic structure of nanoparticles  

The importance of the Small Angle X-ray (SAX) is found in the vast characterization of 

material in various forms including crystalline, even amorphous semiconductors, in bulk 

or nanoscale forms.  More interestingly, it allows obtaining “geometric” and “electronic 

structure” of a particular element within the nanoparticle.  The underlying principle is 

that “data” is generated when photon energy of the “crystalline monochromator” capable 

of “exciting the “core” electrons is adjusted to a specific “edge” equivalent to a given 

principal quantum number (n).  

 Synthesizing at low temperature each TiO2 polymorph (single Phased and 

crystalline anatase, rutile, and brookite), minimizing distortion of lattice 

parameters, tracing phase transitions at low temperature, conserving size, and 

minimizing strain broadening 

The mere application, at the low temperature (˂ 400ºC), of the X-ray Diffraction (XRD), 

serves in identifying the phase, evaluating the quality of the crystal, defining crystal 

structure, and measuring the crystal size.  Samples are analyzed by XRD for eventual 

presence of multiple phases, presence of lattice strain, clustering of grains in a certain 

orientation as properties are affected because of anisotropic condition, particularly the 

texture.  Unlike measurements at low-temperatures, the combination of the XRD 

patterns with in-situ high-temperature experiments is necessary to obtain ‘temperature-

dependent phase transformation, ‘the thermal changes of structural parameters, and 

‘changes of the ‘real structure [129]. 

1.3. Problem Statement and Nano-scientific and Nano-technological Rationale 

Looking at the information at hand, we found that there is the need for researching 

further the key properties of the Titania which make it a material of choice in the gas 

sensing, photo-catalytic activity, and anti-bacterial activity to resolve the issue of 

antibiotic resistance to a good number of strains in drinking water currently being used.  



   

 

As we believe the optimum functionality of TiO2 nanoparticles and the efficiency of the 

TiO2-based gas sensors, antibacterial activity and, photocatalytic activity for organic 

water contaminants, require a good understanding based on the five fundamental 

characteristics namely: structural (phase stability), vibrational, morphological, electrical, 

optical, and thermal stability.  The lyophilization process is the best nanotechnology to 

produce monodisperse nanoparticles and to conserve nanoparticles' surface properties. 

The thesis work considers a set of key fundamental questions, of which the answers are 

believed to enlighten the scientific and technological world to the benefits of control of 

size (mono-dispersity), structure (phase) and,  morphology (shape) and their effects on 

gas sensing, photocatalytic, and antibacterial properties of titanium dioxide 

nanoparticles (TiO2 NPS) for water purification.  The states of the surface of the 

nanoparticles are delicately affected by the synthesis conditions, in turn causing a 

deteriorated performance concerning these applications. Subsequently, the control and 

understanding of the fundamental characteristics are critical.  In this work, we analyze 

data obtained by the synthesis of TiO2 NPS in advanced materials and nanoscale 

laboratory of the Wits University (2000-2004) by lyophilization method and selected 

characterization techniques.  Additional information has been obtained by further 

experiments on the as-synthesized TiO2 nanoparticles samples that were conducted at 

iThemba LABS and the CSIR LABS in 2016.  Fundamentally, the effects of thus 

obtained TiO2 and the answers to the questions that follow are the pivot of the thesis: 

 Why the lyophilization processing method? 

 Do the lyophilized titanium dioxide nanoparticles have the necessary properties 

suitable for gas sensors, antibacterial and photocatalytic activities in the degradation of 

organic water contaminants? 

 Can the TiO2 properties be improved (enhanced) by controlling factors that affect 

the performance of gas sensors, antibacterial and photocatalytic degradation of organic 

materials (water purification) processes? 

 

 



   

 

1.4. Aims and Objectives 

The thesis work is meant to: 

 To synthesize a series of TiO2 nanoparticles by lyophilization technique. 

 To optimize the lyophilization technique for critical properties of TiO2 

nanoparticles and their applications as alternative gas sensing and photocatalytic-water 

purification materials.  We here refer to the synthesis of TiO2 NPS in advanced 

materials and nanoscale laboratory of the Wits University (2000- 2004) by lyophilization 

technique, and the effects of thus obtained TiO2 nanoparticles; 

 To probe the intrinsic effects of the lyophilization synthesis method, mechanisms 

of conservation of TiO2 NPS surface properties as a function of synthesis parameters. 

We consider the correlation surface properties and synthesis conditions to be the pivot 

of most of the investigations on the properties of TiO2 nanoparticles tailored by 

lyophilization. In line with a point, the research attempts to answer questions such as 

why lyophilization processing method? Do the lyophilized titanium dioxide nanoparticles 

have the necessary properties suitable for gas sensors, antibacterial and photocatalytic 

activities in the degradation of organic water contaminants? Can the TiO2 properties be 

improved (enhanced) by controlling factors that affect the performance of gas sensors, 

antibacterial and photocatalytic activities in the degradation of organic water 

contaminants using only lyophilization processing technique, in other words avoiding the 

addition of surfactants?   

 To study the control of size, size distribution, structure (phase diagram), and 

shape of TiO2 NPS that have been synthesized by lyophilization.   

  To conduct a comparative properties characterization study of the Spray-

lyophilized TiO2 NPS.    

 To conduct the Modelling of titanium isopropoxide and the TiCl3 precursors for 

TiO2 NPS synthesis. 

 Finally, to correlate experimental characteristics of as-synthesized TiO2 NPS to 

gas sensing (sensitivity to NO2, CH4, NH3, and CO) and photocatalytic-water purification 

(anti-bacterial activity and degradation of organic contaminants) properties. 



   

 

 

1.5.  Chapters outline  

We focus on the Spray-lyophilisation synthesis method, the optimization technique of 

critical properties of thus synthesized TiO2 nanoparticles and their applications as 

alternative gas sensors, photo-catalysts in the degradation of waterborne organic and 

anti-bacteriological (strains) materials.  

Firstly, following chapter 1 and chapter 2 are devoted to the introduction and 

background of properties on TiO2 nanoparticles (literature review) respectively.  We 

define the physical concept of freeze-drying, then we study its application as a process 

in the control of size, size distribution, structure (phase diagram), and shape of TiO2 

nanoparticles (NPS). The term “Spray-Lyophilization” technique referred to in this work 

is an adapted version of freeze-drying with an additional step, chemical solution- 

spraying step that precedes the freezing and drying processes.  Chapter 3 is an 

overview of the Spray-Lyophilization principles and background.  Chapter 4 deals with 

experiments, results, and discussions. These include synthesis and optimization 

studying particularly the synthesis parameters such as the pH, concentration, annealing 

temperature, and duration of decomposition. The optimization strategy is based on 

coupling the test results of the DTA / DSC and decomposition temperatures of the 

lyophilized products.  The experiments also investigate strains, X-rays studies, and the 

Williamson-Hall modified method.  By a series of experiments, we characterize the 

properties of the spray-lyophilized TiO2 nanoparticles, including structural (phase), size 

and size distribution, geometrical morphology (shape), electronic properties (a 

measurement of the bandgap, Eg).  Another series of experiments consists of 

investigating water purification and gas sensing-related applications of the Titania 

lyophilized nanoparticles.  These are photo activities, antimicrobial and gas sensing 

responses (sensitivity and selectivity) investigations.   The results of the discussions are 

summarized in the modeling of titanium isopropoxide and the TiCl3-TiO2 precursors.  

Finally, in Chapter 5, the conclusions and recommendations finalize the Ph.D. thesis. 

    



   

 

  

Chapter 2:   LITERATURE REVIEW 

2.1. Synthesis methods:  

Numerous fundamental studies have been done by many material scientists to explain 

the lyophilization or freeze-drying technique.   Figure 1 represents the phase diagram 

illustrating the concept of Lyophilization for pure water  in solid state, ice.  The tripple 

point lies at the intersection of the liquid state (L), the gaseous state (G) and solid state 

(S).   According to Baheti, Ankit et al. (2010), the coordinates of the triple point T in the 

case of lyophilization of ice, are given by temperature 0.01°C and pressure 0.00603 

atm.  As shown in the figure 1, the black arrow indicates the lyophilization taking place 

about the ‘triple point, preventing the liquid-gas transition which occurs in a usual drying 

process shown by the yellow arrow.   

 

 

 

Figure 1:  The Diagram for a typical lyophilization process based on the phase 

change of ice. 



   

 

 . The lyophilization process is a phenomenon that could be explained based on the 

difference in the amount of ‘water vapor contained in the ‘solid material and the 

pressure in the surrounding.  It takes place at a slow pace with the molecular kinetic 

energy, and at the pressure in that condition. The speeding of the process requires the 

vacuum (pressure close to zero atm) and a ‘high-speed pump to cause the direct 

transformation of the solid phase to the gaseous state, avoiding the passage to the 

liquid phase. Explained in terms of the endothermic reaction that absorbs energy from 

its surrounding, the transition from solid substance to liquid, ‘partial or complete collapse 

of the structure or ‘shape, is due to ‘excessive absorption of energy [124].        

Apart from vapor forming from frozen water, lyophilization includes other physic-

chemical mechanisms such as: mollifying and structuring mixed-shapeless substances, 

aspect change, the disintegration of weaker bonds of solvated states; sometimes, the 

formation of transitional states occurs.  The final stage is crucial because the separation 

between the solute and its dissolving substance takes place and the latter is eliminated.  

Among many advantages of lyophilization, the preservation of micro-characteristics 

namely shape and disambiguation of chemical characteristics are kept the same. 

2.2. TiO2 properties: 

2.2.1. Bulk TiO2 properties and Phase diagram 

In this paragraph, we present a brief overview of the important TiO2 structures, which 

have been described based on unit cell dimensions a, b, c and α, β, and γ,   where a, b, 

c are lattice parameters and α, β, γ inter-axial angles.  Also, structures are described as 

units built from polyhedral to visualize structural differences, and it is very convenient to 

describe a structure in terms of the coordination polyhedral around the cations, and how 

these polyhedral are linked together, sharing corners, edges, or faces. This is important 

so long as differences in structure play a deterministic role in the definition of 

relationships between structure and physical, and or chemical properties [1].  In other 

words, a given structure and a specific size determine distinct properties and specific 

functionality.  

 



   

 

2.2.2. Crystalline structure (Phases):  

Firstly, it is useful to define the term “phase”, which will be frequently used here.  Porter 

[16] defines "phase being": "a section of a material having uniform "properties" and 

"composition" visibly dissimilar compared to the best part of the material.   So, the 

boundary by surfaces across which the properties change discontinuously.  TiO2 is a 

polymorph, a material in the solid phase that has different structures at different 

temperatures.  It could be regarded, hypothetically, as a single component system,   

containing a molecule/compound that does not dissociate over the range of temperature 

of interest. 

In the present situation, each phase of TiO2 contains different species of atoms or ions, 

Ti+4 and O-2.    

The Figure 2 below is a representation of each of the two types of the unit cell of the 

Titania.  These are namely: “tetragonal” and “orthorhombic”.  At standard atmospheric 

conditions of pressure (1 atm) and temperature (25º), the Titania could have one of the 

two structures namely:  anatase (tetragonal), rutile (tetragonal) and brookite 

(orthorhombic). 

 

Figure 2.  The two TiO2 types of unit cell-cell 



   

 

To these natural polymorphs are added high-pressure phases namely:  Columbite α-

PbO2 (orthorhombic) and baddeleyite (monoclinic), and orthorhombic structure of 

cotunite type, which is one of the hardest polycrystalline materials known.  The rutile 

phase is the most stable and the most common8, anatase and brookite are metastable 

phases, whereas brookite is the rarest of the three.  Dewhurst and Lowther have 

suggested Fluorite structure, so far identified only theoretically as a high-pressure 

phase of Titania   synthesized.     

2.2.2.1. Description of the crystal structure:   

Firstly, the TiO2 crystal structure is described in terms of lattice parameters a, b, c, and 

inter-axial angles α, β, γ. The table includes calculated properties15 such as B is the bulk 

modulus in GPa and Ef is the formation of energy in the eV/TiO2 unit. 

Secondly, anatase, rutile, and brookite structures could be viewed as a network of 

coordinated TiO6 octahedral. These TiO6 octahedral are interconnected differently for 

each phase, leading to different structures and symmetries11.  The unit cells are shown 

in figure 3.  Dielbol [12] calls them “building “blocks.  He has compared anatase 

structure to rutile based on “unit cells”, composed of titanium (Ti) atoms around which 

are arranged "six" oxygen(O) atoms as depicted in the ( figure 2)  He found out the 

similarity of structures having "two" "bonds" amid titanium and oxygen atoms and the 

piled-up of octahedral create a "three-fold" "coordinated" "oxygen" "atoms".  The 

difference in that,  while the "bond" "angle" is far greater, maybe,  lesser than 90 

degrees in the case of "anatase", in "rutile" the octahedral are tailed to another, and 

piled-up following "long axis" in a sequence of 90 deg.    He further argues that 

considering Ti-O “phase diagram” possessing a great number of "stable phases" having 

different "crystal structures", he then concluded that the "reduction" of "bulk" TiO2 would 

not be difficult.   As a result, he says that clear "single" "crystals" would be colored, 

maybe become "dark blue". 

The octahedral are less dense in anatase than in rutile Anatase contains two formula 

units (six atoms) per primitive cell.    



   

 

 

Figure 3.  The [TiO6] octahedral structure in primitive cell. 

The Figure 3 above shows parts of columns of [TiO6] octahedral showing a metal (Ti) 

atom surrounded by six atoms (oxygen) situated at the corners of the octahedron and 

Octahedral being linked together via corners, edges, and faces. 

However, the overall differences in the three polymorphs of TiO2 can be visualized in 

the figure 4.  These structure models are in agreement with the suggestions of 

Thompson T.L and Yates Jr T. (2006) and Stepanov A.L, Xiao X. and Ren F. (January 

2013).  



   

 

 



   

 

 

Figure 4: The TiO2 configuration of rutile (a) & (d), anatase (b) & (e), brookite ( c ) & ( f ) 



   

 

2.2.3. Electrical and optical properties: 

Many authors such as Grant [15] have recently reviewed the electrical and optical 

properties of titanium dioxide.  .  Several experiments were carried out and the results 

were reported on electrical and electronic properties of the TiO2 [125]. . .   R. Asahi et 

al. have also reported   in another study the electronic and optical properties of 

anatase TiO2 [115]. .  In this section, the literature quoted is meant to give a 

background for the study conducted on the electronic transport phenomenon in TiO2. 

2.2.3.1. Electrical properties 

Generally, oxides are classified as either insulating materials or semi-conductors24.  

Titanium dioxide does not make an exception to the rule. As it will be shown in the 

following lines, intrinsic or stoichiometric TiO2 is an insulating material, whereas non-

stoichiometric TiO2 is of n-type semiconductor. The ability difference between an 

insulator and a semiconductor to conduct electricity is explained adequately in the 

band theory of solids. Accordingly, insulators have a gap between occupied and 

empty levels, so that electronic conduction is impossible in the ground state.  

Whereas, in a semiconductor such as silicon or germanium, the valence band is filled, 

but the separation energy or band gap between the filled valence and the nearest 

conduction band is small, compared to the large bandgap in the insulator material 

such as diamond, glass or rubber. At room temperature, thermal energy possessed 

by electrons is sufficient to promote some electrons to the conduction band, and a 

small degree of electrical conductivity is observed.  

Titanium dioxide, in particular, in its intrinsic or stoichiometric form, is considered a 

poor insulating material (do insulator). It shows some degree of semi-conduction. Its 

intrinsic semi-conduction arises from the thermal excitation of electrons and holes 

across the bandgap.   

Like most transition metal oxides, the bandgap is sufficiently large that intrinsic 

carriers are usually swamped by those introduced by defects and impurities [26].   It 

shows other properties expected of insulators such as: 

 No optical absorptions at energies less than the bandgap, 

 Are diamagnetic with no unpaired electrons, 



   

 

 They are susceptible to loss of oxygen, which gives rise to semiconducting 

properties.  

2.2.3.1. Optical properties 

Cox describes the optical absorption of TiO2 (rutile) as being characterized by the 

production of free carriers, corresponding to true band-gap transition without a 

strongly bound exciton being formed.  At lower temperatures, a more complex 

structure is shown.  A small exciton peak about 4meV below the main edge at 

3.035eV, and the edge itself has a second exciton line superimposed (1s and 2p).  

Very small binding energies are expected because of the high dielectric constant. 

Higher-resolution spectra measured in two polarizations at 1.6K indicate some 

dichroism at the edge, lower energy, and the lower-energy features being observed 

only with the electric vector of the radiation polarized perpendicularly to the c axis. 

2.2.4. Phase transformations: 

Besides the thermal expansion coefficient, it is necessary to take into account 

changes in dimensions that occur at different points of transformation when there are 

many polymorphic forms, such as the case of TiO2.  The melting point, as well as the 

points of transition for the TiO2 polymorphs is given in the table.  These transitions are 

sometimes accompanied by modifications of structure and other properties.          

 Phase changes induced in TiO2, a single component system, as said earlier, by 

changes in temperatures at a fixed pressure, say 1 atm, are of polymorphic 

transformations type.  In such transformations, different crystal structures are found to 

be stable over different temperature ranges - Here, stability should be understood as 

“no tendency to change under the thermal influence”. 

Many material scientists agree on the transformation process from anatase or 

brookite to rutile. [10]. Anatase and brookite polymorphs were found to be metastable 

from ambient temperature up to ~ 700◦C, and are converted to rutile when heated to 

temperatures between 700ºC and 920◦C [17].  On the other hand, Zhang   has 

disputed the claim by Ye et al. that brookite transforms to anatase or vice versa, and 

then transforms to rutile.  Nevertheless, admitted the possibility of reversibility of 

transformation between anatase and brookite at lower temperatures (below350◦C).  



   

 

The enthalpies [10] of transformations are –3.26 and –0.71 respectively. 

Transformation enthalpies of anatase-to-rutile and brookite -to-rutile indicate that the 

thermodynamic phase stability for the three polymorphs is: rutile > brookite > anatase.  

Therefore, it was then established that anatase transforms directly to rutile /or 

brookite before it transforms to rutile.   

Phase changes induced in a material could also be studied concerning applied 

pressure (P) at any given temperature (T).   Different from the previous consideration, 

whereby the equilibrium temperatures at a specific pressure of 1 atm, here we 

consider other pressures, higher than 1atm, at which the equilibrium temperatures will 

differ.  Clausius-Clapeyron equation19 is applicable in our case.  Therefore, these 

changes corresponding to a definite point on the equilibrium curve would be related 

as per equation: 

                                                                    
V

S

dT

dP




                                           eq.1 

Where, ∆S is the change in entropy, ∆V is the change in volume of the same quantity 

of substance as it undergoes a phase transformation from phase 1 to phase 2.  

Furthermore, the study of phase transformation requires the determination of the 

equation of state to find the bulk modulus, Bo.  The values of the latter indicate the 

degree of compressibility of the material.  The higher the value of Bo, the less 

compressible it is and the harder the material is believed to be.    Arlt [104] 

determined experimentally the equation of state of anatase TiO2, using single crystal 

as well as polycrystalline material.  For each phase, pressure-volume had been 

described as per   equation of state. [105]. 

Still, from the work of many authors, it can be shown that the TiO2 phase 

transformation could take a different route depending on the starting material, either 

anatase or rutile.  When anatase is used as a starting material, the sequence of 

transformations with increasing pressure seems to follow either route1 or route 2 

model such that: 



   

 

 

In their study, the single-crystal anatase tetragonal transformed into the orthorhombic 

between 13 GPa and 17 GPa. These results were also obtained by Larec and 

Desgreniers [23].   But, they were found to be 258 GPa for the α-PbO2 phase and 290 

GPa for the baddeleyite phase (ZrO2).  Whereas, Sato reported the formation of 

baddeleyite above 12 GPa. When he conducted a similar high-pressure study of 

anatase TiO2 up to 49 GPa.  Only two phase transitions were observed: columbite 

(orthorhombic α-PbO2) and baddeleyite (ZrO2) structures. Baddeleyite, in contrast, 

was found to be much harder than the rutile structure.  

Haines  found phase-transitions: columbite-orthorhombic (α-PbO2) and baddeleyite 

(ZrO2); bulk modulus, Bo: 59 GPa (anatase) and 98 GPa (α-PbO2); comparative 

compressibility of rutile was four times greater than that of anatase ; and double that 

of α-PbO2; preservation of phase-transition up to 12 GPa when rutile is compressed 

from room-temperature; at 15 GPa baddeleyite-phase starts forming and phase-

transition is completed at 20 GPa, and null phase-transition observed till 60 GPa-

compression is reached. 

The Oxygen over Titanium ratio, also known as bulk effect, also affect the pahase 

diagram. 

Looking at data gathered by Samsonov [24], it can be seen that the titanium–oxygen 

phase diagram is very rich with many stable phases with a variety of crystal 

structures, and consequently Diebold [12] has also shown that these intrinsic defects 

result in n-type doping and high conductivity.   

Despite the similarity in electronic structure, anatase and rutile show different 

electrical and optical properties [6]. For example, the donor level is very shallow and 

the nature of the exciton states is self-trapped in anatase, whereas that of rutile is 

free, anatase has a large bandgap [13] of 3.2 eV, whereas rutile has a bandgap of 3.0 

eV.   



   

 

The non-stoichiometry problem is, as said earlier, is inherent to TiO2, particularly at 

high temperatures.  In practice, semiconducting behavior is characteristic of defective 

or non-stoichiometric oxides.  These include reduced do compounds such as TiO2-x. 

Tunstall et al.  And Hill et al., have demonstrated that many transition metal oxides, 

including TiO2, show the phenomenon of non-stoichiometry, where elements are not 

present in simple integral proportions.  The latter is associated with defects due to the 

high concentration of oxygen vacancies in the case of non-stoichiometric TiO2, 

making it a semiconductor. Kofstad has shown the dependence of the value of x in 

TiOx-2 as a function of the reciprocal absolute temperature and oxygen pressure.  

Furthermore Jarzebski has consistently demonstrated that this type of defect in TiO2 

depends on the temperature of thermal treatment.  But the question becomes: how 

does it resemble known semiconductors, such as elemental semiconductors, silicon, 

and germanium?    

According to Grant, “the imperfections in non-stoichiometric TiO2 are oxygen 

vacancies possibly associated with Ti3+ ions.  These centers would act as doubly 

charged donors giving rise to two observable activation energies in the electrical 

resistivity and the optical absorption”.  Also, in the case of reduced TiO2, electrical 

conduction is done by 3d electrons.  

Diebold’s finding [12] that TiO2 is the n-type semiconductor since it could be reduced 

easily at high temperatures.  This agrees with what Grant said, it can then be stated 

that, in the case of reduced TiO2, electrical conduction is done by 3d electrons. 

2.2.5. Electronic transport: 

Electronic transport in the semiconductor TiO2 is characterized by parameters such 

as electrical conductivity, Hall Effect and, Seebeck (thermoelectric power).  The 

Wilson and Somerfield model is usually used to interpret these properties. The model 

assumes spherical symmetry of energy surfaces and introduces parameters such as 

bandgap energy Eg, scalar effective masses of electrons (
*

e
m ) and holes (

*

h
m ), 

mobility of electrons e
  and holes h

 , concentrations of donors [D] and acceptors [A] 

and, ionization energies of donors d
E  and acceptors a

E  . 



   

 

Temperature dependence of electrical conductivity and Hall Effect properties have 

been investigated in rutile by Becker and Hosler.  The effect of annealing at various 

temperatures and various oxygen pressures resulted in the conductivity of 10-6 to 102 

Ohm-1 cm-1.  The hall mobility was shown to be independent of the concentration of 

current carriers and amounted to 0.2 cm2/Vs at room temperature, activation energy  

(4  to 8) x 10-2 eV.  Anisotropy and its temperature dependence, like those of other 

electrical properties, were observed by many other authors, namely Bogomolov, 

Shavkunov and Zhuze, and Cronemeyer.  Also, Frederikse measured the room 

temperature (300oK) resistivity value of 0.1 to 10 Ω.cm, an effective mass of 12 to 32 

mo, on rutile single crystal samples.  

 Cox describes the optical absorption of TiO2 (rutile) as being characterized by the 

production of free carriers, corresponding to true band-gap transition without a 

strongly bound exciton being formed.  At lower temperatures, a more complex 

structure is shown.  A small exciton peak about 4meV below the main edge at 

3.035eV, and the edge itself has a second exciton line superimposed (1s and 2p).  

Very small binding energies are expected because of the high dielectric constant. 

Higher-resolution spectra measured in two polarizations at 1.6K indicate some 

dichroism at the edge, lower energy, and the lower-energy features being observed 

only with the electric vector of the radiation polarized perpendicularly to the c axis. 

2.2.6. Photocatalytic properties: 

TiO2 is well known for its ability to degrade photo-catalytically a wide range of 

substances including organic materials and particularly cyanides.  Uniheidelbelberg 

says that the effect of illumination (UV light) of "photo-catalyst increases the "rate" of 

"chemical "reaction" because of the decrease of the "activation "energy.  Following 

the chemisorption of surfaces, the particles present are prepared consequently for 

speedy participation, most likely fragmentation type of reaction. 

The basic idea of the photocatalytic activity of TiO2 was discovered by Fujitsuma and 

Honda.  By inserting a TiO2 electrode in a bucket of water, connecting it electrically 

with a Pt counter electrode, and shining light (UV), they dissociated water into oxygen 

and hydrogen.  To extend the absorption in the visible light spectrum, 



   

 

Graetzelincreased the surface to volume ratios using highly porous 20 nm TiO2 

nanoparticles and the dye.   

Let’s notice that the large surface-to-volume ratio (small-sized particles) influenced 

significantly the photocatalytic activity. Another factor influencing the photocatalytic 

activity of the TiO2 is the phase (structure).  It has been shown that among the three 

phases of TiO2 namely, anatase, rutile, and brookite,  anatase is the best 

photocatalyst. 

San-Gi.  describes a multi-step reaction giving an account of the development of the 

H2 production in the degradation process of cyanides, facilitated by the action of the 

TiO2 photocatalyst.[126]  as follows:   

(i) The illumination of TiO2 by ultraviolet irradiation results in the creation of 

electron-hole pair (h+, e-) at the surface of the TiO2 as per reaction step:  

            
  ehhheTiO ),(

2
 

(ii) dissociation of water:    

              
  OHHOH 222

2
 

(iii) production of H2 molecule 

             
2

2 HHe  
 

(iv) formation of hydroxyl radical 

            
  OHOHh 222  

(v) oxidation of CN- ion by hydroxyl radical and formation of harmless ion OCN- 

            OHOCNCNOH
2

22  
 

2.2.7. Gas sensing properties 

The sensitivity of the large band-gap semiconductors-based sensors depends on the 

conductivity of the surface of sensors, which is influenced by the nature of the 

adsorbents, the number of electrons released as a result of chemical interactions 



   

 

between the surface atoms and molecules, and the adsorbent.  This statement is 

drawn from the theory of chemical sensing of large bandgaps such as SnO2(3.5 eV), 

TiO2 (3.0 eV), ZnO(3.2 eV), Fe2O3 (2.2 eV), etc semiconductors, which states that 

atoms and molecules interact with the semiconductor surfaces influencing their 

conductivity and surface potentials.  According to Seiyama and Taguchi, 

“semiconductor "oxides make better gas "sensing" materials than "organic as well as 

"elemental semiconductors ones.  Furthermore, they argue that "detection of the 

reducing gases is based on the "increase of the semiconductor's conductance. 

The sensitivity of the sensor is dependent upon the fact that:  "oxidation of organic 

matter in presence results in a decrease of "oxygen "ions together with free-electrons, 

consequently, the rise of conductivity.  By contrast, a decrease of conductivity 

emanates from "conduction "electrons being attenuated because of unstable 

"adsorption of "electron "acceptors. However, the selectivity of the sensor is 

dependent upon the effect in adsorption or reaction different substances have at the 

metal oxide surface; the differences in the extent of the effect define the selectivity of 

the sensor.      

2.2.8 Anti-bacterial properties: 

Piskin lists "antimicrobial capabilities in various fields using M-oxides such as titanium 

dioxide. These include industrial environment utilities:  "food, "synthetic clothing, 

"health "care, "packaging, "medical items, and non-industrial, day-to-day employed by 

people, catalysts namely: "sunscreens, "cosmetics, pharmaceuticals, and fuel.  Also, 

Verdier has shown that the TiO2 nanoparticles either used alone or in coatings, do 

have the anti-bacterial effect on E.coli bacteria [127].  



   

 

CHAPTER   3:    PRINCIPLES OF LYOPHILIZATION 

Underlying the principles of the lyophilization Process, they are an overview of basic 

rules to be followed at each step for a successful product.  The points listed below are 

further discussed considering the synthesis of ceramic compounds by the spray-

lyophilization method.  The latter method is used as materials properties optimizing 

tool for photocatalytic applications (in particular water purification).  The properties 

include: highly porous, high surface properties (surface area, mono-dispersity i.e. 

narrow size distribution), etc. 

The points that are covered are: 

1. Define the Spray-lyophilization process as per prospective application. 

2. Outline of the lyophilization process  

3. Freeze-dryer equipment. (freeze-dryer) 

4. Properties of Lyophilized materials    

5.  Principles  for Aqueous  synthesis  (pH~7) of TiO2 nanoparticles (powders)  

3.1. Definition of lyophilization: 

Each process, considered either a single or multi-step one, has its requirements. So 

does each Freeze-drying of the product or formulation.  For instance, consider the 

environmental cleaning process, by evaporating volatile compounds in aqueous 

dissolutions of compounds that could lead to the drying of oil spills; eventually, the 

process will produce a non-porous cake of residues.  But because the porosity in the 

dried product is lacking, and yet a key element, the process will not be defined as 

lyophilization or freeze-drying process.   However, a more universally accepted 

definition by the scientific world is required, mainly because of the porosity of the 

dried product, and ability to resorb the solvent, the feature is known as “lyophilic”, Rey 

L.R, (1976) at the International Symposium of freezing Drying; being the first to use 

the word lyophilization by equating it to freeze-drying and suggested several steps 

generally adopted till today.  According to Jennings, the proper definition of 

lyophilization for aqueous and non-aqueous products is a stabilizing process 

comprising firstly by the freezing step of the substance; secondly, the double 

minimization of the solvent, first by sublimation (primary drying) followed by 



   

 

desorption (secondary drying).  The cutoff limit of the minimization of the solvent is 

the value whereby no biological growth or chemical reactions is expected to happen.  

However, John Barley (SP Scientific) focusing on the drying method by sublimation 

and the removal of bound water molecules by lyophilization process defines in these 

terms:: “ freeze-drying is the removal of ice or other solvents from material through 

the process of sublimation and the removal of bound water molecules through the 

process of desorption”.  

Based on merged-definition Jennings T.A-Barley J., we develop the following outline 

of lyophilization focusing on formulations stabilization principles, and principles based 

on the removal of free and bound water from formulations. 

3.2. The Outline of Lyophilization Process 

What follows is a glimpse of the lyophilization process and the freeze-dryer, 

presenting basic steps and describing the equipment (freeze-dryer).  The atomization 

process is included as an essential step for producing fine powders of desired sizes 

ranging from nanoscale to microscale.  

3.2.1. The formulation 

Defining a formulation, (physical chemistry term), means making a sample of 

matter in which substances in different phases are in equilibrium. The solvent is 

one of the phases that should be removed to enhance the stability of the 

formulation.  The other phases are the substances that would be stabilized. 

Generally, these could comprise lyophilized samples such as biological, diagnostic 

(in vivo and in vitro), pharmaceutical, and veterinary products.   Apart from their 

active components, these formulations could include stabilizing substances in 

the liquid phase.  .  



   

 

Figure 5:  The preparation and 20 weeks–traced physical changes of stabilized 

aqueous Poly (n-butyl cyanoacrylate microbubbles formulations and its 

lyophilized cake produced 

The Figure above is a modified image showing the preparation and 20 weeks–

traced physical changes of stabilized aqueous Poly (n-butyl cyanoacrylate 

microbubbles formulations and its lyophilized cake produced.  It also shows the SEM 

and STED micrographs of the stabilized and lyophilized formulations [128] 

3.2.2.  The atomization:   

By atomizing bulk liquids or formulations, the process breaks it into tiny 

particles, also said small droplets.  Sometimes it is called the spraying method, 

whereby the bulk liquids are broken into small droplets under the effect of high -

speed gas/air / inert gas/fluids with centrifugal forces.  The atomization process 

is the most known method of producing powders of various particle sizes, 

ranging from nanoscale to microscale, depending on the size of the nozzle. The 

figure below shows a uniform, round-shaped spraying pattern for medium to 

large-sized drops.    



   

 

 

                      (a)                                                          (b) 

 

(C) 

Figure 6. The Schematic diagram of the atomization process  

The atomization includes the following steps:    

(a) The formulation is sprayed using the nozzle under pressurized gas/air, (b) the 

homogeneous (uniform) particle distribution, (C) formation of powder as the droplets 

  



   

 

 

Figure 7.   The picture of the atomizing apparatus  

The SNOW Technology elaborates the principle of atomization –freezing as 

follows: By applying high pressure (compressed gas), it atomizes the 

formulation in fine droplets. In that, when the formulation reaches the “snow -

gun”, due to the high pressurized gas/air, the nozzle splits it into droplets.  If the 

released droplets are released in a cold medium such as liquid Nitrogen (-

196°C), they are frozen and crystallize informing “snow-like” powders, the so-

called snowflakes. 

3.2.3.  Freezing 

By freezing, it separates the solvent, water in the case of aqueous formulations, 

from the solutes, the ice crystals are formed and the solutes are confined in the 

gaps between ice crystals. Total freezing requires temperature depending 

largely on the nature of the solvent and other components of the formulation.  

Thermal properties of the latter and its ability to freeze-dry in a reasonable 

period could be affected.   

3.2.4.  Primary Drying 

Frozen formulations obtained at atmospheric pressure are now placed in the freeze-

dryer, whereby the pressure has been reduced to vacuum and heat being applied to 

the formulations triggering sublimation of the ice crystals.  As the sublimation process 

continues, solvent vapors are generated and the ice-gas gap recedes through the 

cake.  By totally removing all the water/solvent as well as other volatile components 

Nozzle 



   

 

and all ice crystals are gone from the formulations, the primary drying cycle has been 

completed. As a result, the volume of cake is comparable to that of the frozen matrix 

i.e. the space in the cake was once filled with solvent, it has now become porous.  

3.2.5.  Secondary Drying  

Even when the primary drying is done, a certain amount of water should be present 

due to adsorption on the surface of the cake.  The build-up of moisture is a function of 

temperature and the kind of components of the cake.  The degree of moisture could 

be estimated much higher than 5% up to 10% in terms of the weight ratio of the dried 

cake. As a result, the targeted stability in the final product will be impaired with such 

high moisture percentage. Therefore, to meet the targeted stability, it is required that 

the amount of moisture content in the cake be reduced further using desorption while 

ensuring the volume of interstitial cake remains intact. In the final analysis, the 

secondary drying is completed through desorption of the remaining water by raising 

the temperature of the cake and lowering the partial pressure of water in the freeze-

dryer.  The secondary drying is also the final stage of lyophilization. 

Figure 8 below, shows the evolution of freeze-dried samples of bovine pericardium at 

2.23 Pa and 1.5°C.  The light-region, that contrasts the dark region, is the amount of 

water (solvent) that diminishes with increasing time, from region (A) 8min, 

region(B)15min and, region (C). 

 

Figure 8.   Evolution of freeze-dried sample of the bovine pericardium   



   

 

In he the figure above, the light area shows depletion of  a certain amount of water 

(solvent) with increasing freezing-drying time: region (A) after 8min, region (B) 

after15min, an 

3.2.6.  Airtight sealed environment:  

 The lyophilized product is kept safe from any external influences (temperature, 

moisture, etc.).  The tight closure is achieved by the stoppering mechanism for as 

long as the product can be permanently removed from the freeze dryer.    

3.2.7. Freeze-Drying Equipment (Freeze-Dryer) 

 

 

Figure 9.  CHRIST 2000 Freeze-Dryer, 40L, and minimal temp. (-55C) 

 

Describing the freeze-dryer consists of some key components associated with 

major functions.  The figure (S. Von Graberg, 2011) is an illustration of the 

freeze dryer showing the main components.  



   

 

 

Figure 10:    Freeze-Dryer; 1- Drying chamber; 2- Inlet for heat transfer; 3- 

condenser; 4-vacuum pump connection; 5-Inlet for condenser; 6: freeze-dryer 

door; 7-drain for water from the condenser 

3.2.7.1. The Freeze-Drying Chamber: 

Each Individual step of the lyophilization requires a safe environment for the 

product and adequate temperatures as well as pressures.  These requirements 

are met through the freeze-drying chamber.  The main parts of the chamber 

include: metal vessel, hinged door, usable and unusable shelves, the hydraulic 

ram system, pressure gauge, thermal insulation, the condenser surfaces, trays, 

and the vacuum pumping system.  While the product is loaded on the usable 

shelf, the unusable shelves serve for shielding from radiation for the upper shelf. 

Heat transfer fluid flows through the hallowed shelves (serpentine).  The heat-

transfer fluid can either be chilled or heated to provide the required energy for 

the primary and secondary drying processes.   



   

 

3.2.7.2. The condenser Chamber: 

Describing the condenser chamber serves to contain the condenser surfaces that 

degas water vapor of remaining gases from the drying chamber.   

The effectiveness of the condenser plates depending on their operating 

temperatures, it should maintain the temperature at minimum at 20°C below the 

product temperature during the primary drying process. Whereas, the chilling of the 

shelves of the dryer by a heat-transfer fluid as it expands directly, will refrigerate the 

condenser surfaces as a whole.  

3.2.7.3. The vacuum pumping system 

The required pressures to drive the primary and secondary drying are provided by the 

combined action of the vacuum pumping and the condenser systems.  There exist oil-

lubricated vacuum pumps and non-lubricated mechanical pumps. Non-condensable 

gases passing through the condenser are compressed by the vacuum pump and 

discharge the gases in the environment. 

3.3. PROPERTIES OF LYOPHILIZED MATERIALS  

Here are the main physical properties of the lyophilized products/formulations: 

Stability: Lyophilization process will not be justified if it were not for its capability 

to enhance the stability of the formulation.  The latter is defined as slowing down 

the kinetic clock for the deterioration or decline of the potency of the active 

component. There exists an acceptable range (110% to 90%) of potency or activity 

values whereby the product is said to be stable.  The expiring date is determined 

as the length of time the totality of the lyophilized formulation maintains its potency 

limits.        

Determining the stability of the lyophilized product applies two techniques namely:  

accelerated stability and long-term (real-time) studies. 

3.3.1. The long-Term or Real-Time Stability method: 

The temperature and humidity for storage of the lyophilized formulations are chosen the 

same conditions of temperature and humidity for long and real-time stability studies.  At 



   

 

chosen and regular time intervals, the potency or activity of samples is tested.  This 

testing could last for years and the results used to determine a window of the period for 

the stability of the dried product, and the corresponding expiration date being allocated 

to that series of samples. 

3.3.2. The accelerated Stability method 

Keeping the dried product in the controlled condition of humidity (say, 50%), at fixed or 

elevated temperature (say 40°C), accelerates the rate of the kinetic clock.  Then at 

chosen regular intervals of time samples of dried formulations are removed and tested 

for potency or activity.  The stability measure of the dried period is determined by no 

variation in the distribution of potency during the period of investigation.   

The method of accelerated stability testing is only valid in diagnosing the thermal 

instability in a series of dried formulations.  Unlike the long-term method, it cannot be 

used to determine the overall stability of the product or be used to determine the 

expiration date.    However, this method finds its application in the correlation of the 

results with the stability of the product as specified from a long-term approach. 

3.3.3. The physical properties (appearance) of the lyophilized 
formulations: 

To different extents, each step of the lyophilization, freezing, the primary drying, affects 

the appearance of a lyophilized product. The uniform cake structure is a result of the 

ice structure that is formed during the freezing process.  Uniformity characteristic is 

also known as the ideal structure (sponge-like) that is caused by primary drying 

resulting in inequality between cake volume and the volume of the frozen matrix.  

However, a poor primary drying process could create a heterogeneous condition, 

whereby the product matrix is not a completely frozen structure (amorphous), with the 

worst heterogeneous appearance being the partial collapse of the cake structure. 

3.3.3.1. Free water: 

The formation of ice-product can be accompanied by the production of so-called “free 

water”.  The latter is either water that has crystallized during the freezing process or 

water from a solution with other elements constituting the formulation.  Achieving the 



   

 

desired product stability, the free water is required to be cut down by desorption to a 

ratio amount inferior to 1% of its weight over the final dried product. 

3.3.3.1. Bound water 

While free water participates in the formation of either ice-matrix or the solid solution 

that contains the solutes, bound water instead is that water that builds up the stability 

of the active constituent of the lyophilized formulation.  Explaining further the idea of 

bound water, this is that amount of water that maintains the so-called “folding 

configuration “of a protein molecule, and if it were taken out, the protein would lose its 

configuration but also would stop functioning.  In principle, for a successful 

lyophilization process, the amount of free water must be cut down, but not the amount 

of bound water, which is an integral part of the active constituent of the formulation.  

3.3.3.2. Reconstitution 

Restoring lyophilized formulations to initial conditions, a specified amount of diluent 

(water in particular) is added to the dried cake.  As a result, the dilution should take 

less than 1 minute and should be complete.  Its inherent attributes namely, the 

potency of the active constituent and pH value, should be comprised in the same 

authorized range of values of the original formulation.  The results of either a failed 

lyophilization process or malfunction of the freeze-dryer are indicated by excessive 

long reconstitution times, diminution of potency and, /or formation of turbid solutions.  

3.4. Principle of optimization of lyophilization process  

3.4.1. Optimization problem 

Based on the flow of activities constituting a product development process, for 

example, a drug or sucrose (W.J. Sichina, Perkin Elmer Instruments), which will 

rapidly be ingested or dissolved in water (aqueous formulation), optimization is 

needed. Defining the steps of a lyophilization process problem, consists of cooling the 

aqueous formulation below ambient temperatures and applying a vacuum to remove 

the free water. Because of energy consumption concerns, finding out the maximum 

acceptable temperature to which the solution can be cooled before a vacuum is 

applied is critical. The maximum temperature must be inferior to the glass transition 

temperature of the product to prevent the crumbling of the freeze-dried cake. This 



   

 

maximum temperature for the lyophilization of the product is also known as glass 

transition temperature (Tg), it is one critical parameter that has been identified to 

deepen the understanding of the lyophilization process for a given formulation, and 

set during the primary drying. Also, the extent to which heat capacity (ΔCp) is varying 

at Tg, accompanied by recrystallization event requires sufficient information to bypass 

glass temperature, and this would determine the success or failure of the drying 

process.  Therefore, accurate glass temperature data collection is needed for an 

optimal primary drying process.  

3.4.2. Optimization solution by DSC (differential Scanning Calorimetry) 

Trial-and-error-method for generating accurate maximum temperature allowed for 

each product would be time-consuming.  Instead, the differential scanning calorimetry 

offers the answer to the question of how?  

 

Figure 11.   Plot of Differential Scanning Calorimetry (DSC) results for 

lyophilization Optimization 

To address the main issues surrounding the production of a successful lyophilized 

material, aqueous lyophilization formulations, in particular, W.J. Sichina (Perkin Elmer 

Instruments) describes the concept development for sucrose by measuring the 

following parameters:  temperature of Tg(s), the magnitude of Tg(s) or Cp, and 

occurrence of recrystallization 



   

 

(1) The analysis is conducted in an open aluminum pan since the properties of 

interest are below 0 C. Between 10 to 20 mg of the solution is injected into an open 

pan and then analyzed with the DSC.  

(2)  The sample is quickly cooled to a temperature of -75 C, held for 5 minutes, 

and then heated at a rate of 5 or 10 C/min back to room temperature.  

Displayed in the figure above are the DSC results representing those obtained from a 

solution containing 5% sucrose. The results are presented in high sensitivity scaling 

emphasizing the small transitions below the main melting transition of the ice phase. 

The Tg of this solution is observed at -45 C. Upon further heating, the solution may 

undergo recrystallization at -39 C. There is evidence that formulations show 

recrystallization event during heating will lyophilize successfully regardless of the 

product temperature and the magnitude and temperature of Tg. At approximately –27 

C, a second, higher temperature Tg is believed to occur. The exact nature and 

interpretation of the DSC results obtained in the sub-ambient regions on sucrose 

solutions or formulations is a matter that is still being researched and discussed.  

However, the proper understanding of this transition is certainly critical for obtaining a 

better handle on the overall freeze-drying process. 

3.5. Principles - Spray-Lyophilization for the synthesis of nanoparticles 

The starting idea of the Spray-Lyophilization technique is a liquid phase synthesis 

method that precipitates nanoparticles from an aqueous solution of the Titanium 

precursor compound.  However, the overall process carries out principles that are 

based on four main concepts namely:  

1. The chemical products by design using lyophilization, a physicochemical 

method that manufactures nanostructured materials from precursor solutions, should 

be chemically stable and homogeneous (composition) with a long shelf-life. 

2. The control of the characteristics (properties) of the lyophilized product is 

achieved in consideration of the application of principles of Chemistry, in direct 

dependence relation to precursor solution variables during its preparation and 

processing (Freezing-Drying).  As a result, the lyophilized materials are 1). Physically 

homogeneous (monodispersed), 2) nano-size:  1-100nm; with narrow -size 

distribution, and); 3. Mono-phased polymorphs (nanostructured), obtained as a 



   

 

result of the optimized process; 4.  Various optimized morphologies (well-shaped 

defined) are obtained,   

3. The Nano-technological strategy is a green method implemented in four-step 

materials processing namely: 1). Precursor solution selection; 2). Atomization though 

Spraying; 3). Freezing in a liquid medium (e.g. He, N2); 4). Drying by sublimation of 

the solvent in a conditioned environment (chamber), 5). Decomposition / Annealing 

(Calcination) in a controlled atmosphere.  

4. The first and second laws of thermodynamics are applied as theoretical 

background explaining and estimating optimal parameters in transport 

phenomenon and in consideration of necessary phase changes (transformations) 

required to make quality Nanoparticles 

3.5.1. Dissolution and homogenization of the precursor solution  

To make nanostructured materials from precursor solutions, the solutions must be 

chemically stable and homogeneous (composition), a single phase.  Solutions 

are described as homogeneous mixtures of two or more compounds, which can be 

gaseous or liquid, or solid.  In context, considering only liquid solutions and solid 

solutions, and the two terms frequently discussed when dealing with solutions, solute, 

and solvent.  Liquid solutions are formed by dissolving a gas, liquid, or solid in a 

liquid.  The terms solute and solvent go hand in hand with the concept of solution.  

The solvent is the substance in a large amount, while the solute is the substance in a 

smaller amount.  Also, the term solvated is used to describe species that result from 

the interaction of one or more molecules of solvent and solute.  In the case of an 

aqueous solution, instead of solvated, the term used is hydrated.  If the latter is water, 

the solution is termed an aqueous solution.  Whereas, the solid solutions are those in 

which one component is dispersed on an atomic scale in another component.   

3.5.2.  Primary Nucleation, phase homogeneity (percent phase composition) by 

a solvent molar factor, and particles’ size distribution effect 

Consider the kinetic representation of an aqueous precursor salt in solution, the 

precursor molecules are distributed randomly across the bulk solution.  If the system 

is a pure crystal, the packing is in a certain order, however, the lattice points are 

occupied randomly by one or another kind of atom 



   

 

A lot of chemical syntheses of nanoparticles are described by the primary nucleation 

model per definition by Mullin, J. W. (1977).   This is understood as the process 

whereby nuclei or seeds are considered templates for crystal growth.  Also, primary 

nucleation takes place without the presence of other crystalline matter.  However, 

according to Nguyen T.K et al. (chemical review, 

pubs.ac.org/doi/pdf/10.1021/cr400544s),” the formation of porous solids does not 

always follow the classical pathways of crystallization in solution”. 

Homogeneous nucleation occurs when nuclei form uniformly throughout the parent 

phase, whereas, heterogeneous nucleation is formed due to structural inhomogeneity 

(surfaces, impurities, grain boundaries, dislocations). In the liquid phase, 

heterogeneous occurs much easier, since a stable nucleating surface is already 

present. The process of homogeneous nuclei formation can be considered 

thermodynamically 25,30 by looking at the total free energy of a nanoparticle defined 

as the sum of the surface free energy and the bulk free energy. For a spherical 

particle of radius r, the surface energy γ and the free energy of the bulk crystal (ΔGv), 

giving a free energy ΔG.  The crystal-free energy itself is dependent upon the 

temperature T, Boltzmann’s constant kB, the super-saturation of the solution S, and its 

molar volume, v. ΔGv   

3.5.3. Particle size growth by Solvent type and concentration factors 

 

Generally, the difference in the particle interaction potential of individual solvent, 

following nucleation, causes the particles to grow in size by molecular addition or 

aggregation.  This particle growth is affected by the kinds of solvents used 

(Nyamukamba P. et al.   According to Moon Y.T. et al. (1995), “the increase in the 

amount and molecular weight of the “water/no-alcohol” mixture ratio was found to 

increase the size of the particles and, the smallest size was obtained in the 

experiment without.  This is because an increase in both concentration and molecular 

weight leads to a decrease in the dielectric constant of the solvent resulting in 

decreased stability and enhanced rate of re-aggregation and larger particle size.  

Furthermore, Park J. et al. (2007) elaborates: “   re-dispersing the product powders 

obtained in such a case, a set of three different solvents (ethanol, propanol, 



   

 

methanol), results in the increase of the degree of aggregation following a typical 

pattern, namely:  methanol > ethanol > propanol. In other words, the solvent having 

the least molecular weight in the group should show the highest degree of 

aggregation.  It follows to say that the colloidal perturbation is the primary mechanism 

by which these solvents affect particle size”. 

3.5.4.  Control of features of nanostructured materials via synthesis conditions  

Extensive research in materials science and nanotechnology has been devoted to 

discussing the formation and manipulation of size, structure (phase) and, morphology 

(shape) of nanostructures. The principles underlying this activity have been investigated by 

analyzing specific synthesis methods, in terms of their content and the conditions 

essential for generating the requirements they impose on these features. This issue has 

been considerably addressed in several studies about identify and describe the qualities of 

nanostructured end product materials required by technological applications for 

successful performance.  

The characteristics of the structure, size, and shape properties and the mechanisms by 

which they are created have been studied in connection with the analysis of materials 

selection in the nano-technological designing activity.   This problem has been 

investigated most intensively as part of an analysis of the appealing conditions that create 

effective synthesis methods.  It would be unthinkable to list all the works in this field. The 

underlying principles of controlling nanostructured features have been identified in terms of 

filling the gaps that only freezing-drying (Lyophilization) can address.   

Freezing and freezing-drying of porous and nanostructured materials are processes 

that control parameters such as pore size, pore-volume, and shape.  The latter is a 

function of aqueous solutions, organic solutions, colloidal suspensions, and 

supercritical CO2 solutions.  He implies that one effect of freezing aqueous solutions 

is the formation of a gradient concentration of the solute and the increase of the ice 

front.  The ice grows as the result of the reduction of the melting point of the solution 

which formed a “constitutional super-cooling” zone that breaks down the “planar 

interface”. 

The formation of nanostructured particles and their characteristic features including 

size, crystallographic structures (phase) and, photocatalytic activity property are 



   

 

controllable (Masoudeh Ahmadi et al., 2011). The controlling factors are the pH of the 

solution, the ratio of the initial concentration of the reactants of the aqueous solutions, 

colloidal suspensions and emulsions, calcination temperature, and aging time. 

3.5.5.  Residual water   

The amount of time needed to eliminate the necessary quantity of residual water in 

the dried product, at the same time, keeping up the product quality intact is 

controllable by the product temperature below the maximum allowed value (glass 

temperature, Tg), the optimal pressure applied, the residual ice content, and the 

mass-transfer operating conditions. 

  



   

 

CHAPTER 4:  EXPERIMENTS, RESULTS, AND DISCUSSION 

4.1. Experiment I:  Ti (III) chloride Precursor-based TiO2 NPS 

4.1.1. Objectives 

(1)To investigate the size dependence of the anatase-rutile structural phase transition 

in lyophilized TiO2 nanoparticles.  

(2) To investigate the effect of optimal solubility and low decomposition temperature 

(100-400°C) for the synthesis of TiO2 NPS, and  

(3) To characterize the size and structure by XRD, the composition by EDS, and 

morphology by TEM, vibrational modes and, a high-pressure investigation by Raman 

spectroscopy. 

4.1.2. The formulation prepared on basis of Ti (III) chloride precursor solution: 

The solution preparation process was carried out as follows: In the first case, a certain 

number of moles concentration of TiCl3 and a certain number of mole NH4OH were 

dissolved in 250 ml distilled water (DW).  The decomposition of hexahydrate titanium 

(III) chloride produced the TiCl3 that was used such as TiCl3•6H2O → TiCl3 + 6H2O (2) 

pH observation: After mixing of titanium chloride, ammonia, the color of the solution 

was observed in the beaker. The pH value of this solution was measured by pH test 

strips (Sigma Aldrich: P3536 range: 6.0 – 7.7, resolution 0.3 – 0.4 pH unit (3) Desired 

pH calibration: In the third step, the pH value of the solution was adjusted to the 

desired value (Ph~7.0) by using 1 mole NaOH and 1-mole HNO3 solution (each in 

100 ml deionized distilled water) and was added drop by drop.    

4.1.3. Results 

The TiO2 quantum dots were synthesized by the lyophilization process using a Christ 

2000 lyophilizer at thedvanced Nano-Materials & Nano-Scale Physics of the 

University of the Witwatersrand: Using the Titanium Chloride (III) TiCl3 salt. The latter 

has been chosen as a precursor due to its significant water solubility and its 

relatively low decomposition temperature (440°C). After an optimization phase, the 

optimized solution of TiCl3 was sprayed under the form of droplets (80µm in 

average/laminar flow) in liquid nitrogen. The frozen network has been transferred to 

the lyophilization vacuum chamber. The frozen slat network was submitted to a 

sublimation process. By controlling both the heating temperature and in-situ vapor 



   

 

pressure, the water component was fully removed from the salt precursor. The 

obtained white precursor was eminently porous possessing a dendrimeric 

configuration 

4.1.3.1. Thermogravimetric Measurements (TGA) 

In order to determine the decomposition temperature,   sample of the white porous 

precursor of TiCl3,-based was analyzed by the thermo-gravimetric experiments.  . The 

expectation was that the results could be different from the corresponding bulk liquid 

TiCl3 on basis of free energy considerations.  The figure 12 shows the corresponding 

thermogravimetric profile in a flow of oxygen-argon.  A sharp drop in the profile is 

observed at about 200°C. As confirmed by X-rays investigations, this conforms to the 

total decomposition of the precursor resulting in a pure TiO2 compound. This 

temperature of decomposition of 200°C is inclusively different from that of the bulk 

liquid TiCl3 which is 440°C. The difference in the TGA results could be related to the 

high degree of porosity of the precursor which could minimize the free energy during 

the chemical decomposition. Knowing the decomposition temperature of the ultra-

porous precursor, this later has been decomposed in the normal atmosphere for 10 

minutes. Such duration has been fixed to obtain quantum-dots / nano-particles of TiO2 

with an average size of about 5 nm. As expected, it has been found that the 

decomposition time controls the growth-coalescence process of the nano-particles. 

 



   

 

 

Figure 12. The thermogravimetric profile of the TiCl3-based lyophilized TiO2 NPS 

4.1.3.2. Elemental composition characterization 

 

Figure 13:  EDS chemical elementary composition of lyophilized sample TCP03-

C 



   

 

 

Table 1: EDS chemical elementary composition of lyophilized sample TCP03-C1 

Nanoparticles Elements content (wt %) 

 Ti O C Cu 

TiO2  

(Sample: TCP03-C1) 

62.0 30.2 5.7 3.7 

 

The EDS measurements show the composition of lyophilized TiO2 nanoparticles, 

samples (TCP03-C1).  As indicated in the figure 13, there are four peaks of the Ti 

element amounting to 62.0 of wt% (one 0.46KeV, one at 0.47KeV, one peak at 

4.5KeV, and one at 4.9KeV).  It also shows one strong peak of Oxygen (30.2wt %) at 

0.49KeV, and carbon (5.7wt %) element at 0.33keV and Cu (3.7wt %) at 0.9KeV.  The 

presence of elemental carbon and element of copper at a weak percentage, far from 

being impurities due to the synthesis process, is most likely due to contamination from 

the copper sample stage and electrically conductive carbon tape used to fasten the 

sample on the sample stage.  With this assumption, the purity of the lyophilized TiO2 

(92.2 wt %) can be said to have been conserved through the synthesis process.    

4.1.3.3. Morphological investigation (HRTEM) 

The lyophilized TiO2 samples, obtained from precursor titanium TiCl3 precursor were 

characterized for size and morphology, and compared to Degussa P-25 nanoparticles 

samples that were also characterized for the same purpose by the high resolution 

transmission microcopy (HRTEM) at CSIR. In 2018. The results show well-shaped 

nanoparticles with very degree of polydispersity and the particle size range: size=10 – 

50nm.   The Figure 13 (a) and (c) depicts the HRESM micrograph of the TiO2 

Degussa-P25, whereas the lyophilized Titania, anatase nanoparticles are shown in 

figure 14: (b) & (c) (10 -12nm). 

 

  



   

 

 

Figure 14:  The TiO2 NPS, HRTM micrographs: a & c Degussa P25 (Ø~10-50nm), 

b & d lyophilized from TiCl3 precursor (Ø~10 – 12nm), CSIR in 2018 

The morphological investigation by Transmission Electron Microscopy is also fairly 

good evidence of lyophilized TiCl3-based TiO2 Nanoparticles products. The figure 

below is illustrative of this fact: 

(a) (b) 

(c) (d) 



   

 

 

Figure 15: TEM Micrograph of TiCl3-based lyophilized Anatase phase 

 

4.1.3.4. Crystallographic investigation 

To analyze the crystallograph ic structure of the synthesized TiO2 quantum dots / nano-

particles, X-ray diffraction measurements have been performed at room temperature on TiO2 

nano-powder at the XRD unit of the Physics Department of the University of the Witwatersrand. 

As shown in Figure 6, the Bragg diffraction peaks are significantly broad, a signature of the 

nano-size of the TiO2 quantum dots / nano-particles. Using the Debye-Scherrer approximation, 

the size was found to be <70 nm> which fits well with the value deduced from transmission 

electron microscopy measurements. 

Using the ASTM database, the TiO2 quantum dots/nano-particles decomposed at the 

chosen temperature of 300°C are pure anatase. A finer investigation of the reticular plans 

distances of the nano-anatase and the standard bulk anatase, shows clearly that the TiO2 

quantum dots / nano-particles are under stress due to the crystalline mismatching of 4.5% 

which is, undoubtedly, due to the surface/volume effect. 



   

 

As mentioned previously, the temperature of decomposition seems to play a major role in the 

growth-coalescence process of the obtained TiO2, quantum dots/nano-particles. Therefore a 

consecutive study on the crystallography of the TiO2 quantum dots / nano-particles versus 

the decomposition temperature has been conducted. Figure 7 shows the corresponding 

experimental phase diagram. For the considered initial concentration, the results are 195-247°C 

Brookite crystallographic form, 250°C Anatase  crystal lographic form ,  610-750°C both 

Anatase-f-Rutile crystallographic forms and over 750 pure rutile crystallographic form. Such 

phase transitions will be investigated deeply and scrupulously in light of future experiments. 

 

Figure 16: Phase Diagram of TiCl3-based lyophilized TiO2 NPS 



   

 

  

Figure 17:  The XRD pattern of TiCl3 based lyophilized, low-temperature 

decomposed –Anatase phase. 

4.1.3.5. Vibrational properties 

 

Figure 18: The room temperature Raman Spectrum of 10nm lyophilized TiO2 



   

 

4.1.3.6. The ultra-high pressure properties & phase transition phenomena 

As the TiO2 quantum dots / nano-particles were found to be under stress conditions, 

in particular, the anatase form, crystallographic phase-transition study under 

ultra-high pressure has been conducted with the high-pressure group in the Physics 

Department. The investigations were carried out using Raman spectrometry which 

is very sensitive to atomic vibrational properties, see Figure 18 above... The nano-

powder was stored in a diamond cell anvil and Raman spectra were collected for 

different applied pressures. For comparison purposes, the same study has been 

conducted on bulk anatase, titanium oxide powder. 

The figure 19, given below shows the corresponding experimental results. As one 

can observe, both the bulk and TiO2 quantum dots/nano-particles undergo the 

expected anatase-rutile phase transition under pressure. The phase transition for 

TiO2 quantum dots / nano-particles occurs at a significantly higher pressure, 34 

GPa instead of 15 GPa.  Moreover, during the phase transition with the TiO2 

quantum dots / nano-particles, there is an unidentified phase that appears around 

14.9 GPa. These exciting new results indicate that the TiO2 quantum dots / nano-

particles are harder than the bulk TiO2.  

 



   

 

 

Figure 19:  The pressure phase transition in TiCl3-based lyophilized nanosized-

Anatase and Bulk Anatase –   Investigation by Raman Spectroscopy 

 

The more elaborated report on size-effect influence on structural phase transitions in 

nano-anatase TiO2 NPS was submitted elsewhere.  This consisted of an entire paper 

submitted as the second report to GOOT PROGRAMME / University of Witwatersrand  

(2001) and which contributed to the publication in Physics Rev B. 70, 134102 (2004), 

entitled “ Effect of grain size on structural transition in anatase TiO2: A Raman 

spectroscopy study at high-pressure”.   We include the paper as a sub-section in the 

study of TiCl3-based lyophilized TiO2 NPS and the publication is attached in the list of 

appendices.   

4.1.3.7. The size-effect influence on structural phase transitions in nano-

anatase 

Micro-vibrational "Raman" spectroscopy has been used to investigate the 

crystallographic structural stability of nano anatase (TiO2), of -10 nm average 

grain size, up to pressures of -40 GPa in a diamond-anvil cell. This has been 

compared versus the behavior of bulk TiO2 anatase which undergoes a 



   

 

structural transition from the tetragonal unit -cell to the orthorhombic a-PbO2- 

type intermediate near ~5GPa before transforming to monoclinic baddeleyite 

structure as pressure rises above ~1 0  GPa. 

Within the frame of this study, by contrast, the nanophase anatase TiO2 

compound maintains the structural integrity of the original anatase structure up 

to ~ 1 7 GPa before transforming directly to the baddeleyite structure. The 

pressure dependence of the vibrational Raman modes is similar. for both the 

nanophase and bulk anatase compounds which suggests that they have similar 

compressibilities   The linewidth of the Eg Raman mode, in nano anatase decreases 

monotonically to a minimum at ~5 GPa, in contrast to the behavior of the bulk 

phase, and then increases monotonically as pressure rises further.  

It is suggested that this is the result of pressure-induced grain growth of the 

nanophase anatase in which interfaces and grain boundaries are destroyed. The 

direct transformation to the baddeleyite structure from nanostructured represents a 

minimum energy pathway because the reduction in free energy from the loss of 

interface contributions likely supersedes the reduction in energy free contribution 

that would occur upon nucleation and growth of the α-PbO2-type intermediate.   

In recent years, there has been increasing interest in the application of nano-

sized Titania (TiO2) for catalysts and supports, ceramics, inorganic membranes, 

gas sensing, and water purification. Due to its high dielectric constant,  TiO2 is 

a technologically promising candidate as the dielectric layer coating of ultra -

thin capacitors. In connection to its bandgap and chemical inertness, TiO2 is 

being investigated extensively for solar energy conversion purposes. 

Nanosize Titania is attractive for these applications because of its large 

effective surface area which enhances the surface reactions.  Titania TiO2 

exists in three main crystallographic forms that exist at standard pressure; 

anatase, rutile, and brookite. Each structure exhibits different physical 

properties, such as refractive index, chemical reactivity , and 

photochemical reactivity. Each application that is based on TiO2 requires a 

specific crystal structure and, usually, also a specific size. Thus, it is 

important to investigate the phase transition phenomena and their nature in 

nano-sized TiO2 systems. Under the high surface/volume ratio in this nano-



   

 

sized TiO2, the mentioned phase transitions which can be induced by 

numerous external perturbations such as pressure and temperature should be 

governed and driven by side effects and not by macroscopic thermodynamic 

parameters. Indeed concerning the bulk, there is a possibility of phonon 

confinement effects in the Raman spectrum of such nanosized crystals of 

Titania as Deported by several authors [12-18].   

Coherently to the projected timing methodology program, fundamental 

investigations were carried out on the effect of high pressure on the phase 

transitions phenomena in Nano-sized Anatase TiO2 using mainly vibrational 

micro-Raman spectroscopy. The three natural phases for Titania TiO2 i.e. 

anatase, rutile, and brookite have a different degree of symmetry. Anatase is 

tetragonal (D19
4h) with two formula units per unit cell and six Raman active 

modes (A1g + 2B1g + 3 Eg), whereas rutile (Tetragonal D14
4h) has two units 

and four Raman active modes:   

(A1g + B1g +B1g + Eg). Brookite is orthorhombic (D15
2h ) has eight formula units 

per unit cell and shows 36 Raman active modes (9A1g +9B1g +9B1g+9Eg).   



   

 

Bulk Anatase has the following passage: anatase phase (14 / amd) —-> a-PbO2-type 

phase (Pbcn)—> baddeleyite phase (P2 /c).   The orthorhombic a-PbO7 type phase may 

be quenched to ambient conditions upon decompression.  The main experimental 

results of high-pressure studies of anatase TiO2 suggest that there are slight 

changes in the transition pressures at which the structural transitions occur and 

this is considered to be related to the microstructure of the samples, i. e., whether 

the sample is polycrystalline or a single crystal. Further suggestion [29] has shown 

that there may be a transition directly from the anatase to the baddeleyite 

structure at ~13GPa. They ascribed this to lattice defects and grain boundaries that 

suppress the transition of anatase to the α-PbO2 -type intermediate; however, no 

further details have been provided. 

To the best of our knowledge, there is no published work on what effect 

nanometer-size dimensions have on possible pressure-induced structural 

transition in nanophase TiO2, in comparison to an abundance of research already 

done on the temperature-induced structural changes that occur in nano-anatase [22]. 

Raman scattering is a convenient and sensitive probe widely used to characterize 

local structure changes and monitor structural transitions in compounds. Therefore 

this report presents the micro-Raman investigation up to -40 GPa of nano-

anatase TiO2 of -10  nm size average dimensions, pressurized in a diamond-anvil 

cell. 

4.1.4. EXPERIMENTS 

The anatase nanocrystals were synthesized by lyophilization process at the advanced 

nano-materials & nano-scale physics of the University of the Witwatersrand: a Christ 

2000 freeze-dries model was used. Titanium chloride (III) TiCl3 salt has been chosen 

as a precursor due to its significant water solubility and its relatively low 

decomposition temperature (440°C). After an optimization phase, the optimized 

solution of TiCI was sprayed under the form of droplets (~8mm in average/laminar 

regime flow) in liquid nitrogen.  The frozen network has been transferred to the 

lyophilization vacuum chamber. The frozen salt network was submitted to a 

sublimation process during -20 hours. By controlling both the heating temperature 



   

 

and in-situ vapor pressure, the water component was fully removed from the salt 

precursor after such a lyophilization period. The obtained white precursor was 

eminently porous possessing a dendrimeric configuration. This later has been 

decomposed in the normal atmosphere. Taking into account the Transmission 

electron microscopy investigations, the obtained nano-particles of TiO2 with an 

average size of about 5 nm are polycrystalline and significantly faceted (Figure 3). 

In comparison with spherical nano-crystals of hematite, this later morphological edge 

geometry has been explained based on the low degree of crystallographic 

symmetry in the anatase structure. A more accurate and detailed analysis shows 

that the anatase nano-crystals exhibit a specific anisotropy in shape; they are 

nano-platelets as in the case of nano-crystals of lithium niobate synthesized by the 

identical process [30]. Their size can be approximated to ~10nm x10 nm x 3nm. 

To analyze the crystallographic structure of the synthesized nano-particles, X-

ray diffraction measurements have been performed at room temperature on TiO2 

pressed nano-powder at the XRD unit of the Physics Department of the University 

of the Witwatersrand. It has been shown that the Bragg diffraction peaks are 

significantly broad except most intense Bragg peak. All the Bragg peaks are 

labeled as anatase form but slightly under compression if one takes into 

consideration the reticular distances. The corresponding Bragg peaks (103), 

(004), (112) as well as (105), (211) cannot be resolved. This is a signature of the 

nano-size of the TiO2 powder. Based on the Debye-Scherrer approximation, the size 

was found to be <10 nm>. Also, one can distinguish that the most intense (101) 

Bragg peak is sharper in width than the other labeled peaks. This is an 

endorsement of a shape anisotropy of the TiO2 nanocrystals, fitting therefore with 

earlier electron microscopy inferences. Accordingly and based on the Debye-

Scherrer approximate formula, the nano-crystals of TiO2 can be characterized by 

a shape form factor of a/b - 3 . 6  nm / 11 nm which is in a thoroughly satisfactory 

agreement with the transmission electron microscopy results. 

For high-pressure investigations, a piston-cylinder-type diamond anvil cell (DAC) 

with anvil culets of dimensions 540 um was used to generate high pressure up to 



   

 

near 38 GPa. The sample was loaded into a cavity spark-eroded in the T301 steel 

foil gasket pre-indented to -40 um from a starting thickness of ~250nm. In one 

series of measurements, our new multi-aperture gasket technique was used to 

obtain Raman spectra in a single sequence of compressions of both nano-phase 

and bulk crystalline anatase loaded into two separate cavities (0-100 nm each) of the 

same pre-indented gasket. The second series of pressure measurements were 

performed on the nano-phase sample alone. Liquid nitrogen was loaded into each 

sample cavity to serve as a pressure-transmitting medium by immersing the 

miniature DAC into a bath of the cryogen and momentarily releasing the thrust-

force screws. Raman spectra in back-scattering mode at room temperature and 

variable high pressures 9 were obtained with a Jobin-Yvon T64000 spectrometer 

equipped with micro-imaging accessories, a holography grating (1800 grooves mm'1) 

and, liquid nitrogen cooled CCD detector. The 514.5nm line of an Argon laser was 

used to cite the Raman scattering with the spectrometer operated in the double-

tractive mode.  Power of 55mW at the output port of the laser was onto the 

samples using an Olympus x20 ultra-long working distance objective which results 

in a laser spot size of –10 m diameter. The entrance slit width of the 

monochromator was set at 200 pm. Under these conditions data, acquisition times 

ranged from the 30s up to 600s depending on the quality of the spectra. Pressure 

calibration in the cavity of the gasket was made in terms of the ruby R-

luminescence line shift, measured at the same position where the Raman spectrum 

was obtained. The argon-ion laser-plasma lines 516.3 nm, 516.6nm, 517.6nm, etc. 

were subsequently used for Raman shift calibration these lines were removed 

from the Raman spectra presented in the figures of this paper. 

4.1.5. RESULTS & DISCUSSION 

The pressure evolution of the Raman spectra of nano-anatase is compared to 

Raman spectra at selected of the bulk commercial sample. Under ambient 

conditions.  The main Raman bands in nano-anatase peaks are at 146.4 cm'' , 202.2 

cm'1, 397.6cm'1, 514.0 cm''', 641.3m' , whereas for bulk anatase the corresponding 

bands are at 141.3cm'1, 394.4 cm'1, 516.1cm'1, 636.7cm'1. These bands are 



   

 

assigned to six Raman active modes [19] i.e. Ag + 2B1g + 3Eg   as labeled in the 

figure. The E Raman mode near 146.4cm-1 is too weak to be recognized on the scale 

used in Figure 6. The pressure evolution of the Raman spectra of bulk anatase 

exhibits similar behavior to that reported in previous high-pressure studies [20]. As 

the pressure increase to ~5.6CPa, several weak peaks appear at 331.0, 344.5 & 

372.8 cm'1, characteristic of the a-PbO2 -type phase. As pressure increases further, 

the intensities of these new peaks increase and are discerned at pressures over 

&7.5GPa and beyond.  The structural transition of bulk poly-crystalline anatase to c-

phase was slight, as found previously [20], coexisting with the original anatase 

structure up to ~15GPa. Beyond this pressure, entirely new Raman bands become 

apparent. These are supposed to be characteristic of the high-pressure baddeleyite 

phase. The behavior of the Raman spectrum of the current nano-anatase 

compound is quite different. Similar to ambient pressure, no new peaks appear 

up to -16 GPa, indicating that the anatase phase in the nanostructured compound 

is stable to well beyond the transition pressure of ~5 GPa, characteristics of the bulk 

anatase. When the pressure is increased to 17.7CPa, (See figure 6-7), several new 

bands are discerned, which appear to correspond with those found for the high-

pressure baddeleyite, phase and remained at a maximum pressure of -39 GPA. 

These results demonstrate that the nanophase sample directly transforms from 

the anatase to baddeleyite structure at 17.7 GPa, without transiting via the a-PbO2-

intermediate phase. However, the sample is decompressed from the maximum 

pressure, the nanophase sample is quenched from the baddeleyite phase to the α-

PbO2 -type phase, similar to the behavior of the bulk compound.  Raman mode shifts 

of the nano-phase sample as a function of pressure was observed. The pressure 

dependence of the Raman shifts, slopes dV/dP have been obtained by linear fits (solid 

curves) over the pressure range before and after the structural transition that occurs at 

18 GPa. The hollow and filled symbols simply delineate measurements from the two 

different series of measurements. The slope dvldP averaged over the most intense 

bands of nanophase anatase is 2.580.22cm-1 GPa-1   compared with bulk anatase 

where slope DV/DP average is 2.700.13 cm-1 GPa-1,  indicating that the anatase 

phase in both compounds has very similar compressibility. 



   

 

After the transition of nano-phase anatase to the baddeleyite structure, the average 

DV/DP of the high-pressure phase is 1.650.21 cm'1 GPa', which suggests that 

the baddeleyite phase is less compressible than the low-pressure anatase phase. This 

is consistent with the compressibilities derived from the recent X-ray diffraction 

measurements.  The pressure-induced changes of the line-width of the Eg band of the 

bulk anatase compound: the line-width changes from 7cm'1 at ambient pressure to 

25cm-1 at ~15  GPa. There is an inflection at pressure ~5 GPa near to the structural 

transition pressure attributable perhaps to the volume reduction that occurs 

when anatase transforms into the a-PbO2 type phase. 

The linewidth of the Eg mode of nanophase anatase by contrast, it displays an entirely 

different pressure behavior shown in Figure. The linewidth first decreases 

monotonically, reaching a minimum at ~5 GPa, followed by an upturn and monotonic 

increase as the pressure rises beyond 5 GPa. The pressure at which the minimum 

occurs is close to the transition pressure 5-6 GPa where bulk anatase transforms 

into the a-PbO2-type structure. The results suggest that at least two effects with 

opposite pressure dependencies' are operative, one causing the linewidth to 

decrease and the other causing an increase. 

In general, the linewidth or line-shape of the intense Eg band (located at 144cm-1 at 

ambient pressure) of anatase, which arises from external vibrations of the anatase 

structure, is affected by various mechanisms, including, non-stoichiometry due 

to oxygen deficiencies, disorder induced by minor phases, a pressure effect induced 

by the surrounding particles and phonon confinement effects in nano-dimensional 

particles. Several authors have discussed the relation between linewidth of Eg of 

nanophase anatase and particle size using the concept of phonon confinement. 

Their results show that the linewidth increases as the particle size decreases. The 

correlation of the linewidth of the Raman Eg band with that of the particle size 

has been corroborated by measurements of particle size deduced from x-ray 

diffraction and TEM. To explain the behavior at low pressures shown in Figure 9(b), 

we suppose that phonon confinement effects proffer a reasonable explanation for the 

pressure-induced changes of linewidth, likely due to pressure-induced grain growth or 



   

 

inter-grain interactions. At sufficiently high pressures the effect of reduced unit-cell 

volume becomes dominant, i.e., intra-grain modifications occur and the linewidth then 

has a similar pressure behavior to that of bulk anatase.   

According to a thermodynamic picture of nucleation and growth of crystalline material, 

the free energy of nanostructured anatase can be reduced by grain growth into larger 

ones. On the other hand for compacted nano-particles of anatase, more grain 

boundaries may be produced compared with how compaction may occur in bulk 

powders where it is more advantageous for the nucleation of a new -PbO2 -type 

phase to occur to minimize interface and stress-free energies. Studies of the 

temperature-induced structural transition of nanostructured anatase to rutile have 

suggested a coexistence situation where there is the nucleation of the new rutile phase 

and concurrent with the growth of nano-phase anatase particles. A similar situation may 

occur at the pressure-induced structural transition of nanostructured anatase.  The 

pressure-induced structural transition of bulk polycrystalline anatase to  the -PbO -

type phase is a sluggish transformation, whereas in a single crystal sample the 

transformation occurs in a much narrower range of pressure. This suggests that the 

slow transition may in part be attributable to a wide distribution of grain sizes 

typical of bulk poly-crystalline anatase. When the average grain size is only of 

nanometer dimensions, then grain growth, i.e., coarsening, of anatase would be the main 

consequence of any pressure-induced structural modification, representing a lower 

free-energy situation than if nucleation of the new a-PbO -type intermediate 

occurred. This grain growth mechanism rationalizes how the structural transition to the 

a-PbO2-type intermediate phase has been inhibited in the nano-structured starting 

material. There may be a critical grain size below which anatase would exhibit grain 

growth in preference to nucleation of a-PbO2-type intermediate. This may be a 

general feature of nanostructured systems, indicating that the passage to new structural 

states to minimize free energies when P or T is changed, maybe quite different from the 

bulk.  In short, pressure-induced phase transitions in nano-anatase TiO2 were 

investigated. It has been shown that the phase transition processes in nano-

anatase titania are fully different from that of bulk anatase in the range of 0 

~40 GPa. The nanophase anatase TiO2 maintains its crystallographic 



   

 

structure of the original anatase form up to ~17 GPa before transforming 

directly to the baddeleyite structure. The projected subsequent complementary 

step is to investigate the pressure-induced phase transitions versus the size of 

the anatase nano-crystals. Through the variation of the surface/volume 

ratio, this second investigation component should elucidate, if any, the role of 

the surface in driving the phase transition process and its threshold. In 

connection to the size effect, phonon confinement effects in both anatase and 

rutile nanocrystals will be investigated. Such quantum vibrational confinement will 

be deduced from the dependence of the shape of the Raman peaks, their 

broadening as well as their frequency shift. An attempt to explain the line 

broadening with the breakdown of the phonon momentum selection rule Q~ 0, 

specific to the Raman scattering or in ordered systems. In the case of 

nanocrystals, this rule is no longer valid as the phonons are confined in space 

and all the phonons over the Brillouin zone will contribute to the first-order 

spectra. The weight of the off-center phonons increases as the crystal size 

decreases and the nondispersive causes an asymmetrical broadening and the shift 

of the Raman peaks. A simple, confinement model may then be used to calculate 

the shape of the 144cm'1 mode of the anatase at various nano-crystals sizes. 

The same approach will have ensued for rutile nano-crystals Titania. For this 

prospective fundamental investigation, the size and shape of both anatase 

and rutile nanocrystals will be controlled through the initial pH and the 

concentration of the precursor salt solutions. 

 

  



   

 

4.2. Experiment II:  The Step by-step lyophilization experimentation for the Ti 

(IV) Oxychloride (TiOCl2) Precursor-based TiO2 NPS 

4.2.1. The objective of the experiment 

Having selected the Ti (IV) Oxychloride precursor, to illustrate the experimental 

procedure of lyophilization principle as it applies to the synthesis of ceramic 

nanostructured material with specific properties (high chemical homogeneity, 

monodisperse and, high purity, etc.) first, in the scenario pH~1(very acidic formulation), 

and secondly, in the scenario of and very alkaline (basic) pH=13 formulation.  The 

results are shown in figure 20 and table 2 that follow: 

4.2.2. The formulation of Ti (IV) Oxychloride (TiOCl2)  

25 30 35 40 45 50 55

0

2

4

6

8

10

12

14

16

 

 

p
H

V NaOH  (ml)

 B

Veq=37.5ml

pH at Veq = 7

end point pH of 13

 

Figure 20:TiOCl2-formulation and lyophilization Optimization 



   

 

   

Table 2.   TiOCl2 – based FORMULATIONS 

pH Volume (ml)  

TiOCl2 

Volume (ml)  

H2O 

Deionized water 

Volume and nature of  

Titrant 

Td ( °C ) Td (min) Particle Size  Structure 

7 60 200  none 300 60  < 3nm Anatase 

1 90 200 NaOH (25ml) 300 60 16.41± 9.61 nm 

 

Anatase 

13 25 200 NaOH (50ml) 300 60 10.32 ± 5.96nm 

 

Anatase 

Degussa-P25      8.26±7.29nm 75.30% Anatase; 

24.30% rutile 

 

 



   

 

4.2.3. The step-by-step lyophilization Experiment: 

TiO2 anatase nanoparticles were obtained from Ti (IV) Oxychloride (TiOCl2) precursor.  A 

solution (pH~1) was prepared using the procedure such that a volume of 25ml of TiOCl2 

mixed with 200ml of deionized water, and 50ml of NH4OH was added.  A homogeneous 

formulation was obtained by the action of magnetic stirrer for 5min, it was after atomized by 

spraying under N2 gas of pressure  50Kpa and for injection duration of 5m, producing 

frozen snowlike-iced powder instantly when it was dropped-by-drop injected into liquid 

Nitrogen (-196C).  The latter was thereafter quickly transferred into lyophilization (CHRIST 

Freeze Dryers 2000). The formulation was processed according to the principles of 

lyophilization (see figure below) such as the operating parameters namely: the vacuum 

pressure, the shelf temperature, precursor temperature, and the timing are tabulated as 

shown in the table.  Optimizing the lyophilization process for TiOCl2 formulation, the starting 

point (“A”), indicated in the figure,  was found by Differential scanning Calorimetry (DSC) to 

be -30°C. The details are given in the lyophilization set-up sheet, included in the appendix 

for records purposes.    

By controlling both the heating temperature and in-situ vapor pressure, the water 

component was fully removed from the salt precursor. The obtained white precursor 

was eminently porous possessing a dendrimeric configuration.  

As an illustration of successful lyophilization procedure, we implemented, from data 

collected based on the diagram in the figure for the TiOCl2 formulation, and the 

completion of the cycle: 

 1: Initial solution; 1                 2 freezing; 2                   3:  Sublimation 

The graph in the figure corresponds to the completed lyophilization cycle including the 

freezing (at point 2) and the sublimation of all iced solvents.  We, therefore, executed two 

successive steps: 

First, the primary drying (sublimation), we eliminated all frozen interstitial water 

(solvent) by maintaining the shelf temperature at (-30°C) as the vacuum pressure was 

maintained at as low as 0.18 mbar for 45minutes.  At this stage, most energy (heat) is 



   

 

consumed by sublimation.  This is shown by the ramp on the curve because the energy 

from the heating is transferred to the ice and to reach equilibrium.  We ensured that the 

setting of the heating corresponded to obtaining speedy kinetics of sublimation at the 

same time avoiding the effect of surface burning of the product by excessive heating. 

Secondly, secondary drying was completed by sublimating all from the formulation. It 

occurred in the freezer-dryer chamber, when the environmental pressure was increased, 

the heating of the shelves was maintained and the product started to heat up because 

the extraction of calories is not compensated by sublimation.  The point of inflection (PI: 

0.18; 0, -4; 90) on the curve signaled the start of the secondary drying; at this stage-

bound water started to desorb progressively.  The product temperature started to 

increase to the point it reached equilibrium.  Absence of ice, the heating accelerated 

because there was no risk of the product could melt.  It took a total timing of 18.6hrs to 

complete the full lyophilization cycle. The figure 21 shows the theortical phase diagram 

of water-salt system..  The tables 3 and 4 tabulate the values of in si-tu conditions 

including the vacuum pressure, shelf-temperature, precursor material ure and the 

lyophilzation duration, respectively for formulations I and II.    



   

 

 

Figure 21: The phase diagram of the water-salt system 1: initial solution,   2: 

Freezing,   3:  sublimation 

Table 3: Formulation# 1, pH=neutral (~ 7): 60ml TiOCl2 + 200ml of H2O (deionized 

water) 

 vac. pressure 

(mbar) 

Shelf temp 

(°C) 

Precursor 

Temp(°C) Duration (min) 

0.18 -30 -50 0 

0.18 -30 -36 45 

0.18 -10 -7 73 

(PI)        0.18 0 -4 90 

0.18 10 0 230 

0.2 29 7 425 

0.2 50 15 655 

0.2 55 17 818 



   

 

0.2 54 17 993 

0.2 55 18 1016 

0.2 56 18 1126 

    

 

 

Figure 22: Thermal decomposition   of sample Ti-oxy-prec 2; pH: 13 

 

4.2.4. The characterization of the samples 

The figures 22, and the figures 23 and 27 refer respectively to the thermal 

decomposition and the crystallographic characterization of the sample Ti-Oxy prec# 2, 

pH: 13.  Whereas, the figures 28 refers to the XRD characteristic of the Ti-Oxy-Prec# 1, 

pH:1.  The figure 29 and the table 8 refer to data collected with the purpose to compare 

the lyophilized and the TiO2 Degussa P25 samples.  On the other hand, the figure 30 

refers to the scanning electron microsopy of the TiOCl2-based (pH: 13) pertaining to the 

morphological and monodispersity investigation of the lyophilized TiO2 NPS. 
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Figure 23:  XRD spectrum of sample Ti-Oxy-Prec. 2 

 

 

Table 4: Formulation II: 25ml of TiOCl2 + 200ml H2O (deionized water) + 50ml of 

NH4OH, pH: 13 

 

Vacuum 

Pressure 

(mbar)  Shelf temp  

Precursor 

Temp Timing 

0.07 -30 -29 10hra 

PI                    

0.07 -5 -27 60min 



   

 

0.07 10 -25 60min 

0.08 20 -23 60min 

0.08 30 -21 60min 

0.08 40 -20 60min 

0.08 50 -18 60min 

 

 

Figure 24.   A plot of shelf temperature versus TiOCl2 formulation (pH~ 11) 

temperature 

4.2.5. The thermal gravimetric analysis (TGA) and the differential scanning 

calorimetric (dsc) characterization of sample Ti-oxy-prec 2; pH: 13 

4.2.5.1. The TGA   and the DSC characteristics: 

The as-obtained lyophilized TiO2 powders were characterized using TGA and DSC for 

the thermal properties.  The data collected served for optimizing the decomposition 

temperature (300°C) of the product.  The TGA charactristic is shown in figure 25, and 
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the DSC characteristic is shown in figure 26.   The surface properties (B.E.T), 

crystallographic properties by XRD for TiOCl2-precursor, pH: 13.  

 

Figure 25: TGA spectrum of TiOCl2 formulation, pH ~ 13 

 

300°C 



   

 

 

Figure 26:  Plot of DSC measurements of TiOCl2-formulation, pH: 13 

The table 5 that follows compares the mass balances in respect of the annealing in air 

of the Ti-OXY, Prec #1( pH: 1  to the annealing of in air of the OXY-Prec # 2, pH: 13.  

Table 5: Annealing/thermal decomposition results 

 Ti-OXY-PREC 

#1 

pH:1 

TI-OXY-PRE # 

2, pH:13 

Td in air  

as per DSC  

Td 

WEIGHT 

(BEFORE) 

0.2848 g 1.3316 g 300°C 1h 

WEIGHT 

(AFTER) 

0.0547 g   0.4572 g 300°C 1h 

Mass Balance 

(ΔM) 

19.2% 34.0%    

 

STRUCTURE Anatase NPS Anatase NPS   

 

 



   

 

 

 

4.2.5.2. Crystallographic properties (XRD) 

 

Figure 27: The XRD pattern of sample TiOCl2-based formulation, pH: 13 

Table 6: XRD parameters, pH: 13-TiOCl2-based samples, size calculations 

 

 

  

2θ Θ Cosθ FWHM Size (nm) 

24.74 12.37 0.980781 0.1998 6.80361712 

24.9222 12.4611 0.994464 0.0666 20.6956056 

25.0603 12.53015 0.999344 0.0666 20.7971611 

25.3163 12.65815 0.995791 0.1332 10.3616114 

26.1295 13.06475 0.878358 0.1332 9.13967496 

47.9045 23.95225 0.380471 0.2664 1.97947534 

48.2471 24.12355 0.532545 0.2992 2.46693844 

   

Av Size 10.3205834 



   

 

 

Figure 28: The XRD patterns reveal the crystallographic signature of the pure 

anatase phase as per peaks namely: (101), 004, 200, 105, 211, and 204 according 

to miller indices the size of the nanoparticles is 6m as calculated 

 

 

 

 

 

 

 

 



   

 

Table 7:   XRD data TiOCl2, pH=1 

 

 

 

 

 

 

 

 

 

 

 

Table 8: The XRD data for DEGUSSA-P25 

2θ θ Cosθ Bkhl Particle 

 Size (nm) 

λ= 1.541À; 

Kα = 0.9 

25.373 12.686 0.99278 0.2997 4.59422  

27.505 13.752 0.37515 0.5328 0.97655  

37.929 16.964 0.99336 0.0666 20.6891  

54.184. 27.092 -0.37877 0.0333 15.7750  

55.160 27.580 -0.76864 0.2331 4.57326  

62.390 31.395 0.99979 0.4662 2.97428  

   Av. size 8.26326 ±7.29052 

 

 

𝒔𝒊𝒛𝒆 𝒐𝒇 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆:  Ø =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
  𝑆𝑐ℎ𝑒𝑟𝑟𝑒𝑟′𝑠  𝑒𝑞. 

pH: 1              CuKα- λ= 1.541nm; K:0.9,  

2θ FWHM Θ Cosθ Size (nm) 

25.3737 0.0999 12.68685 0.99275113 13.7733 

25.5305 0.0666 12.76525 0.98028859 20.4006 

26.04497 0 13.02249 0.89777074 - 

37.9554 0.0333 18.9777 0.99180078 41.28036 

38.0915 0 19.04575 0.9808156 -  

47.8655 0.0666 23.93275 0.36236593 7.541129 

55.0475 0.1332 27.52375 -0.7312907 7.609377 

55.1266 0.1332 27.5633 -0.7576876 7.884046 

   

Av size(nm) 16.4148 

 .:  Strd Dev σ ± 9.6171119 



   

 

 

 

Figure 29: XRD profile of the Degussa P-25 

 



   

 

4.2.6. The surface area (BET)  results 

The BET surface area done on the sample of anatase pH~13 shows BET surface area: 

117.8+-0.3478 m2/g, and molecular cross-section 0.1629nm2 

The B.E.T surface area 117.8m2/g > 45 m2/g (Degussa P-25) 

Table 9:  BET SURFACE AREA data obtained from sample Ti-OXY-

PREC#1/pH:1/Conc.:0.45M and Ti-OXY-PREC#2/pH:13/Conc.:0.125M respectively 

Surface Property 

/sample 

Ti-OXY-

PREC#1/pH:1/Conc.:0.45M 

Ti-OXY-

PREC#2/pH:13/Conc.:0.125M 

B,E.T SURFACE AREA 109.7±0.464m-2/g 117.8±0.3478m2/g 

Slope 0.033924±0.000166 0.36598±0.000108 

Y-intercept 0.000437±0.000025 0.000368±0.000016 

C: 90.720851 100.550798 

VM 25.201486cm3/g STP 27.052028cm2/g STP 

Correlation coefficient 9.999732e-01 9.999869 e-01 

Molecular cross-section 0.1620nm2 0.1620nm2 

 



   

 

 

Figure 30: The SEM micrograph of TiOCl2 based sample, pH 13 

 



   

 

As can be seen in tables, the surface area of the lyophilized TiO2 Nanoparticles, decomposed at 200°C, 

pH 11 is 2.4 times bigger than that of the commercial Degussa P25, and 8 times bigger than lyophilized 

TiO300 samples.  The difference is also remarkably inverse when we compare the pore sizes in the 

three samples, the sample TiO200pH11’s pore size is respectively smaller than commercial Degussa 

P25 and the other lyophilized sample TiO300, by 37% and 34%. This observation seems to indicate a 

particular behavior of the lyophilized TiO2 nanoparticles that tentatively we can explain by interpreting 

the hysteresis patterns in isotherm adsorption-desorption curves that are pictured in the figure above. 

One observes the presence of three hysteresis loops, which are gaps between 

adsorption and desorption curves.  The hysteresis loop is a characteristic of the 

mesoporous nature of materials such are the depicted of the three TiO2 samples in the 

figure.  The mesoporosity suggests the tensile strength effect (TSE) and the capillary 

condensation being its cause [Ali Qajar, Research Gate).  Capillary condensation is a 

process such that the force exerted on the molecules through the pore walls causes the 

molecule to adsorb layer by layer.  A resulting narrow gap is created by accumulated 

and collapsed molecules to a lower thermo-dynamical energy state.       

Another confirmation of the mesoporous characteristic of the samples is because of the 

measured pore sizes, all falling within <2 -50 nm) range (Pengfei Zhang, 2016 of Ke 

Group): the values 15.907nm, 9.31nm, 18,83nm being respectively the diameters of 

pore for Degussa P25, Ti200pH11, and TiO300.   

Further characterization is based on the classification of types of hysteresis (H1, H2, 

H3, and H4) which provides information on the state of agglomeration, shape of 

particles present, width of pores, size distribution of the particles.  The classification of 

the adsorption process uses the graph of the amount of adsorbate (Nitrogen gas) 

adsorbed on the surface of adsorbents, TiO2 Degussa P25, lyophilized TiO200pH11, 

and TiO300 at STP (standard pressure and temperature).  Baboo (2015) suggests that 

by using the four types of the BET adsorption isotherm, the classification and extent of 

adsorption on these three adsorbents, depending on either one or many factors 

including Nature of adsorbate and adsorbent, the surface area of adsorbentctivation of 

adsorbent, experimental conditions (temperature, pressure) would be characteristic of 



   

 

the adsorbent particles under study.  Therefore, the characterization of the particles of 

adsorbents based on the hysteresis loop is as follows: 

Firstly, the Degussa P25 sample is characterized by the most predominant hysteresis in 

figure (a) being of type H1 loop, suggesting the presence of agglomerates, spherical 

particles, and uniformly ordered - connected pores.    

Secondly, the Ti200pH11 sample is characterized by a predominantly narrow-

Hysteresis loop in figure  (c) being a mixture of types H1 and H2, indicating additional 

information on the presence of pores with narrow mouths (ink-bottle), elongated-shaped 

and networked pores.  Thirdly, the Ti300 sample is characterized predominantly by a 

double-hysteresis loop of type H4 figure  (c), suggesting the presence of slit-like pores, 

irregularly shaped-particles presenting voids of large size distribution, hollowed-walled-

ordered spherical mesoporous particles.   

4.3. EXPERIMENT (III):  Optimization of TiO2 NPS by lyophilization process:  the 

control of the synthesis conditions (pH, solution concentration and type of 

precursor factors) 

4.3.1. Objective 

To experiment on effects of lyophilization synthesis conditions on degree of dispersion 

(size and size distribution), stability, phase composition, and morphology of TiO2 NPS. 

4.3.2. Introduction 

It has been reported that the performance of material for various applications depends 

much on the corresponding properties, of which synthesis conditions played a 

deterministic role.  Finding the correct values for the synthesis parameters, account 

much for the success of the Spray-Lyophilization process under current investigation. 

Having considered four optimization parameters namely: (i) pH of the solution, (ii) 

calcination temperature, (iii) nature of Titanium precursor and, (iv) Ratio of the initial 

concentration of reactants.  It follows that the results /effects of those parameters on 

particle dispersion (size and size distribution), the structure (phase) and, the 



   

 

morphology are found by at least two out of five characterization techniques, namely: X-

Rays Diffraction of the powders, Raman Spectroscopy, SEM / TEM / HR-TEM, UV-Vis 

spectroscopy, and Photoluminescence (PL) or cathode Luminescence (CL).  Mainly, the 

purpose is to optimize using DTA / DSC thermal analytical techniques to guide the 

lyophilization synthesis of the TiO2 NPS to pinpoint the right decomposition temperature 

of the salt product of the lyophilization process.  Furthermore, we test the photo-

responses and properties of the lyophilized TiO2 NPS in water purification scenarios.    

4.3.3. Materials and method 

Water-solubility of the Ti-precursor had been the main criterion of selection of the four 

TiO2 NPS starting materials, and dividing the study into case studies, based on 

experimental objectives, we consider the following:: 

4.3.3.1. Case study III: Ti(IV) isopropoxide 

(1) Samples Ti-iso-2 and samples Ti-iso-6 are lyophilized-amorphous powders 

obtained by dissolution in distilled water of Ti(IV) isopropoxide, and addition of NH4OH / 

HCl, and pH:1 and pH: 9 respectively.  These were investigated by DSC / DTA for the 

optimal temperature of thermal decomposition and X-rays Diffraction for combined 

effects of pH and annealing temperature (300°C - 900°C) on size, structure and, 

morphology.  Observation is made for any difference by comparing Ti (IV) isopropoxide-

based TiO2 NPS from acidic and alkaline solutions respectively.  

(2) Samples Ti-iso-pH:  All Ti (IV) isopropoxide-based powders samples from 

formulations of pH: 1.5; 3.5; 9; 11 were annealed at 650°C and investigated for 

structural, size and, morphology differences by X-rays Difference.      

4.3.3.2.  Case study  IV: Ti(III) chloride precursor 

Samples Ti-Chloro (pH=9 -11) and Ti- Chloro (pH=0.8 - 1.63) are lyophilized powders 

from formulations of pH: 9-11(alkaline) and acidic (pH: 0.8 – 1.63) respectively made 

based on dissolution of Ti (III) chloride in distilled water and by adjustments the pH of a 

solution using HNO3 / NH4OH.  The samples were annealed at temperatures 300⁰C – 

900⁰C and analyzed by X-Rays Diffraction for the effect of pH on size and structure and 



   

 

morphology. They were also compared to samples of Ti-Iso samples (pH~1 & pH: 9).for 

any differences in TiO2 NPS formation and features. 

4.3.3.3. CASE STUDY V:  Ti (IV) Oxychloride:  Sample 1 (pH: 7); Sample 2(pH: 

1), Sample 3 (pH: 11).   

These are amorphous TiO2 NPS powders samples obtained from the lyophilization 

process of Ti(IV) Oxychloride-based formulations of neutral solution (pH~7, pH:1(acidic) 

and pH:11 respectively.  They were analyzed by X-Rays Diffraction and compared for 

any difference in size and structure of TiO2 NPS with dependence in the ratio of initial 

reactants (concentration), i.e. volume of Ti (IV) oxychloride over the volume of 

Deionized water, and effect of pH of the initial solutions. 

4.3.3.4.  CASE STUDY VI:  Ti (IV) Acetylacetonate (samples concentrations: 

C1, C2, C3, and C4):   

These are the four amorphous powders samples, of different concentration i.e. volume 

ratio of Ti (IV) acetylacetonate over the volume of distilled water (solvent), but same pH 

(neutral).  The derivation of the model of TiO2 nanoparticles’ size with dependence on 

concentration from first principles was done to predict optimal concentration based on 

Ti-acetylacetonate.  They also served to characterize by XRD, and TEM the effect of 

concentration on size, morphology, and size of the TiO2 NPS.   

4.3.3.5. CASE STUDY VII: EFFECT OF THE NATURE OF Titanium precursors 

The differences in the results of XRD, TEM, and RAMAN characterization on the above-

described samples are indicators of the effect of the nature of Ti-precursors for the 

production of TiO2 nanoparticles.  Therefore, samples decomposed in the same 

conditions, namely Ti-so samples, Ti-Chloro, Ti (IV) Oxychloride-based TiO2 NPs and, 

Ti (IV) acetylacetonate are compared. 

4.3.4. Sample preparation methodology  

(i)  Samples (Ti-ISO) Prepared by varying pH of Ti (IV) – isopropoxide  



   

 

The size, phase, and morphology of particles can be controlled by well-selected 

preparation conditions of the initial solution, particularly the hydrogen potential (pH) 

change.  It is well known that pH is of great importance for the crystallization process, 

including nucleation, crystal growth, and crystal aggregation.  As an example, its 

importance was shown to be paramount in the crystallization conditions for the 

transformation of Kanenite into silicate.  Assuming many properties of metal oxides 

nanoparticles follow that of the reference semiconductor material, Silicate (SiO2), the 

formation of TiO2 would be favored by using highly basic conditions during stirring of the 

suspension at fixed temperature °C and the adjustment of the pH after stirring [Martine 

Salou et al.].  Similarly, nucleation, crystal growth and, phase transformation of TiO2 

must be dependent on starting solution pH.  These processes, particularly when the 

particle is in the metastable phase, are important stages whereby size, phase, and 

morphology are well defined.  Not only that we assume the size, phase, and 

morphology of TiO2 would be dependent on the parameter pH of the initial solution 

precursor solution, we also assume the lyophilization process will conserve the pH 

effect through its different stages. 

The method followed the steps that consisted of varying the pH of the solution while 

keeping other synthesis parameters constant, including concentration, processing time, 

pressure and the temperature of annealing decomposition. It is an important technique 

in tracing the effect that the pH changes play on nanostructures’ and thermodynamic 

character of the TiO2 material.  In the present study, firstly we carried out the calibration 

of pH values using titanium trichloride, TiCl3, distilled water, HNO3 (nitric acid) and, 

sodium hydroxide (NH4OH) as precursors for samples S1.  Secondly, using the 

precursor's titanium isopropoxide Ti {OCH (CH3)2}4, distilled water, and the titrants: 

NH4OH and/ or HNO3 we prepared samples.  

(ii)  SAMPLES (Ti- Chloro): Prepared by varying pH of Ti (III) Tri-chloride (TiCl3) 

The solution preparation process was carried out as follows: In the first case, a certain 

number of moles concentration of TiCl3 and a certain number of mole NH4OH were 

dissolved in 250 ml distilled water (DW).  The decomposition of hexahydrate titanium 

(III) chloride produced the TiCl3 that was used such as TiCl3•6H2O → TiCl3 + 6H2O (2) 



   

 

pH observation: After mixing of titanium chloride, ammonia, the color of the solution was 

observed in a beaker. The pH value of this solution was measured by pH test strips 

(Sigma Aldrich: P3536 range: 6.0 – 7.7, resolution 0.3 – 0.4 pH unit (3) Desired pH 

calibration: In the third step, the pH value of the solution was adjusted to the desired 

value (from 1.63 to 11) by using 1 mole NaOH and 1-mole HNO3 solution (each in 100 

ml deionized distilled water) and was added drop by drop. Alkaline solutions are 

obtained by using NH4OH and the acidic solutions are obtained by adjusting the pH by 

the addition of HNO3 according to the following Titanium Oxide Meta-synthesis reaction. 

For sample S1, the following reaction is considered, whereas reaction 4 has been 

considered for sample S2:  2 TiCl3 + 6 NH4OH + 2 H2O = 2 TiO2 + 6 NH4Cl + H2.  A two 

steps-reaction (reaction 2 &3) leads to the product (TiO2 + NH4Cl +H2) is considered 

alternatively, when the nitric acid is added to adjust the pH such that: 

 

3 NH4OH + HNO3 = 2 NH4NO3 + 4 H2                                    (reaction 2) 

 

 2 TiCl3 + 3 NH4NO3 + 5 H2O = 2 TiO2 + 6 NH4Cl + 11 H2     (reaction 3) 

 

Ti {OCH (CH3)2}4 + 2 H2O → TiO2 + 4 (CH3)2CHOH                 (reaction 4) 

 

For this investigation, two sets of samples were prepared based on precursor solutions. 

Titanium isopropoxide, and titanium trichloride.  These were respectively named: P-iso 

and P-3 - Chloro.   

i. Ti-ISO samples 

A mass of 1.0g (100mg) of salt of Titanium (IV) isopropoxide was dissolved in 150ml of 

distilled water. The pH of it was controlled to prepare different samples (solutions) 

namely, P-ISO-1, P-ISO2, P-ISO-3, P-ISO-4, and P-ISO-5 corresponding, respectively, 

to pH: 1.5; 3. 5; 5; 9 and 11.  The pH in the samples was measured using a pH-meter 

immediately before and after processing.     



   

 

   

 

ii. Ti-CHLORO  Samples: 

A solution of Titanium(III) trichloride, dissolved in distilled water was made.  The pH in 

the solutions was adjusted using NH4OH or/and HNO3, to a neutral solution, pH=7,  

alkaline solutions of pH’s ranging from 8 – 14 and, acidic solutions of pH’s ranging from 

0 – 6.5.  The synthesis steps are the same as previously described, and again, the pH- 

meter was used to measure the pH before and after lyophilization processing. 

Schematically, the diagram below summarizes the solution samples as prepared by 

varying the pH of two different types of the precursor. 

The figure 31 presents the optimization method of TiO2 NPS from two different types of 

Titanium precursor, Ti (IV) isopropoxide and Ti (III) Chloride with variable pH parameter. 

 



   

 

 

Figure 31:  Flowchart summarizing the synthesis method of TiO2 NPS from two 

different types of Titanium precursor, Ti (IV) isopropoxide and Ti (III) Chloride 

with variable pH parameters 

(iii) SAMPLES (Ti-acetyl): Samples from Titanium (IV) oxide acetylacetonate 

(C10H14O5Ti) 

The TiO2 nanoparticles were synthesized by a multi-step, adapted version of the 

lyophilization technique. 1.0 g of titanium acetyl-acetonate was dissolved in 150ml of 

distilled water and brought to a pH of 7. The solution was sprayed "laminar 

regime" into liquid nitrogen to generate droplets rich in water (-90%). These droplets 

were then sublimated in a lyophilization chamber to yield a very porous precursor. 
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4.3.5. Results and discussion 

4.3.5.1. Optimization method by DSC / DTA and X-RAYS diffraction 
investigations 

The Aim is to run thermal analysis experiments -DSC / DTA to optimize the results 

(changes in size, structure, shape) at annealing temperatures of as-synthesized 

products corresponding to the predicted DTA / DSC results. 

4.3.5.2. Experimental Procedure (DSC/ DTA)  

The principle of the Differential thermal analysis is based on comparing the temperature 

of the sample being examined with the temperature of a thermally inert substance.  By 

plotting differential temperature (ΔT) against time, or temperature, the enthalpy change 

can be measured by considering the area under a DTA peak, without affecting the heat 

capacity of the sample. The change of properties with temperature could be either 

physical or chemical.  The physical change includes phase change (melting, 

vaporization, crystallization, structural transitions, changes in microstructures, volume 

changes such as expansion or contraction, it could also be changed in mechanical 

properties.  Whereas chemical changes include:  reactions forming new products, 

oxidation, corrosion, the materials could decompose, dehydrate, chemisorption, etc.  

The similarity between Differential Scanning (DSC) and DTA is considered in many 

aspects. It is mainly a differential technique, with a sample and a reference, and the 

setup is heated or cooled at a constant rate.  However, the difference between the two 

is that in DTA the temperature difference between the sample and the reference is 

monitored, and in DSC, the difference in power to the sample and the reference to 

keeping to maintain the heating or cooling the two at the same rate is measured. 

DSC analysis was performed by heating a constant rate of 10∘ C/min in nitrogen, the 

purge gas system to provide inert or reactive atmosphere, over a temperature range of 

1000°C, with sample weights of about 5 mg.  The thermal stability analysis was done 

using a thermogravimetric analysis instrument.  The TGA was equipped with a 

microbalance, measuring continuously sample weight, and the furnace around the 



   

 

sample holder, together with the purge gas ensures an inert or reactive atmosphere.  

The computer controls the furnace and collects data (weight against sample 

temperature).    

 

Figure 32: Principle of thermal Analysis (DSC, TG / DTA. TMA & DMA). 

4.3.5.3. Thermal decomposition and DSC/DTA results 

 The results obtained from DSC / DTA thermograms of samples Ti-iso-2 (pH: 0.8 – 1) 

and Ti-iso-6 (9 -11) are depicted in figures (a) and (b), shown respectively as 

representative of acid and alkaline-based samples, they are also given for analysis 

purpose to discussion changes (size, phase or structure and morphology) i.e. post 

lyophilization transformations by decomposition / thermal annealing of the samples. 



   

 

 

Figure 33:  DTA Thermogram for TI-iso-2, pH: 2 and its associated table 
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Figure 34: (b):  DTA curve for sample Ti-iso-6, pH~11; Plot of differential 

temperature versus temperature 
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Figure 35: (a) DTA-Thermogram of sample Ti-iso-2, 

pH=1 
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Figure 36:  DTA Thermogram of sample Ti-iso-3, pH: 3 
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Figure 37:  DTA-Thermogram of sample Ti-iso-4, pH=5 
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Figure 38:  DTA-Thermogram of sample Ti-iso-5, pH=9 
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Figure 39: DTA-Thermogram of sample Ti-iso-6, pH:11 
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Figure 40: TGA plot TiOCl2 sample pH: 11 

 

The mass ratio (%) = 1/8 (12.5%); Compared to Thermal annealing ~ 1/5 (19.2%) or 

0.0547g/0.2848g) 

 

  



   

 

Theory of thermal decomposition of the samples: 

(i) Ti -iso-2, pH: 1 & Ti-iso-6, pH: 11 

Amorphous TiO2 powders were obtained from the titanium isopropoxide precursor 

precipitated under different pH values by adding aqueous ammonia.  Under these 

conditions, considering the nature of Ti(IV) isopropoxide, the role of NH4OH, the 

formation of TiO2 NPS, the structural and morphological evolution could be explained 

based on the following reaction and assumptions:  

:                              𝑇𝑖(𝑂𝑃𝑟)4 → 𝑇𝑖𝑂2  + 4𝐶 3
𝐻6 + 2𝐻2𝑂 

 Assuming an activation barrier of ~57Kcal/mol (K.  Ershov et al., Jan2018), the 

thermal decomposition of Ti (OPr) 4, several propylene molecules have been released.  

 The TiO2 powders are the products of decomposition of titanium hydroxyl 

compound Ti(OH)4, intermediate products after the following mode:  

                              𝑇𝑖(𝑂𝑃𝑟)4  → (𝑃𝑟𝑂)3 𝑇𝑖𝑂𝐻 + 𝐶3𝐻6  

 The effective first-order rate constant of TTIP thermal decomposition (propylene 

formation) is estimated to be: 𝑘 = 3.96 ∗ 105 ∗  𝑒(−
8479.7

𝑇
)𝑆−1

 

 The gas-phase products of titanium isopropoxide’s decomposition consist of 

acetone, propylene, methanol, and ethanol   

 Surface reactions are the most predominant interactions 

 

(ii) Ti -3-Chloro, pH:  11 

Samples of amorphous Titanium dioxide (Titania) powder have been obtained from 

precipitation of TiCl3 and NH4OH initial material in solutions of varied pH between 1 and 

11, were investigated with different calcination temperatures.   The result of TG and 

XRD showed that the NH4Cl decomposed between 235-372oC. The XRD result showed 

that the anatase TiO2 only contained a single phase with the calcination temperature of 

the precursor at 400oC for pH =1 - 7 and rutile for pH = 8 -11 at 400°C. 

 



   

 

4.3.5.4. Experimental procedure (XRD) 

(i)  The principle of XRD analysis 

The principle of the X-ray analysis is based on constructive interference between 

monochromatic X-rays and the sample, usually crystalline structure.  The former is 

generated by a cathode tube, which when they are filtered, produces monochromatic 

electromagnetic waves.  By collimation, they are concentrated on the sample, interact 

with the sample to generate, not only constructive interference but also diffracted rays 

following Bragg’s law such that: 𝒏𝝀 = 𝟐𝒅 𝒔𝒊𝒏𝝓.   

The X-ray diffraction patterns are characteristic of each crystalline sample, which could 

be used for the identification of the unknown material by cross-examination concerning 

ASTM International, formerly known as the American Society for Testing and Materials. 

The experimental procedure is based on the setup given next: 

1)  The X-ray beam is irradiated on the sample; 2) The sample emits characteristic 

X-ray patterns; 3) To analyze crystal, rotate the detector by angle 2Ø accurately to 

expose each wavelength in such a manner  Bragg’s law is satisfied, meaning:  𝒏𝝀 =

𝟐𝒅 𝒔𝒊𝒏𝝓;   4) The position and the intensities of peaks are measured by the detector as 

X-rays are diffracted by the sample at different angles Ø; separating wavelength (λ), it 

identifies elemental components of the sample as per ASTM signature peak positions.



   

 

 

Figure 41:  Setup for the experimental procedure of X-ray diffraction analysis. 

  



   

 

(ii) XRD results for samples Ti-iso-2 and Ti-iso-6 are presented in the figure that follows.  
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Figure 42: (a) Ti-iso-2 (300C)/Ti-iso-6 (300C); (b) Ti-iso-2(450C)/Ti-iso-6(450C); (C) Ti-iso-2(450C)/Ti-iso-6(450C);Ti-

so-2(550C) -Ti-iso-6 (550C); (d) Ti-iso-2 (650) - Ti-iso-6 (650); (e ) Ti-iso-2(700C)/Ti-iso-6 (700C), (f) Ti-iso-

2(900C)/Ti-iso-6-900C   
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Figure 43: Ti-iso-2-450-matched characteristic (2θ) angles, Intensities and reticular distances 

   

 

Phase  (2θ) Int-f  h   k   

l  

B 25.724 19.1 110 

B 30.055 22.4 111 

B 42.826 12.6 130 

A 47.722 7.7 200 

B 54.722 5.9 134 
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Figure 44: Ti-iso-2-550: matched characteristic (2θ angles), Intensities and, reticular distances 
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Figure 45: Ti-iso-2-650. Matched characteristic (2θ) angles, Intensities and reticular distances.  
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Ti-iso-2-700. Matched characteristic (2θ) angles, Intensities and reticular distances. 
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Figure 46: Ti-iso-2-900 Matched characteristic (2θ) angles, intensities and reticular distances 
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Figure 47: pH - programmed XRD patterns of samples decomposed at 650C 
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(d) 

Figure 48: XRD patterns of P- Chloro samples, alkaline pH: 9, showing nucleation process from decomposition 

temperature of 200⁰C to 300⁰C, at different time duration:  (a) Td =200C, 1hour heating time, (b) Td = 200C, 3hours 

heating time and (c) Td=300, 1 hour 
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XRD patterns of P- Chloro samples, acid pH: 2 showing nucleation process, at decomposition temperature Td: 



   

 

200C, at different annealing times, (a) at 1 hour, (b) at 2hours, (c) at 3hours and 20 minutes, (d) stack graph. 
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Figure 49:  XRD patterns, (a) comparison between alkaline pH derived-anatase and acidic pH derived rutile phase, 



   

 

at 300C annealing temperature, (b) shows growth process of anatase grains by annealing at temperatures 350C – 

700C, and (c)   

  Figure 50:  Transmission Electron Microscopy (TEM / HR-TEM) Principle l 
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Figure 51: Morphological and size effects studies by TEM 



   

 

TEM images of the nanoparticles prepared by the lyophilization process are shown in 

figures 51(a), (b) and, (e) whereas the figure (d) shows the TEM image of the TiO2 bulk 

anatase as purchased. Qualitatively, nanostructures can be observed having a grain 

size of 5-10nm for the lyophilized samples.   The crystallite size as observed from TEM, 

in this case, is ~ 5 nm. The TEM image of the nanoparticles of the bulk prepared by the 

hydrothermal method is shown in Figure 51 (d). Grain size, in this case, is ~ 100 nm.  

Comparing figures 51 (a) and figure  (e), the difference in morphology is such that, 

though Ti-chloro3 and Ti-iso-LT-pH11 samples are of the same anatase phase, the 

difference is depicted in more or less spherical nanoparticles in the Ti-chloro3, whereas 

more multi-faceted nanoparticles are observed in the case of Ti-iso-LT-pH11.  Figure 51 

(b) being micrograph of phase rutile, morphologically, the nanoparticles are more or less 

elongated compared to either anatase phase Ti-iso-LT-pH11 or Ti-cholro3 samples. 



   

 

4.3.5.5. RAMAN Spectroscopy 

 

Figure 52:  Illustration of Principle of Raman Spectroscopy 



   

 

Focusing a monochromatic laser beam on a sample interacts with that sample, it can be reflected, absorbed or, largely 

scattered elastically (Rayleigh scatter). A little amount of radiation is scattered inelastically, and Raman scattering is said 

to be composed of stokes and anti-stokes.  The importance of the Raman scattered is that it carries information about the 

molecular structure of the sample.  Measuring the spectrum with laser line as a reference serves to determine the shift 

from it as the measure of the positions of the peaks.  The latter is determined by the vibrational energies associated with 

the bonds in the molecules the samples are made of.   
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Figure 53: Raman spectroscopy the study of size effect on TiCl3-based anatase sample, pH= 9 - 11 
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Figure 54: Raman spectra: the study of size effect, rutile pH_ 0.8 

 

 



   

 

 

Table 10:  Raman modes for anatase and rutile 

 Eg (cm-1) Eg(cm-1) B1g(cm-1) A1g+B1g(cm-1) Eg(cm-1) 

Ref. TiO2 (anatase) 143.0 196 396.0 514.0 637.0 

Sample A01  147.6 198.7 394.0 514.7 641.3 

Sample A02 147.6 196.7 397.0 515.7 637.4 

 

 B1g(cm-1) Eu(cm-1) Eg(cm-1) A1g+B1g(cm-1) A1g(cm-1) 

Ref. TiO2 (rutile) 143.0  - 447.0 - 612.0 

Sample R01  147.9  237.1 446.5 517.8 610.7 

Sample R02 147.0 234.3 445.5 515.1 609.0 
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Figure 55: The Raman study of phase and size evolution of the lyophilized rutile TiO2 
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Figure 56: The Raman study of phase and size evolution of the lyophilized anatase TiO2 

 

 



   

 

4.3.5.6. UV-Vis Spectroscopy 

 

Figure 57:  Principle of UV-visible spectrometry 

The quasi totality of molecules absorbs light in the 100-400nm region of the spectrum, 

but also the visible region i.e. from 400-700nm.  While the technique is operated mainly 

with a deuterium lamp as the source of light for the region 170-375nm, the tungsten 

filament light is used as the source of light covering the much wider region 350-2500nm, 

including the visible. 

By focusing light on a transparent sample, it is transmitted and sensed by the detector.  

The signal from the latter is recorded on the computer for processing and displaying 

data of the measurements. Figure (a) below displays the results of the UV-vis spectrum 

recorded on the experiment on the lyophilized TiO2 sample (TiO200pH11).  Whereas, 

Figure (b) is a Tauc plot from the UV-vis spectrum in figure (a) that serves for 

measuring the bandgap of the TiO2 NPS under investigation.   
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Figure 58: UV- Vis spectrum, the determination of Bandgap Energy (Eg) from the 

UV-vis spectrum: 

The bandgap energy is calculated using the Tauc plot generated from the UV-vis 

spectrum.   

4.3.5.1. Method  

Getting the value of the optical band gap energy (Eg) using the absorption coefficient α, 

it makes use of the Tauc equation that follows: 

                                     αhv = B (hν - Eg)
n                          (eq.1) 

Where α= coefficient of absorption, h= Planck constant (6.62620 *10-34 J.S), B=constant 

of proportionality, n= electronic transition type, V=frequency, Eg = optical band gap 

energy. 



   

 

It is sufficient to only have the value of the transmission to be able to calculate the 

absorption coefficient from the relation that follows:  

𝛼 =
1

𝑡
ln (

1

𝑇
)                            (𝑒𝑞. 2)    

Considering: t is the sample thickness, T is the transmission, and (hν) is the photon 

energy. 

Whenever (αhν)1/n is plotted against (hν), it generates a straight line. This line intersects 

the X-axis at (αhν)1/n = 0, therefore the values of Eg could be estimated from the value 

of intercept. 

Depending on the electronic transition type, n could be equated to “1/2” for direct 

allowed transition, to “2” for indirect allowed transition, to “3” for direct 

forbidden transition and, “3/2” for the indirect forbidden transition. Therefore, the 

selection of the suitable value of n is paramount for samples and their preparations. 

On the other hand, the value of the absorption coefficient could be obtained from the 

following relationship with the absorbance (Hadi M. et al. (2018)): 

𝛼 = 2.203 ∗
A

t
                                                       𝑒𝑞. 3 

Considering α being absorption coefficient, A is the absorbance and t is the thickness of 

the sample.  According to Hadi M.et al. (2018), the coefficient of absorption for Titania, α 

is approximatively equal to 0.9 * 10-2nm-1 for TiO2 sample of thickness t=110nm, 

exposed to incident light at wavelength λ=335.17nm.  Henceforth, we convert the UV-vis 

spectrum in the figure above to the Tauc plot for our lyophilized sample (TiO2, pH11) 

and obtain the value of the optical band gap (Eg) equal to.2.93 ± 0.07eV. 

The figure that follows is the Tauc plot generated from the UV-vis spectrum of the 

lyophilized sample TiO200pH11. Based on the Tauc plot, and considering only the direct 

allowed transition, we consider n=1/2, and calculate the value of the optical bandgap 

energy, as follows:  
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Figure 59:  Tauc plot, UV-vis spectrum of TiO2 

 

The slope m and the X-intercept is found from the graph above as follows: 

𝑚 =
∆(𝛼ℎ𝑉)2

∆(ℎ𝑉)
= 45364038 =  𝐵2  

and the X-intercept is 𝐶 = − 𝐵2 ∗ 𝐸𝑔 = 1.36*108 

Thus, 𝑬𝒈 =
𝟏.𝟑𝟔∗𝟏𝟎𝟖

𝟒𝟓𝟑𝟔𝟒𝟎𝟑𝟖
= 𝟐. 𝟗𝟑𝒆𝑽 

 

 

 

  



   

 

4.3.6. Effects of initial concentration of precursor solution 

Samples from Titanium (IV) oxide acetylacetonate (C10H14O5Ti) 

4.3.6.1. Effect of concentration on the size, size distribution, and structure of 

the lyophilized TiO2 NPS 

ABSTRACT 

The controlled synthesis of TiO2 nanoparticles (NPs) in the size range of 1 to 10 nm is 

the focus of this study. The TiO2 NPs were prepared by the dissolution of 1.0g of 

Titanium acetylacetonate in volume of deionized water expressed as Vn(ml)= 50 x 2n  

with n=0, 1, 2, 3; and corresponding to four concentrations [Cn=1.0g/Vn], namely 

C1(g.ml-1) = 0.0200; C2(g.ml-1) = 0.0100; C3(g.ml-1)=0.0050; C4(g.ml-1) = 0.0025 to 

control the size of the obtained TiO2 NPs. The pH of each solution was controlled ~ 7 

(neutral solutions) 

The solution was sprayed "laminar regime" into liquid nitrogen to generate droplets 

rich in water (-90%). These droplets were then sublimated in a lyophilizer chamber to 

yield a very porous precursor. The precursor was then thermally decomposed at 

400°C in the air for about 20 minutes. Using XRD and TEM techniques the structure, 

size and, morphology of obtained TiO2 NPS were determined. The structure (phase) 

was found to be anatase, and it was also found that by decreasing concentration from 

0.0200 to 0.0025 g.ml-1, a decrease in crystallinity and therefore a decrease in size 

(reduced average particle size from 10nm to ~3.7nm, amorphous)  along with a 

significant increase in their size distribution, broader bell- shape. 
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Figure 60: TiO2 NPS anatase form precursor Ti (IV) acetylacetonate (decomposed 

at 400°C for 1hr) 

 

 

 

 

 

 



   

 

Decreasing the volume of solvent (distilled water) from 400ml to 200ml, 100ml, and 

50ml, the concentration increased from 0,0025M to 0,005M, 0.01M and 0.02M.  In the 

same ratio, the particle size increased exponentially. 

The X-ray Diffraction (XRD) patterns of the samples correspond to that of a well-known 

anatase structure (phase).  By the width of the diffraction lines, we obtained the 

following mean sizes of the crystals: 9.06nm (for the sample C1), 9 nm, (for the sample 

C3), 5 nm (for sample C3), and amorphous form (for sample C4).  Graph 1 shows the 

variation of the particle as a function of concentration whereas Graph 2 shows the X-ray 

diffraction for all four samples. 

X-ray diffraction (XRD) measurements show a decrease in particle size as the 

concentration increases.  The calculation of C1 indicates the presence of 754 molecules 

of water per molecule of Titanium (IV) oxide acetylacetonate.  The reasons why there is 

a decrease in the size of the particle can be well explained by considering a further 

calculation of several molecules per drop based on the following assumptions: 

 

1) The drop of a homogeneous solution of Titanium (IV) oxide acetylacetonate is 

spherical and of approximately 50nm diameter.  The volume of the drop is given by: 

 

317363 1054.6)105.2(
3

4

3

4
cmrV

drop

    

2)  The number of molecules of water per molecule of C10H14O5Ti per drop can be 

calculated from the following relationship: 
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These results can be summarized in the Table given below: 

 

Table 11: Correlation particle size - concentration 

Concentration  Nac Particle size (nm) 

C1 754 2.807 x 104 9 

C2 1508 1.4470 x 104 9 

C3 3016 0.7240 x 104 5 

C4 6032  0.3620 x 104 amorphous 

 

 



   

 

 

Figure 61:  Modelling: Plot of concentration versus particle size 

 

These results demonstrate that:  as the concentration (molecules of water per molecule 

of C10H14O5Ti) increases, the number of molecules of Titanium (IV) oxide 

acetylacetonate per drop of the solution decreases and the particle size decreases.  

Further analysis of these results indicates an anisotropic property of the sample C1, 

TiO2 material such that the crystallization is different in different directions.  The 

crystallization is determined by the first peak position, diffraction angle=25.4947 

degrees, and plane 101.  The size distribution is different in the different planes 101, 

004, 200, 105, 211, and 204 corresponding respectively to peak positions 25.4947⁰, 

37.9694⁰, 48.1759⁰, 54.1471⁰, 55.1886⁰.  

The X-ray Diffraction (XRD) patterns of the samples correspond to that of a well-known 

anatase structure (phase).  By the width of the diffraction lines, we obtained the 

following mean sizes of the crystals: 9.06nm (for the sample C1), 9 nm, (for the sample 

C3), 5 nm (for sample C3), and amorphous form (for sample C4).  The graph shows the 

variation of the particle as a function of concentration whereas Graph 2 shows the X-ray 

diffraction for all four samples. 
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4.3.6.2. Surface properties characterization  

The aim here is to evaluate the surface characteristics of as-synthesized nanoparticles.  A typical study 

looks at results by measuring surface area, the roughness of the surface, pore size and, reflectivity of the 

surface of the Nanoparticles.  The importance of characterizing the surface of the nanoparticles is found 

in the monitoring of the activity, sensitivity, and stability of the photo-catalyst.     

Two techniques, one based on Langmuir’s model and the other based on B.E.T (after Brunauer, Emmet 

and, Teller) Equation, was used to measure the surface area, the pore size and, the pore volume of the 

lyophilized nanoparticles.  The measurements were performed on 25/02/2016 at CSIR using TriStar Unit 

1, Port1-equipment on lyophilized samples TiO200-pH11 (precursor Titanium-isopropoxide, 

decomposed at 200°C and prepared at pH11), TiO300-pH11 (precursor Titanium, decomposed at 

300°C and prepared at pH11) and, the commercial sample Degussa P25.  

4.3.6.3. Surface chemical properties measurement 

Measuring the surface properties is underlined by the following two-fold principle: 

First, to calculate the surface area of the adsorbent (m2/g), using Langmuir’s model [ ], Xm (the maximum 

quantity of adsorbate adsorbed, expressed in mg per gram, that is required to form a monolayer) is 

specified. Also, knowing M (molecular weight of the adsorbate expressed in mg/molecule), N (Avogadro 

number) and, S (approximated contact area of the adsorbent molecule), expressed in m2/molecule, the 

surface area of the adsorbent (SAads) can be computed as per equation (3, 13.3,). 

𝑆𝐴𝑎𝑑𝑠 (
𝑚2

𝑔
) =

𝑋𝑚(
𝑚𝑔

𝑔
)∗𝑁∗𝑆(

𝑚2

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
)

𝑀
                                               eq. (3.3.3.1) 

Secondly, from adsorption data, the specific surface area is obtainable using the BET equation (3.3.3.2).  

The volume of gas required to form a monolayer, V mono, on the surface of the sample is also obtainable 

from surface area by computation.   

𝑍

(1 − 𝑍)
∗

1

𝑉
=

(𝑐 − 1) ∗ 𝑍

𝑐 ∗ 𝑉
+

1

𝑐 ∗ 𝑉𝑚𝑜𝑛𝑜
                                        𝑒𝑞. (3.3.3.2) 



   

 

With Z defined as the ratio of the pressure of the gas (P) and pressure at saturation (P*), the symbols 

are V (volume of gas absorbed at pressure P, and c is a constant.  

Furthermore, the sensitivity of the measurement depends largely on the amount of surface area such 

that for high surface area, Nitrogen gas is used and for low surface area, either argon or krypton gas is 

used instead as their saturation vapor pressures at liquid nitrogen temperature are low.     

A note taken from Research gate by Mithil Fal Desai, a researcher at Goa University, Dept. of 

Chemistry, suggests that B.ET. The surface area could be measured accurately from the N2 Adsorption 

isotherm being a straight line below 0.3 (partial pressure).  In such a case, the B.E.T surface area is 

obtainable by measuring ‘C’ and the slope of the straight line.  Otherwise, whenever the partial pressure 

is beyond 0.3, in the case of the multilayer process, the adsorption isotherm is nonlinear.  The adsorption 

isotherm is important in finding what type of isotherm the material belongs to.  It also characterizes the 

behavior of the gas as it interacts with the surface of the material at a given temperature. In the process, 

the increase of partial pressure in the sample cell causes the gas to adsorb and condense over the 

surface.  
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(c) (a) 

Figure 62: Isotherm adsorption – Desorption curves: (a) Degussa P25, (b) lyophilized TiO2, decomposed at 300°C (sample TiO300), 

(C) Lyophilized TiO2, decomposed at 200°C (sample: TiO200pH11) 
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The results of measurements performed on the lyophilized TiO2 nanoparticles are shown in the 

Table that follows. 

Table 12: B.E.T measurements of Lyophilized Nanoparticles and TiO2 Degussa 

P25 

 TiO2 Sample Degussa 

P25 

T200pH 

11 

TiO300 

Surface Area (m²/g) 

Single point surface area at P/Po = 

0.199761112: 

40.9739 97.522 13.4283 

BET Surface Area: 42.4333 100.6626 12.8053 

BJH Adsorption cumulative surface area of 

pores  

    

between 1.7000 nm and 300.0000 nm 

diameter: 

25.557 87.085 7.344 

BJH Desorption cumulative surface area of 

pores  

    

between 1.7000 nm and 300.0000 nm 

diameter: 

24.5733 87.3637 9.9824 

Pore Volume (cm³/g) 

Single point adsorption total pore volume of 

pores  

    

less than 152.4783 nm diameter at P/Po = 

0.987593833: 

0.16875 0.234422 0.060296 

BJH Adsorption cumulative volume of pores      

between 1.7000 nm and 300.0000 nm 

diameter: 

0.208638 0.277608 0.087506 

BJH Desorption cumulative volume of pores      

between 1.7000 nm and 300.0000 nm 

diameter: 

0.217723 0.284122 0.093965 

Pore Size (nm) 

Adsorption average pore width (4V/A by BET): 15.90729 9.31518 18.83475 

BJH Adsorption average pore diameter (4V/A): 32.6541 12.751 47.6592 

BJH Desorption average pore diameter (4V/A): 35.4406 13.0087 37.6525 

              

As can be seen in table 3.3.3.1, the surface area of the lyophilized TiO2 Nanoparticles, decomposed 

at 200°C, pH 11 is 2.4 times bigger than that of the commercial Degussa P25, and 8 times bigger 

than lyophilized TiO300 samples.  The difference is also remarkably inverse when we compare the 

pore sizes in the three samples, the sample TiO200pH11’s pore size is respectively smaller to 



   

 

commercial Degussa P25 and the other lyophilized sample TiO300, by 37% and 34%. This 

observation seems to indicate a particular behavior of the lyophilized TiO2 nanoparticles that 

tentatively we can explain by interpreting the hysteresis patterns in isotherm adsorption-desorption 

curves that are pictured in figure 3.3.2.2 above. 

One observes the presence of three hysteresis loops, which are gaps between 

adsorption and desorption curves.  The hysteresis loop is a characteristic of the 

mesoporous nature of materials such are the depicted of the three TiO2 samples in 

the figure.  The mesoporosity suggests the tensile strength effect (TSE) and the 

capillary condensation being its cause [Ali Qajar, Research Gate).  Capillary 

condensation is a process such that the force exerted on the molecules through the 

pore walls causes the molecule to adsorb layer by layer.  A resulting narrow gap is 

created by accumulated and collapsed molecules to a lower thermo-dynamical 

energy state.       

Another confirmation of the mesoporous characteristic of the samples is because of 

the measured pore sizes, all falling within <2 -50 nm) range (Pengfei Zhang, 2016 of 

Ke Group): the values 15.907nm, 9.31nm, 18,83nm being respectively the diameters 

of pore for Degussa P25, Ti200pH11, and TiO300.   

Further characterization is based on the classification of types of hysteresis (H1, H2, 

H3, and H4) which provides information on the state of agglomeration, shape of 

particles present, width of pores, size distribution of the particles.  The classification 

of the adsorption process uses the graph of the amount of adsorbate (Nitrogen gas) 

adsorbed on the surface of adsorbents, TiO2 Degussa P25, lyophilized TiO200pH11, 

and TiO300 at STP (standard pressure and temperature).  Baboo (2015) suggests 

that by using the four types of the BET adsorption isotherm, the classification and 

extent of adsorption on these three adsorbents, depending on either one or many 

factors including Nature of adsorbate and adsorbent, the surface area of adsorbent, 

Activation of adsorbent, experimental conditions (temperature, pressure) would be 

characteristic of the adsorbent particles under study.  Therefore, the characterization 

of the particles of adsorbents based on the hysteresis loop is as follows: 



   

 

Firstly, the Degussa P25 sample is characterized by the most predominant hysteresis in 

figure 3.3.2.2 (a) being of type H1 loop, suggesting the presence of agglomerates, 

spherical particles, and uniformly ordered - connected pores.    

Secondly, the Ti200pH11 sample is characterized by a predominantly narrow-

Hysteresis loop in figure 3.3.2.2 (c) being a mixture of types H1 and H2, indicating 

additional information on the presence of pores with narrow mouths (ink-bottle), 

elongated-shaped and networked pores.  Thirdly, the Ti300 sample is characterized 

predominantly by a double-hysteresis loop of type H4 figure, suggesting the presence of 

slit-like pores, irregularly shaped-particles presenting voids of large size distribution, 

hollowed-walled-ordered spherical mesoporous particles 

 

  



   

 

4.4. Discussions 

Based on the experimental results obtained from (multi-step) conditioned- preparation 

and lyophilized TiO2 nanostructured material, the analysis demonstrates capabilities to 

control the key features of nanostructured material, namely:  structure, size, size 

distribution, vibrational modes, surface area, porosity, and shape.  The focus has been 

placed on these characteristic properties as examined by XRD, HRTEM / TEM, RAMAN 

spectroscopy, and B.E.T measurements.   The crystallographic description of TiO2 is 

done according to ASTM-specified angles (°) and peak intensities as per tables 10.1 (a), 

(b), and (c). The optimization strategies used to control these properties are also 

discussed.  These include the control factors of nanostructured characteristics namely: 

initial concentration, pH, and nature of precursors.   

 

Table 13: (a): TiO2-anatase characteristic (2θ) angles, Intensities, and (hkl) 

crystallographic planes 

 

Angle (2θ) Int-f  h   k   l  

25.322 999 1   0   1 

37.863 159 0   0   4 

48.064 260 2   0   0 

53.975 160 1   0   5 

55.094 134 2   1   1 

62.756 87 2   0   4 

75.141 75 2   1   5 
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Table 14: TiO2-brookite characteristic (2θ angles), Intensities, and 

crystallographic planes 

 

Angle 

(2θ) 

Int-f  h   k   l  

25.443 401  1   1   0 

31.382 999  1   1   1 

42.600 164  1   3   0 

53.887 121  1   3   0 

55.134 134  2   0   2 

55.754 243  2   2   1 

66.909 141  1   3   2 
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Table 15: TiO2-rutile characteristic (2θ) angles, Intensities, and crystallographic 

planes.  

Angle 

(2θ) 

Int-f  h   k   l  

27.445 999  1   1   0 

36.095 431  1   0   1 

41.059 172  1   1   1 

54.342 479  2   1   1 

56.646 138  2   2   0 
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69.032 155  3   0   1 

69.835 77  1   1   2 

  

Controlled properties of as-prepared nanostructured TiO2 material: 

Table tabulates different samples prepared from a variety of titanium precursors, pH 

conditioned aqueous-solutions (acidic and/or alkaline), different degrees of 

concentration, range of thermal treatment, different characterization techniques used, 

and the resulting structures obtained.   

The following are the phases, phase transformation, and associated phase transition 

temperatures: 

4.4.1.  XRD CHARACTERIZATION OF TiO2 isopropoxide Precursor SAMPLE 

(i) The Sample Ti-iso-2, pH: 0.8 ~ 1 (figure 10.1), thermally treated from 300°C - 

900°C temperature range; the analyzed Phase transformation suggests there is an 

evolution from amorphous (300°C) to brookite structure from 450°C, from brookite to 

anatase up to 650°C, then further phase transformation up to 900°C is described as 

anatase phase crystallization.  Indeed, the two main brookite peaks (31.382°; 999; 111) 

and (25.443°; 401; 110) described in terms of angle (2θ), Intent-f, and reticular 

distances have been identified respectively at an angle (2θ): 30.84° and 25.81° (with 

corresponding intensity levels).  This observation is shown in Figures 10.1(a) and (b).  

Whereas, the onset of anatase crystallization is 700°C and the anatase-to-rutile phase 

transition occurs at 900°C.  Considering the XRD pattern (700C) in figure 10.1, 

corresponding to the pure anatase phase, the six peaks appearing are typical to 

anatase crystallographic (angle 2θ; Intent-f; and reticular planes pattern given in table 

10. (a).   

The significance of this result is wide thermal phase stability (without changing to rutile) 

of anatase; the rutile structure is inhibited or delayed to very higher temperatures 

exceeding 1000°C  
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Figure 63: (a) XRD patterns of TiO2 isopropxide 

Precursor SAMPLE Ti-iso-2, annealed at 300 - 

900° 
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                    (b) XRD pattern of Ti-iso-2, annealed at   

                                   450°C 
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Figure 64: (a):  XRD patterns of Ti-iso-pH: 9 – 11, annealed in the range of 300 – 900°C 



   

 

 Sample Ti-iso-6: pH: 9 – 11, heat-treated in the range: 300°C -900°C  

The occurrence of the rutile structure is a result of phase evolution from amorphous-to- 

anatase-to-rutile, and phase transition occurs exactly 900°C. 

Major Finding # 1, the effect of alkalinity over-acidity of titanium isopropoxide - 

prepared precursor-solution lowers of a couple hundred degrees the anatase-to-rutile 

phase transition.  The energetic (thermodynamic) significance of this, is an important 

energy-saving factor.   Also, the brookite polymorph is inhibited in the phase 

transformation process.  Therefore, alkalinity is an inhibiting factor. 

Major Finding # 2, the advantage of acidity over alkalinity of titanium - isopropoxide -

prepared precursor-solution is an exhibition of the brookite phase in the phase diagram.  

The phase transformation evolves from amorphous to brookite (450°C-550°C)-to-

anatase. 

4.4.2. TiO2 TiCl3 Precursor-based NPS 

(i) The sample TiCl3, pH: 9 ~11, was thermally heated within 450°C - 700°C 

temperature range; the phase change evolves from amorphous to anatase- eventually 

at higher temperatures above 700°C,  to rutile phase.   

The growth of particles was noticed to take place concurrently as the phase 

transformation.  In the temperature of interest, the deviation in the main crystallographic 

peak of the anatase structure (101) was calculated and found to be Δθ=0.27°. 

(ii) The sample TiCl3, pH: 0.8 ~ 1.63, was thermally treated at 400°C for time 

durations ranging from 10 min, 60min, 120min, and 360min.    The phase transformation 

is such that the rutile phase is the main phase that evolved directly from the amorphous 

phase.  Phase stability is also observed, 



   

 

, unchanged rutile phase for the duration of 6hrs, and an increase in particle size from 0nm to 25nm, grown at a rate of 

0.06nm/min:  
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Figure 65: XRD patterns of TiCl3, pH:0.8 -1.63 annealed at 350°C for 10min, 1hr, 2.5hrs, and 6hrs 

0

5

10

15

20

25

30

0 100 200 300 400

si
ze

 (
n

m
) 

 

Heating time (min) 



   

 

 

   

30 40 50 60 70

15nm

9nm

9nm

7nm

6nm

Anatase, Ticl3 (pH:9)

 

 

700C

650C

550C

350C

450C

In
te

n
s
it
y
 (

a
.u

)



101

30

15nm

9nm

9nm

7nm

6nm

Anatase, Ticl3 (pH:9)

 

 

700C

650C

550C

350C

450C

In
te

n
s
it
y
 (

a
.u

)



a
b
c

d

e

25.56 deg25.29deg

Growth Rate (
∆𝑆

∆𝑇
= 0.02𝑛𝑚/°𝐶) 

 Change in crystal orientation in TiO2 anatase 

main plane (101), Δθ=0.27° 

 The phase transformation from mixed 

phases(brookite and anatase) at 350°C to pure anatase 



   

 

 

phase from 550°C – 700°C 

 

Figure 66: Heat treatment of sample TiCl3,  

pH=9 ~11, from 350°C, 450°C, 550°C, 650°C, and 

700°C. 

0

2

4

6

8

10

12

14

16

0 200 400 600 800

P
ar

ti
cl

e
 S

iz
e

(n
m

) 

Annealing Temep. (deg. Celcius) 

Series1

Linear (Series1)



   

 

30 40 50 60 70

10min

1hr

2.5hrs

6hrs

amorphous

10nm

10nm

25nm

Rutile, Ticl3 (pH:1.63)

 

 

In
te

n
s
it
y
 (

a
.u

)

 

110

 

 

 

26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5 30.0

10min

1hr

2.5hrs

6hrs

amorphous

10nm

10nm

25nm

Rutile, Ticl3 (pH:1.63)

 

 

In
te

n
s
it
y
 (

a
.u

)

 

110

a b

c

d

Peak Broadening spectra (a, b, c, and d), TiCl3, 0.8     

 

Figure 67:  XRD patterns of TiCl3, pH:0.8 -1.63 annealed 

at 350°C for 10min, 1hr, 2.5hrs, and 6hrs 

 



   

 

4.4.3. RAMAN spectroscopy characterization of TiCl3 precursor samples 

The underlying theory behind the characterization of a sample by Raman scattering is 

based on assumptions such that upon laser light is incident on a molecule on the 

surface of the material under experiment, the molecular vibration that is generated, 

scatters light of certain energy (enhanced or diminished).  The energy of elementary 

excitation determines the energy difference between incident and scattered light.  

According to Yang X.X (2012), there exists a relationship between the coupling strength 

(√𝑊 ), the length of bonding (d), the effective mass (√𝑚) of the interacting atoms and 

the energy change such that:   

 ΔE ~
1

𝑑
√

𝑊

𝑚
.                                                                                  eq. 10.1 

Molecules and chemical bonds are described in terms of translational, rotational, and 

vibrational motions.  An amorphous material, for example, is described by 

inhomogeneous and broadened Raman lines created at different positions, because of 

chemical compositions and molecular chain length.   These changes affect different 

Raman line energies, therefore the integrated spectrum over the entire area, made of 

molecular variations results in a significant broadening.  Raman line’s width describing 

local changes in molecular vibrations henceforth is a key element in the identification of 

chemical and mechanical property changes of the surface of a material. The purpose of 

mostly examining Raman spectra remains the identification of Raman signatures of 

anatase, rutile, and brookite.  According to most Research, the peak position (PP) shift 

in the 144Eg, of anatase and its FWHM’s broadening explains the phenomenal phonon 

confinement and quantum size effect occurring at the nanoscale. 

Table 10.2 gives the frequencies of vibrations for anatase (space group:𝐷4ℎ
19, I4l /amd ) 

and rutile (space group 𝐷4ℎ 
14 𝑃42 /𝑚𝑛𝑚) of Titania of which symbols (w: weak), (m: 

medium), (s: string), and (vs very strong).   

 



   

 

Table 16: Vibration frequencies (active modes) of anatase and rutile of Titania 

 

Anatase Rutile 

Eg 144cm-1 (VS) Eg1 143cm-1 (w) 

Eg 197cm-1 (w) Eg 447cm-1 (S) 

B1g 399cm-1 (m) A1g 612cm-1 (S) 

A1g 515cm-1 (m) B2g 826cm-1 (S) 

B1g 519cm-1 (m) - - 

Eg 639cm-1(m) - - 

 

Figures 10.5 (a) and (b) contain respectively Raman spectra of samples TiCl3 (pH: 9 ~ 

11) and TiCl3 (pH: 0.8 ~ 1.63), both thermally treated at 350°C, 450°C, 550°C and 

700°C.  These serve for the identification of the phase of titania-based on the 

frequencies as per table 10.2, and also for investigating amorphous to crystalline phase 

transition in TiO2.  While figures 10.5 (c ) and (d ) are Raman spectra for peak position 

shift to higher energy side and broadening in full width at half maximum (FWHM), a 

study of quantum size effect using two samples of two different nanosized. 
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Figure 68:  RAMAN spectra TiCl3-based samples, comparing acidic versus alkaline samples



   

 

4.4.4. HRTEM / TEM characterization of as-synthesized TiO2 NPS 

Both tools, the high-Resolution Transmission Electron Microscope, HRTEM, and the 

Transmission Electron Microscope, TEM, have been used in a case-by-case analysis of 

as-synthesized materials.  These operate definitely at the nanoscale (1 – 100nm), by far 

much smaller than optical microscopy. Depending on the availability, we utilized them 

mainly to identify the phases and crystal structures present in the material, but it could 

also be used to characterize and identify defects in the form of antiphase boundaries, 

dislocations, or stacking faults in the crystal structure and to determine modes of 

deformation.  Keith L. (1999) lists other uses of TEM namely, to determine “site 

occupancy preferences” of the atoms within the crystal structures, to determine the 

growth directions of precipitates and the type of interfaces between different phases, to 

image atomic planes and defects attached to dislocations or interfaces, and to do a 

compositional analysis of individual phases.  Operating differently from the scanning 

electron microscope (SEM), in a TEM, the electron beam is passed through the sample, 

and uses the transmitted electron beam to produce an image containing both diffracted 

and direct electron beam. The characteristic x-rays that are generated from the sample 

are collected by Detectors allowing the compositional analysis. 

4.4.5. TEM Micrographs 

Given the powder nature of the samples, Ti-iso-2, Ti-iso-6, TiCl3 (pH: 0.8 ~ 1.63), TiCl3, 

and (pH: 9 ~ 11), HRTEM / TEM were suitable tools for characterizing the lyophilized 

samples, which were mostly amorphous.  The selected TEM micrographs are presented 

in figures:  3.3, 3.4, 3.5, and 10.6, 10.7. 



   

 

 

 (a) TEM micrograph (negative) for sample Ti-iso-2, 

annealed at 300°C for 24hrs, showing (1) Nanorod, 

400nm long, 85nm wide) 

 

 (b) TEM micrograph (negative) for sample Ti-iso-2, 

annealed at 200°C for 24hrs, showing (1) Nanorod, 

400nm long, 85nm wide) 



   

 

  

 

   

(a) Brookite phase-TEM 

Micrograph of Sample  

Ti-iso-2 annealed at 300°C 

  (b) TiO2-Anatase phase nanoparticles-

TEM Micrograph of Sample Ti-iso-2 

annealed at 650°C 

  (c) TiO2-Rutile phase 

nanoparticles -TEM Micrograph 

of Sample Ti-iso-2 annealed at 

950°C, elongated, 20nm  
 

 

Figure 69:  TEM study of shape, annealing time effect samples Ti-iso-2 



   

 

   

Table 17:  EFFECTS OF NATURE OF TITANIUM PRECURSOR ON TiO2 NPS FORMATION, STRUCTURE, AND 

MORPHOLOGY 

Sample 

Name 

Major TiO2 

phase 

Precursor Temperature and 

time (hr) - 

Annealing 

(decomposition) 

Solvent Solution 

pH 

control 

(HCl / 

NH4OH) 

Characterization 

Technique 

 

Ti-iso-2 Amorphous, 

brookite, 

Anatase 

Titanium 

isopropoxide 

300°C – 900°C Distilled 

water 

0.8 ~ 1 XRD TEM  

Ti-iso-6 Amorphous, 

Anatase, 

Rutile  

Titanium 

isopropoxide 

300°C – 900°C Distilled 

water 

11 XRD TEM  

 

Ti-iso-pH Anatase Titanium 

isopropoxide 

650°C Distilled 

water 

0.8; 3.5; 

4.95;9; 11 

XRD TEM  

 

TiCl3(pH9, 

11) 

Amorphous, 

Anatase 

Titanium tri-

chloride 

200°C - 700°C Distilled 

water 

pH =9, 11  XRD EDS, 

TEM 

B.E.T 

RAMAN 

TiCl3(pH 0.8 

~ 1.63) 

Amorphous, 

rutile 

Titanium Tri-

Chloride 

200°C Distilled 

water 

pH=0.8 ~ 

1.63 

XRD TEM RAMAN 

TiO2 (acac) Amorphous, 

Anatase 

Titanium (IV) 

Acetylaetonate / 

Titanium (IV) 

Oxyacetylaceton

ate (90%) Sigma 

Aldrich 

 

400°C Distilled 

water 

pH~7 XRD  X X 

TiOCl2 Anatase Ti(IV) 

Oxychloride 

300°C Deionized 

water 

pH:1; 7; 

11 

XRD,  HRTEM B.E.T 

 



   

 

Figure 70: (a): TiO2 NPS: anatase and rutile phases synthesized by lyophilization 

diagram 
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Figure 70 (b): TiO2 NPS: Ti (IV) isopropoxide-Brookite, anatase, and rutile phases 
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Figure 70 (c): TiO2 NPS: P-chloro (P2) synthesized by lyophilization / diagram 
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Figure 70 (d): TiO2 NPS: P-chloro (P1) synthesized by lyophilization / diagram 
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4.4.6. GAS SENSING EXPERIMENTAL RESULTS:   

Application of TiO2 materials by Lyophilisation Technique to Gas Sensing 
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Figure 70:  XRD patterns of TiCl3, pH:0.8 -1.63 annealed at 350°C for 10min, 1hr, 

2.5hrs, and 6hrs 

This is XRD patterns of TiCl3, pH:0.8 -1.63 annealed at 350°C for 10min, 1hr, 2.5hrs, and 

6hrs versus time while under exposure to CH4 and CO gases of varying concentrations (10, 

20, 40, 80, 120, 160, and 200 ppm) at room temperature. This plot shows no response of 

TiO2 materials to any of the two gases at room temperature. This is a clear indication that 

one needed high temperatures to see if any response could be attained. 

 

 

 

 

 



   

 

Figure 71: the plot of resistances of Degussa, TiO2 LT pH11, and TiO2 LT 300 

samples versus time 

This is the plot of resistances of Degussa, TiO2 LT pH11, and TiO2 LT 300 samples versus 

time while under exposure to CH4 and CO gases of varying concentrations (10, 20, 40, 80, 

120, 160, and 200 ppm) at a temperature of 200
o
C, 300

o
C, and 400

o
C. 

The plot shows first the responses of all materials to both gases are higher at 200oC than at 

300oC and 400oC. The responses decrease as the temperature of the operation increases. 

This means these samples would work well at temperatures lower than 200oC although the 

minimum temperature is yet to be determined. Room temperature sensing studies were 

also conducted and these are displayed in Figure 2 and will be discussed in the 

forthcoming sections. 

 

Figure 5.3.3 Plot of responses to the lyophilized TiO2 compared to Degussa P25 

 

 

 

 

 

 

 

 

Figure 72:  Plot of responses of the lyophilized versus Degussa P25 
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It was found that TiO2-LT-pH11, DegussaTM TiO2, and TiO2-LT300 have responses of 14%, 

6%, and 4% to NO2 respectively whereas the responses to CO were 6.5%, 14%, and 6% 

respectively. TiO2- LT300 outperforms both DegussaTM TiO2 and TiO2-LT-pH11 on NH3 

response with a value of 3.5% where both of the competitors showed a negligible 

response. The influence of the synthesis parameters is proposed as an explanation of 

peculiar sensing characteristics, as well as the selective detection in TiO-LT-pH11 is 

discussed in terms of the surface area, eventual presence of the impurities in the material. 

 

 

4.4.7. Antimicrobial Test Results 

4.4.7.1. Culture of bacteria prepared on Petri dishes for experiments: 

 

( a ) 

 

( b ) 



   

 

 

(c) 

Figure 73:  Bacterial cultures on Petri dishes: (a) E.coli, (b) S.Aureus, (c) 

P. V. Vulgaris 

4.4.7.2. Experimental results on anti-microbial tests: 

 

 



   

 

 

 (a):  Antimicrobial activity of Degussa-TiO2, sample TD 25 on strains E.coli-k12, 

P.VulgarisATCC-49132, Saureas-MRSA-33591 

 

(b):  Antimicrobial activity of Degussa-TiO2, sample LT300, Lyophilized TiO2 on 



   

 

strains E.coli-k12, P.VulgarisATCC-49132, Saureas-MRSA-33591 

 

(C)  Antimicrobial activity of Degussa-TiO2, sample TL200, Lyophilized TiO2 on 

strains E.coli-k12, P.VulgarisATCC-49132, Saureas-MRSA-33591 

Figure 74:  Antimicrobial activities of TiO2 samples 

 

The results of the two lyophilized samples TL 200 and TL-300 were compared to those of 

the (P25) Degussa TiO2 nanoparticles and against a standard antibiotic of known activity 

for each of the species: 14, 13, and 9 mm zone inhibition, respectively for E.coli-K12, P 

Vulgaris (ATCC-49132), and S aureus (MRSA-33591), as all samples were prepared and 

tested in the same conditions.  

Various concentrations (1.25 – 10mg/ml of each sample were prepared and zones of 

inhibition measured in mm. For the concentration 10mg/ml each, the lyophilized TiO2 NPS, 

sample TL200 measured 16mm, the highest bacterial inhibition activity for the P.vulgarius 

pathogenic strain, P25 sample measured 15.5mm, the highest for E aureus, while TL300 

measured 15.5mm, the highest for E.coli strain, commonly found in contaminated drinking 

water (causing diarrhea) in many parts of the world, in particular South Africa1.   

These results indicate a selective antibacterial property of the lyophilized TiO2 NPS 

samples for P.vulgarius and E.coli and promise the development of a cost-effective remedy 



   

 

in the treatment of contaminated drinking water and improvement of water quality in 

general for South Africa and many other countries.  

4.4.7.3. Conclusion anti-microbial tests: 

For the concentration 10mg/ml each, the lyophilized TiO2 NPS, sample TL200 measured 

16mm, the highest bacterial inhibition activity for the P. vulgarius pathogenic strain, P25 

sample measured 15.5mm, the highest for S. aureus, while TL300 measured 15.5mm, the 

highest for E.coli strain, commonly found in contaminated drinking water (causing 

diarrhoea) in many parts of the world, in particular South Africa1. These results indicate a 

selective antibacterial property of the lyophilized TiO2 NPS samples for P. vulgarius and 

E.coli. 

• The results are evidence of the improvement of the efficiency of the antibacterial 

activity of TiO2 NPS by the lyophilisation synthesis method. 

• This promises the development of a cost-effective remedy in the treatment of 

contaminated drinking water and the improvement of water quality  

4.4.8. Experimental Results on Photo-catalytic activity of the lyophilized TiO2 

nanoparticles: 

The results obtained are significant in that there is a net effect of the irradiation time on the 

degradation of the organic substance model (MB) and the effect of TiO2 photo-catalyst is 

noticeable.  More importantly, the increase in the photocatalytic activity of the Lyophilized 

TiO2 samples exceeds one of the photocatalytic activity standard materials (Degussa P-

25). 

 



   

 

 

Figure 75:  Photodegradation of Methylene Blue by TiO2 photocatalysts -Plot of 

Photoluminescence versus wavelengths 
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Figure 76:  Photocatalytic activity of the Lyophilized TiO2 

The graph demonstrates the photocatalytic activity through degradation of MB+TiO2 

(lyophilized) between point B (λ=605nm) and points C (λ=878.14nm), illumination for 

60min. 

 

In conclusion, by applying equation 9.1 to the measuring of the photocatalytic effect as 

mediated by the lyophilized TiO2 NPS in the photo-degradation efficiency, ᵑ (%), for the 

methylene blue (the test organic substance, 0.92 mol/L) to be 76.54. The latter figure is 

double as compared to the photo-degradation efficiency obtained by Shodhganga et al., in 

the case of Degussa P25-TiO2 NPS.    

  



   

 

CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

Based on consideration of the physicochemical nature of the lyophilization Process, 

conclusions are drawn from technical and scientific points of view or experimental results 

obtained.   

5.1.  Technical considerations:   

The properties of as-prepared TiO2 nanoparticles were found to be by far superior 

compared to those prepared by conventional procedures because of very low residual 

porosity, the temperature of annealing is significantly lower, chemical homogeneity is 

achieved and the reactivity is relatively higher because of the state of the particle surface 

which has been maintained intact.   

The achievement of the above-mentioned results requires a careful selection of titanium 

precursor salt, and the parametric values of the principal phases of lyophilization must be 

well determined. 

The following principles were found to be capable of sustaining excellent chemical and 

crystalline homogeneity:  

 To avoid separation and selective crystallization, the salts must be dissolved, mixed 

in the formulation, all must be endothermic /exothermic processes. 

 Spraying / atomizing liquid droplets as fine as possible prevents separation during 

freezing, of which the rate could be limited by heating. 

 While the freeze-drying is taking place, the temperature of the product has to be kept 

lower than the crystallization/glass temperature, especially in the case of the element that 

crystallizes at the lowest temperature. 

 To avoid hydration of the lyophilized powder, annealing must be done without delay 

after the freezing-drying.  In such conditions, the chemical homogeneity will be conserved. 

5.2. On experimental considerations: 

Temperature and pressure-induced phase transition processes in anatase Titania were 

investigated.  It was shown that the phase transition processes in nano-anatase Titania are 

completely different from that of the bulk anatase in the range of 0 ~ 40Gpa.  The anatase 



   

 

TiO2 maintains its crystallographic structure of the original form up to ~17 GPa, before 

transforming directly to baddeleyite structure. 

 The optimization of the lyophilization Process and its products, has shown that the 

synthesis conditions account for the structural evolution of the TiO2 nanoparticles.   

 The full control of size and size distribution, structure, and morphology of the TiO2 

nanoparticles is dependent on control of synthesis conditions including the pH, the initial 

concentration of the formulation, the type of titanium precursor, and the 

decomposition/annealing temperature.  

 For individual titanium-precursor salt or precursor solution selected, it must be 

treated as a special case because crystallization into single-phase anatase, brookite and 

rutile, and/ or phase transition, viz. from amorphous-to- brookite, amorphous-to- anatase, 

anatase-to-rutile, brookite –to-rutile, brookite-to-anatase, even amorphous directly to rutile 

(the most stable) is different depending on the synthesis conditions (pH and initial 

concentration) and the range of the decomposition/ annealing temperature, and duration of 

annealing, yet at atmospheric pressure (1atm). 

 We have introduced a revision of the Williamson-Hall equation. This was 

necessitated by the gross underestimation of the crystallite sizes worse than the Scherrer 

formula. When compared to TEM crystallite sizes, we found that Scherrer sizes are also 

slightly less, within experimental error than the TEM sizes. The revision was accomplished 

through the expansion of the W-H equation into a full polynomial equation which after 

further binomial expansion via some trigonometric identities reduced to a cubic polynomial. 

The main task in this theory is to transform the tot - data into a plot of tot
2cos2

 against 

sin rather than the traditional tot cos against sin plot and fit Equation 14 to this plot and 

extract coefficients a, b, c, and d. The coefficient is used to find the strain in the sample and 

coefficients b and d contain information on particle size. Although our tot
2cos2

 - sin  

method yields strain values are surprisingly very small when compared to the more trusted 

Raman spectroscopy method, the new method’s threshold particles are much closer to the 

particle sizes found from high-resolution TEM than both the Williamson-Hall and the 

Scherrer sizes When the Scherrer factor is added to this threshold value, the new method 

then also accounts for agglomerates as the particles size in the current results set range in 

hundreds of nanometers. It has been shown that when the current model is linearized - 



   

 

totcos2
-sin method- the new strain is increased by a significant factor – about one order 

of magnitude higher than the tot
2cos2

-sin method and coming close to the desired 

accuracy as in the strains obtained by Raman spectroscopy. This also forced the crystallite 

size to approach the values obtained by TEM imaging. 

 For the concentration 10mg/ml each, the lyophilized TiO2 NPS, sample TL200 

measured 16mm, the highest bacterial inhibition activity for the P. Vulgarius pathogenic 

strain, P25 sample measured 15.5mm, the highest for S. aureus, while TL300 measured 

15.5mm, the highest for E.coli strain, commonly found in contaminated drinking water 

(causing diarrhoea) in many parts of the world, in particular South Africa. These results 

indicate a selective antibacterial property of the lyophilized TiO2 NPS samples for P. 

Vulgarius and E.coli. 

• The results are evidence of the improvement of the efficiency of the antibacterial 

activity of TiO2 NPS by the lyophilisation synthesis method. 

• This promises the development of a cost-effective remedy in the treatment of 

contaminated drinking water and the improvement of water quality  

• By measuring the photocatalytic effect as mediated by the lyophilized TiO2 NPS in 

the photo-degradation efficiency, ᵑ (%), for the methylene blue (the test organic substance, 

0.92 mol/L) to be 76.54. The latter figure is double as compared to the photo-degradation 

efficiency obtained by Shodhganga et al., in the case of Degussa P25-TiO2 NPS.    

Surface properties of lyophilized Titania, characterized and compared to measurement on the 

standard Titania-nano (Degussa-P25) for gas sensing and water purification 

• The surface properties of the as-lyophilized anatase TiO2 nanoparticles suggest higher 

performance in gas sensing and water purification.  Because the B.E.T surface area of the lyophilized Titania 

is 2.4 times higher than the B.E.T measurement, but the pore size is smaller by 37% than the commercial 

Degussa P25, the standard photocatalyst.  This observation seems to indicate a particular behavior of the 

lyophilized TiO2 nanoparticles that tentatively was explained by interpreting the hysteresis patterns in 

isotherm adsorption-desorption curves.  It was revealed that the lyophilized Titania was of the 

Hysteresis loop characteristic of mesoporous nature.  Based on the literature, the 

mesoporous characteristic of the samples was confirmed because the measurement of the 



   

 

pore sizes, all falling within <2 -50 nm) range, the values 15.907nm, 9.31 -18,83nm being 

respectively the diameters of pore for Degussa P25, and the lyophilized Titania 

respectively.   

• The cause of mesoporosity would be the tensile strength effect (TSE) and the 

capillary condensation.  Capillary condensation is a process such that the force exerted on 

the molecules through the pore walls causes the molecule to adsorb layer by layer.  A 

resulting narrow gap is created by accumulated and collapsed molecules to a lower 

thermo-dynamical energy state. 

• Further characterization is based on the classification of types of hysteresis (H1, H2, 

H3, and H4) which provides information on the state of agglomeration, shape of particles 

present, width of pores, size distribution of the particles.  The classification of the 

adsorption process uses the graph of the amount of adsorbate (Nitrogen gas) adsorbed on 

the surface of adsorbents, TiO2 Degussa P25, lyophilized titania-nano at STP (standard 

pressure and temperature).  The characterization of the particles of adsorbents based on 

the hysteresis loop has been shown by both samples responding to both gases at 

temperatures between 200oC - 400oC. The responses decrease as the temperature of the 

operation increased. This means these samples would work well at temperatures lower 

than 200oC, although the minimum temperature is yet to be determined.  The promising 

(RT) room temperature sensing studies were also conducted, but the work must be 

completed to be conclusive. 
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Appendix 3: literature survey on the methods of synthesis of nanostructured 
nanoparticles 

 

Introduction 

Nano-sized particles are commonly synthesized by Laser or plasma is driven gas-phase 

reactions, evaporation-condensation mechanisms, sol-gel methods, or other wet chemical 

routes such as Inverse micelle preparation of inorganic clusters.  However, the primary 

difficulty that we encounter in our endeavor to obtain high-performance nanostructured 

materials using a given synthesis method is its versatility.  This implies the adaptability of 

the method in terms of synthesis conditions to produce materials with specifications such 

as size, structure (phase), and morphology (shape) having required properties for given 

applications.  Before employing a selected synthetic method, we must be able to identify 

the effects of all variables at each step of synthesis involving the precursor to the end-

nanostructured product. Let us emphasize, our exclusive interest with the physical 

properties of the nanostructured materials as designed and produced by the synthetic 

methods. In this survey we are not looking at the performance but on the mechanisms 

and the physical properties (size, phase, and shape) of the nanostructured materials 

by the synthesis methods.  

In short, the present study of the synthesis methods follows a descriptive approach by 

considering mainly the mechanisms of formation of the nanostructured materials based 

on initial conditions of preparation i.e. reactions of Titanium precursors and other 

reactants used. Moreover, subjecting the end-products of the processes to techniques of 

analysis, description, and classification which constitute the basis of nanoscience is 

essential as well.  The relevant techniques allow us to evaluation the nanostructured 

materials formed and processed in terms of size of particles, the level of agglomeration, 

amorphousness, or, sometimes crystallinity, whether or not metastable crystallographic 

phase with large poly-dispersity in size and shape.     
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3.2 The Mechanisms of the commonly used Synthesis methods 

3.2.1 The Sol-Gel Method:  According to G.C. Righini, and A. Chiappini (2014), also 

Esposito S.(2019), the summary of the Sol-Gel method is depicted in the figure that follows: 

 

. 

Pookmanee and S. Phanichphant (2009) have described the So-Gel Mechanism more 

specifically for the synthesis of TiO2 nanoparticles.  

3.2.2 Inverse Micelles:   

K. Taek Lim and Ha Soo Hwang (2004) reported the synthesis of TiO2 nanoparticles, 

anatase phase, sized ~ 13nm by using the inverse Micelles synthesis method, of which we 

summarize the mechanism as follows: 

http://www.tn.ifn.cnr.it/facilities/sol-gel-room/sol-gel-principles/sol-gel_1.png?attredirects=0
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The formation of TiO2 Nanoparticles is a result of a long process that takes place in high- 

pressure equipment in five steps including:  

1) The preparation of a single phased solution from alkoxide precursor dissolved in water, 

of which the water-to-alkoxide ratio is controlled,  

2) The addition of a certain amount of surfactant serving as a stabilizing agent and to 

control the size and morphology of the particles. 

3)  Controlling temperature at 25°C and CO2 atmosphere pressure with a syringe pump at 

276 bars. 

4) Circling over and over and stirring for 24hrs the reaction mixtures across the “remote 

cell” while lowering CO2 pressure to 64.3bars at the same time maintaining the temperature 

at 25°C, and slowly escaping vapor-phased CO2. 

5) Rinsing with ethanol the amorphous TiO2 material obtained in step 4, following with its 

drying at 105°C for 1 day. 

6) Annealing the product at 500°C for 3hrs to end-resulting in TiO2 Nanoparticles of about 

13nm size. 

 

3.2.3 Laser Ablation synthesis Method: 

Singh A et al., 2016, describes a typical set-up that is used to make TiO2 nanoparticles by 

Laser ablation. 

The set-up includes 1) A nanosecond 85W fiber laser beam source and the lens that 

focuses it on the target, 2) the immersed metal (titanium)-target in a bath of deionized water 

(DIW), a test vessel, 4) computerized XY scanner, connected to the laser beam.  The laser 

ablation is processed when the laser beam is irradiated from the top and fixed 

perpendicularly to the plane of the target. It is recommended that one should try to obtain 

the maximum fluency possible, by varying the power of the laser affecting the spot 



   

200 
 

diameter. Sadrolhosseini A.R. (2016) describes the beginning of the ablation of the metal 

target at the moment that the sorption of laser beam energy takes place.  The laser beam 

interacts with the metal target resulting in the production of the heat and the photoionization 

of the metal target.  The metal nanoparticles are then freed from the metal plate with 

varying phases depending on the absorbed energy.  

 

3.2.4 Biological Synthesis (Dr. Raghad DH.Abdul Jalill et al., 2016) 

M. Sundrarajan and S.Gowri (2011) give a step-by-step description of the process of 

making TiO2 nanoparticles, involving seven following steps:  

1) The reaction of a certain amount of titanium precursor, for example, 0.4M of titanium 

tetra-isopropoxide, and ethanolic leaf extract.  

2) Stirring at 50°C continuously for the reactants out four hours. 

3) Centrifuge the mixture at speed of 10000 rpm for 15 minutes,  

4) Washing the obtained TiO2 nanoparticles with ethanol  

5) Repeating the stirring and once more centrifuge at 5000 rpm for 10 minutes.  

 6) Isolate TiO2 nanoparticles from the mixture,  

7) Dry, grind and anneal in the furnace the product obtained in step 6 at 500C for about 

3hours.  

3.2.5 Electro-Chemical Synthesis Method.  

Anandgaonker P.et al. (2014) describes the synthesis process of making metal oxides 

nanoparticles via the electrochemical method (for narrow size distribution, particle size 

control done by current density variation 10nA/cm2 to 14mA/cm2) based on the figure 

below: 

The mechanism explained in the following steps: 
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1. Oxidation of bulk titanium metal sheet taking place at anode, whereas the Platinum 

sheet serving as a cathode.  The two electrodes are separated by a gap of about 1.1cm 

filled with electrolyte including the tetra-propyl of ammonium bromide (TPAB) in acetonitrile-

tetrahydrofuran (in the ratio 4 to 1).  The migration from the anode and the reduction at the 

cathode leads to the formation of either metal powder or metal oxide in the “zero oxidation 

state”.  The effect of ammonium stabilizer is the stopping of the formation of agglomeration.  

2. Application of current density leading to the formation of titanium clusters (> 95%), 

stabilized by the tetra-propyl of ammonium bromide.  The electrolysis in a Nitrogen 

atmosphere favors the formation of Titanium oxide Nanoparticles. 

3. The Decantation is performed because of the insolubility of titanium material in the 

“solvent mixture “  

4. Washing several times with tetra Hydrofuran the decanted “solid product”, still 

containing propyl ammonium Bromide. 

5. Drying the product under vacuum desiccators and calcinate it at 550°C 

3.2.6 Freeze-Drying synthesis Method: 

Narendra K.R et al (2014) made nanoparticles of TiO2 using lyophilization of polyester 

(polymer) and TiO2 precursor (Ti(IV) isopropoxide).     

3.2.7 Microemulsion – Heat treated Method 

Zori M.H (2010) madeTiO2 nanoparticles using the Microemulsion method and described 

the mechanism of the synthesis. 

  



   

202 
 

 


	btnOpenRubric: 


