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General introduction 

The composite materials are those made of two or more individual components. As a 

result, it has significantly different structure and chemical and physical properties than its 

pure components that can be useful for different application fields. Among other 

advantages, they can be lighter, stronger with a higher melting point or even cheaper 

materials compared to the traditionally used. The general uses of composite materials are: (i) 

aerospace industrials, constructing buildings, bridges and airplanes, (ii) sporting good 

industrials constructing race car bodies, storage tanks, swimming pool panels, (iii) 

automotive industrials constructing motor vehicles, (iv) home application industrials 

constructing electrical and mechanical devices, etc. Consequently, synthesis of composite 

materials is between important activities world-wide. 

 Between different composite materials, metal oxides take a special place. One of 

important fields of their application is environmental protection. In fact, they are stable 

semiconducting materials providing a strong photocatalytic activity under light illumination, 

which offer an opportunity for a band gap engineering controlled by smooth compositional 

changes. Their activity may be even enhanced compared to their pure constituting 

components. As a result, these materials are considered nowadays as an alternative to the 

pure photocatalytic materials (e.g. TiO2, ZnO) modification by anionic and cationic doping. 

Elimination of the environmental pollution in ambient air and potable waters is of 

priority concern in the developed and developing countries worldwide, which set high 

standards for the pollution by volatile organic compounds and chemicals. The photocatalysis 

is most effective method permitting elimination of toxic organic compounds by their 

oxidation/reduction towards carbon dioxide and water. The most known material for 

photocatalysis applications with high activity, low cost, long time stability and chemical 

safety is titanium dioxide or TiO2. TiO2 generally exhibits an important photocatalytic 

activity being in anatase crystalline phase. However, this activity is limited by electron-hole 

recombination and use of ultraviolet sources of light. Much effort has been employed in the 

past to enhance this activity and/or promote it to the visible spectral range, permitting the 

process efficiency increase. Between different solutions, anion and cation doping and 

mixing with other metal oxides, such as Fe2O3, ZnO, CuO, ZrO2, V2O5…etc., have been 

considered.  

Despite of many advantages in use, mixed metal oxides exhibited different 

photocatalytic activities (higher, smaller or inactive) depending of preparation conditions 
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and methods, such as polymer gel templating, mechanical mixing, solvothermal, spray 

pyrolysis co-precipitation, sol-gel, etc. One of principal obstacle in preparation of a 

photocatalyst with stable and reproducible functional properties is the control of its 

compositional homogeneity at nanoscale. Indeed, inhomogeneities may appear at the 

preparation stage during mechanical or chemical syntheses resulting to the elemental and/or 

phase material clustering, which let to heterogeneous materials with far from optimal 

structural properties and related electronic band structure. The save fabrication of such 

functional solids cannot be controlled. 

In our study, we interested in preparation of stable binary metal oxides, which main 

component is the most efficient photocatalyst TiO2. By employing sol-gel synthesis 

combined with reactor micromixing techniques, the homogenous materials can be 

successfully realized by insertion of other cations into TiO2 matrix at the particle nucleation 

stage. We used Zr as an inserted cation because of the comparable oxidation numbers and 

ionic radii. In the same time, much different band gap energies make possible bang gap 

engineering by tuning the elemental composition of solid solutions from x=Zr/(Ti+Zr) from 

0 to 100%. The main risk related to this elaboration concerns reactivities of the metal oxide 

precursors that may result in co-nucleation of different pure metal oxide units instead of the 

composite ones. To achieve macroscopic quantities (grams) of the composite size-selected 

nuclei, one has to strictly control the preparation conditions, understand and made a right 

choice of key parameters of the total process, controlled by the Damköhler number: 

Da=tmix/tnucl, where tmix and tnucl are respectively characteristic times of physical mixing and 

solid nucleation processes. The resulting Ti/Zr oxo-alkoxy nanoparticles with a high 

monodispersity and compositional homogeneity would be considered as excellent building 

blocks for novel functional bulk solids, because they can form mechanically adherent layers 

on complex-form substrates of different natures without changing properties.  

 TiO2 composites with ZrO2 are known for applications in catalysts, sensitized solar 

cell, etc. They can advantageously form porous ceramics with improved mechanical 

properties. In the field of environmental photocatalysis, the obtained results concerning the 

optimal composition and activity strongly differ, which may be explained by heterogeneity 

of the obtained materials. In our work, we aimed to prepare the composite ZrxTi1-xO2 solids 

(0≤x≤1) by nucleation of size-selected zirconium-titanium oxo-alkoxy (ZTOA) 

nanoparticles in a sol-gel chemical reactor with ultrarapid micromixing of the reacting fluids 

in a turbulent flow, which is equipped with atmosphere and temperature control and in-situ 

particles granulometry (R≥1 nm). After a careful examination of influence of the 
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preparation conditions and nucleation-growth process (including their heat treatment and 

modification of crystalline phases: ZTOA→a-ZrxTi1-xO2→cryst1→cryst2, etc.), glass beads 

will be coated with these nanoparticles and used as photocatalytic media in a continuous 

flow fix-bed reactor for ethylene decomposition. The obtained results with be compared 

with literature data to make a definite conclusion on the role of the material homogeneity. 

This PhD thesis contains five chapters. 

In chapter I, we made bibliography review concerning (i) TiO2 synthesis by focusing 

on nucleation-growth kinetics, its physical and chemical properties and applications 

including photocatalysis, (ii) ZrO2 with emphasis of the nucleation and growth process and 

(iii) ZrO2-TiO2 composites putting forward synthesis methods, structures including phase 

transitions, bonding, band gap energy, applications with more detailed survey of the domain 

of photocatalysis. The principle of dynamic and static light scattering (DLS/SLS) and sol-

gel reactor with ultra-rapid micromixing developed in LSPM laboratory was also described. 

The principle measurement techniques and characterization methods employed in 

this study will be described in chapter II: thermal analysis TGA/DTA, X-ray diffraction, 

Brunauer–Emmett–Teller (BET), transmission emission spectroscopy (TEM), UV-visible 

optical absorption, inductively coupled plasma-optical emission spectroscopy (ICP-OES), 

etc. 

Chapter III is devoted to experimental studies of the nucleation and growth process 

of composite ZTOA species in a large range of the elemental compositions 

0≤x=Zr/(Ti+Zr)≤1. We studied effect of solvent nature (n-propanol and isopropanol) on size 

of titanium oxo-alkoxy nanoparticles and influence of the precursors (Zr and Ti) 

concentrations and hydrolysis ratio on size of ZTOA nanoparticles. 

Chapter IV describes structural properties of the prepared nanoparticles after heat 

treatment at temperatures from 0 to 800 °C. The characterization techniques TGA/DTA, X-

ray diffraction, BET, TEM, UV-visible optical absorption and ICP-OES were used. The 

crystalline phases of the obtained ZrxTi1-xO2 solids were analyzed and the transitions onset 

temperatures for anatase, orthorhombic, monoclinic and tetragonal phases were established 

in correlation with the ZTOA nucleus size. The electronic band gaps were measured 

depending on the elemental composition x. The nanoporous morphology and single 

crystalline nature of ZrxTi1-xO2 particles is emphasized. 

Chapter V presents experimental results of photocatalytic activity of the prepared 

nanocoatings made of preformed ZTOA nanoparticles. The activity underwent detailed 

studies on ethylene decomposition in a fix-bed continuous-flow gas-phase reactor and more 
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general evaluation of the activity is made in an aqueous phase on methylene blue and phenol 

decompositions in a batch stirred reactor, with UVA light illumination. The photocatalytic 

activity is connected to the nucleus size, composition and heat treatment temperature. We 

conclude about optimum composition x=0.0425 of ZrxTi1-xO2, which activity is 

considerably higher when that of the pure anatase TiO2. 

General conclusions and perspectives, which summarizes main results of this study and 

proposition for future studies in the domain of the composite nanomaterials.  

Bibliography references and Annex conclude the manuscript. 



 

 

 

 

 

 

 

 

 

 

 

 

I Chapter I: Literature review 

  



Chapter I  Literature review
 

7 

 

This bibliography chapter will first describe the structural properties of TiO2, ZrO2 

and ZrO2-TiO2 composite as well as the technique of their preparation. This part is followed 

by the description of kinetics studies on the nucleation and growth of titanium and 

zirconium oxo-alkoxide nanoparticles carried out manually or by using a micromixing sol-

gel reactor. Finally, optical properties and photocatalytic applications of materials are 

exposed. 

I.1 Materials and their structural properties 

I.1.1  Titanium dioxide (TiO2) 

There are many polymorphous of TiO2 [1] and the well known phases are anatase, 

brookite and rutile [2, 3]. Their representative crystallographic structures are shown in the 

Figure I-1. 

 

Figure I-1: Representative crystallographic structures of TiO2 (a) anatase, (b) rutile and (c) 

brookite: The green color is Ti and red color is O [4]. 

 

Crystallographic structures of these three phases are summarized in refs [5, 6]. Anatase has 

a cell volume of 131 Å3 in a tetragonal crystal structure with lattice parameters, a = b =3.73 

Å and c = 9.37Å. The length of Ti-O bonds is 1.94 and 1.97 Å.  The density and the 

refractive index of this form are respectively 3.79 g/cm3 and 2.55. Rutile crystallizes in 

tetragonal crystal structure associated with a cell volume of 62 Å3 and lattice constants, a = 

b = 4.58 Å and c = 2.95 Å. The Ti-O bonding lengths are equal to 1.95 and 1.98 Å. The 

density and refractive index are respectively equal to 4.13 g/cm3 and 2.75. Brookite has a 

density of 4.17 g/cm3 and a cell volume equal to 256 Å3 in a rhombohedral crystal structure 

with a = 5.44, b = 9.17 and c = 5.13 Å. These data are summarized in table I-1. 
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Table I-1: TiO2 structural properties of anatase, rutile and brookite 

Phases Ti-O bonding 
lengths (Å) 

Lattice 
parameters 

Lattice 
volume (Å3) 

Density Structural 
system 

 
Anatase 

1.94 
1.97 

a = 3.73 
b = 3.73 
c = 9.37 

 
131 

 
3.79 

 
tetragonal 

 
Rutile 

1.95 
1.98 

a = 4.58 
b = 4.58 
c = 2.95 

 
62 

 
4.13 

 
tetragonal 

 
Brookite 

 
1.96* 

a = 5.44 
b = 9.17 
c = 5.13 

 
256 

 
4.17 

 
rhombohedral 

* The Ti-O bonding length was taken from ref [7]. 

 

I.1.2 Zirconium dioxide (ZrO2) 

Zirconium oxide, called zirconia (ZrO2), is a ceramic material that crystallizes 

mainly in three distinct stable crystalline structures with different temperatures [8]. These 

three allotropic forms stable at relatively low temperature are presented in Figure I-2. This is 

zircon α which crystallizes in  the monoclinic phase and is stable from room temperature to 

1170°C and zircon β phase of tetragonal symmetry which is stable in the temperature range 

from 1170 °C to 2370 °C[9]. The structure of this last polymorph derives from a small 

distortion from a cubic symmetric structure of ZrO2 called zircon γ. This cubic phase is 

stable at high temperature from 2370 °C to melting point at 2680 °C. 

 

Figure I-2: Crystallographic structures of monoclinic tetragonal and cubic ZrO2 (red color 

is O and white color is Zr) [10]. 

 

The characteristics of these phases are the following: Monoclinic ZrO2 has a cell volume 

equal to 144 Å3 with lattice constants, a = 5.17, b = 5.23 and c = 5.34 Å [9]. Tetragonal 
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form has a lattice volume of 67 Å3 with a = b = 3.61 and c = 5.15 Å [8]. The cubic phase 

parameters are as follows: a = b = c = 5.09 Å, α = β = γ = 90 °. Zr-O bonds lengths are 2.05, 

2.06, 2.15 and 2.16 Å for monoclinic cell, 2.10 and 2.35 Å for tetragonal cell and 2.20 Å for 

cubic cell [11]. The lattice volume and density are respectively 132 Å3 and 6.09 g/cm3. 

These structural data are summarized in table I-2. 

 

Table I-2: Some structural properties of monoclinic, tetragonal and cubic ZrO2. 

Phases Zr-O bonding 
lengths (Å) [11] 

Lattice parameters 
(Å) [8, 9] 

Lattice 
volume (Å3)  

Density (g/cm3) 
[12] 

 
Monoclinic 

2.05 
2.06 
2.15 
2.16 

a = 5.17 
b = 5.23 
c = 5.34 

 
144 

 
5.83 

 
Tetragonal 

2.10 
2.35 

a = 3.61 
b = 3.61 
c = 5.15 

 
67 

 
6.10 

Cubic  2.20 a = b = c = 5.09 132 6.09 
 

 

I.1.3 Composite zirconium-titanium oxide (ZrO2-TiO2) 

There are many compositions of ZrO2-TiO2 composite prepared for different 

applications. Most of them are used as catalysts, supported catalysts or composite catalyst.  

These last materials can be obtained by mixing with metals or metal oxides  such as Pt, Ag, 

In ... and vanadium oxide etc) ) [13]. The compositions employed in these applications 

essentially correspond to a zirconium content x ≤ 0.5 (x is defined as follows: 

5.0)/(0 TiZrZr ≤=≤ +nnx  n = zirconium mole number). Frequently, the composite with x = 

0.5 is suitable for catalysis and x <0.5, particularly x < 0.2, is used in photocatalysis. TiO2-

ZrO2 composite has also been used for applications such as water photosplitting [14-17], 

controlled acid-base properties[18-20], ceramics of high hardness [21-23], dyes solar cells 

[24-28], chromatography [29], high capacity adsorbents [30-33], ceramic membranes for 

microfiltration [34-37] etc. 

A. Effect of composition on phase transformation temperatures  
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TiO2-ZrO2 composites with high zirconium and titanium contents are non-crystalline 

when starting mixed amorphous powders obtained from sol-gel  [18, 38-40], or 

coprecitation reactions  [41, 42] are calcinated up to 600 °C [18, 38-42] while pure TiO2 and 

ZrO2 are well crystalline at this temperature range. Several authors have shown that the 

crystallization of the TiO2-ZrO2 composite depends strongly on the composition of the 

starting oxides TiO2 and ZrO2. The closer their content in the material is the higher the 

crystallization temperature [39, 40, 43]. As an example, for TiO2-ZrO2 with composition 

10:1, the crystallization takes place at 500 °C [44]. When the mixture is equimolar, the 

composite forms a defined monophasic compound ZrTrO4, called Zirconium Titanate [45]. 

This solid crystallizes at a higher temperature, from 600 °C [43] to 712 °C [40]. This change 

observed in crystallization temperature may be due to the difference in the homogeneity 

level of the initial mixture and/or preparation methods. 

B. Effect of compositions on the composite crystal structure 

Aust et al [37] reported the results on the crystallization behaviour of ZrO2-TiO2 binaries 

oxide, prepared sol-gel method. From DTA and X-ray diffraction techniques, the crystalline 

structures and transformation temperatures of ZrO2-TiO2 composite were found to depend 

strongly on the composition of oxide precursors. The major domains of the transformation 

temperature from amorphous to crystalline phase as function of TiO2 and ZrO2 composition 

were shown in Figure I-3. According to this figure, from 60 to 100% of ZrO2 molar content, 

the composite crystallizes in ZrO2 tetragonal phase. From 30 to 60 % of ZrO2 content, 

crystallization occurs in ZrTiO4 orthorhombic phase and from 0 to 30% the crystallization in 

TiO2 anatase phase was observed. 
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Figure I-3: Phase domains and transformation temperature of mixed ZrO2-TiO2 composite 

as function of TiO2 and ZrO2 composition [37]. 

 

Zhu et al [46] synthesized ZrxTi1-xO2 composite in nine compositions (x = 0.1, 0.2, …, 0.9) 

using sol-gel dry-spinning method and the materials were calcinated at 1050 °C. The major 

phases found by these authors were similar to those mentioned by Aust et al. [37]. 

In a structural study between 0 to 50% ZrO2 content,  Kitiyanan et al [47] observed that the 

mixed ZrO2-TiO2 binaries were in anatase phase up to 40% ZrO2 content and they became 

crystalline at 500 °C. These results were slightly different from Aust et al [37], which 

showed that the maximum loading of ZrO2 into TiO2 was only 30% with higher 

transformation temperatures (≈ 700°C instead of 500 °C). 

Liang et al [48] investigated on various phases of ZrO2-TiO2 films obtained by  sol-gel 

method. Five compositions as well as pure TiO2 and ZrO2 were prepared: ZrTi91, ZT73, 

ZT55, ZrTi37 and ZrTi19. When materials were treated at 700 °C, the usual results were 

observed for the two pure solids: mixed tetragonal and monoclinic phases for pure ZrO2 and 

mixed anatase and rutile for TiO2, while ZrTi91 and ZrTi19 were tetragonal and anatase 

respectively. The three other compositions, namely ZT73, ZT55, and ZT37, crystallize in 

orthorhombic phase with a small fraction of teragonal and anatase respectively for ZrTi73 

and ZrTi37. X-ray diffraction patterns of different solids obtained are compared in Figure I-

4. 
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Figure I-4: X-ray patterns of mixed film samples after calcinations at 700 °C (a) ZrO2,(b) 

ZrTi91, (c) ZrTi73, (d) ZrTi55, (e) ZrTi37, (f) ZrTi19 and (g) TiO2 [48]. 

  

Gionco et al [49] used sol-gel method to synthesize this composite in range of 85-99.9 % 

ZrO2 content. In range of 99-99.9 % ZrO2 content, samples fired at 1273 K, crystallized in 

monoclinic phase and became tetragonal at lower percentages e.g. 85 and 90% of ZrO2 

content. 

Effects of composition on anatase - rutile transformation  

Different from pure titanium dioxide TiO2, small amount of ZrO2 in ZrO2-TiO2 

composite significantly retarded phases transformation from anatase to rutile [47, 50-52]. 

Kitiyanan et al [47] reported that ZrO2-TiO2 composite with 5% ZrO2 loading, the anatase-

rutile phases transition was  retained up to a temperature between 800-900 °C,  while pure 

anatase TiO2 transformed into rutile phase at a temperature around ~ 600 °C [53]. This 

finding was supported by the results of Kim et al [51], who found that, for composite with 

10% ZrO2 content, the transformation anatase-rutile took place in the temperature range 

800-900 °C  and between 900-1000 °C for material with  20 % ZrO2 loading [52]. 

I.2 Composite ZrO2-TiO2 preparation 

I.2.1 Preparation methods 

Several methods used to develop the ZrO2-TiO2 composite have the objective of 

obtaining a homogeneous material. A review article published by Reddy et al [13]  presents 
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the state of the art on the preparation techniques of this material. A number of techniques 

can be listed below: classical sol-gel [18, 24, 25, 37, 38, 48, 49, 54-58], coprecipitation [19, 

41, 42, 59-66], polymer gel templating [33, 67], surfactant self-assembly [15, 30, 47, 68-70], 

micro-arc oxidation technique [71], ultrasonic spray pyrolysis [72], sol-gel/SCF extraction 

[73], solid state dispersion [74] etc. 

 Among these techniques, sol-gel process is the most popular because it produces 

high homogenous materials, processes at low temperature and provides the possibility to 

efficiently control particles size and morphology [75, 76].  

I.2.2 Generality on sol-gel method 

Sol-gel process for producing solid materials from metallic precursors has been well 

known for decades [77-79]. This method has become attractive in the fields of 

nanotechnology, particularly in optics, electronics, and biomaterials. The reactions taking 

place in this process involved in inorganic precursors and normally alcohols as solvents. To 

get the desired materials, the choosing precursor is one of the important factors. The most 

uses are metal alkoxides of general formula M(OR)n, which M is metal atom with n 

valences, R is alkyl groups. 2 steps of mechanism occur during the process [80-83]: 

(1)  Hydrolysis: The mechanism of this reaction is based on nucleophilic substitution: 

HOR MOHROMOH2 −−+−−→−−+  

(2) Condensation: There are two possible reactions [84, 85]: alcoxolation and oxolation: 

(i) Alcoxolation 

Two molecules react in this reaction: precursor molecule and partly hydrolyzed precursor. 

The reaction mechanism can be written as following: 

HORMOMROMHOM −−+−−→−−+−−   

The general reaction is: 

( ) ROH)OR(MOM)OH()RO()OR(M)OH(MRO 11 +−−↔+ −−−− nxxnnxxn  

(ii) Oxolation 

In this case, two partly hydrolysis precursors react each other and release water molecule 

according to the mechanism: 

OHMOMMOHHOM 2+−−→−−+−−   

This equation can be generalized as: 

OH)OR()OH(MOM)OH()RO()OH(M)RO()OH(M)RO( 211 +−−↔+ −−−−−− ynyxxnyynxxn  
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The factors that are strongly affected the reactions are: nature of ligand groups or R-groups, 

hydrolysis ratios (concentrations of water) and catalysis concentrations [86]. 

With sol-gel method, a wide variety of materials can be produced in different forms 

including thin films, ceramics, fibers, powders, monoliths, porous gels etc. Various 

possibilities offered by sol-gel process are shown in Figure I-5 [87]. As shown in this figure, 

a sol is formed after precursors are hydrolyzed and condensed. The nature of products 

depends on the intermediated of the process such as gelling, coating, precipitating etc. 

 

Figure I-5: The possible products in sol-gel process for technology and chemistry [87]. 

 

I.2.3 Sol-gel method for ZrO2-TiO2 preparation 

Sol-gel method and its modifications have been carried out to synthesize materials of 

various compositions of mixed zirconium and titanium oxide by several researchers [18, 40, 

48, 54, 56, 57, 69, 88, 89]. Ghiaci et al [69] reported about synthesis ZrO2-TiO2 composite. 

The mixture of zirconium(IV) isopropoxide and titanium(IV) n-butoxide  precursor were in  

n-butanol and complex agent of 2,4-pentandione were added. Then this mixture was 

hydrolyzed with water containing surfactant of cetylpyridinium bromide. Sizes could be 

controlled by varying ratios of water and surfactant and concentration of reagent. Manrı ́quez 
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et al [18] synthesized ZrO2-TiO2 composite as the following process: n-butoxides of 

titanium and zirconium were dissolved in n-butanol by adjusted solution with nitric acid to 

conserve pH 3.0. Then mixture solution of these precursors was hydrolyzed. The product of 

gel form was obtained. Zou et al [40] prepared this binary oxide by dissolving salts of 

titanium chloride (TiCl4) and zirconium oxide chloride (ZrClO2) in water separately. 

Hydroxides of titanium or zirconium were precipitated by addition of ammonium hydroxide. 

To obtain pure TiO2 and ZrO2, the hydrous precipitates were filtered and cleaned with 

distilled water. These hydrous precipitates were dissolved back in nitric acid. These titanium 

and zirconium nitrate solutions were mixed together in different rations to the desired 

compositions and then precipitated by adding ammonium hydroxide solution. Liang et al 

[48] reported about this composite using chelating agent of diethanolamine. Zirconium(IV) 

n-propoxide and titanium(IV) n-butoxide precursors were dissolved in diethanolamine 

solution (anhydrous ethanol as solvent). To obtain composite sol, this solution was rapidly 

mixed with another prepared water/ethanol solution. Neppolian et al [57] synthesized this 

binary oxide by dissolving the different weight ratios of TTIP and zirconium(IV) 

isopropoxide precursors in isopropanol solvent. After that this mixture solution was added 

dropwise into nitric acid solution of pH 1.5 under mechanical stirring. Aghabeygi et al 

[89] prepared titanium and zirconium gel separately at the beginning. For titanium gel, TTIP 

was diluted with isopropanol and then water by using nitric acid to adjust and conserve pH 

1.5. H2O2 was added to get white suspension and this suspension was filtered and cleaned to 

obtain precipitate. For zirconium gel, ZrCl4 was dissolved in isopropanol for producing 

precursor. H2O2 solution was added and pH was kept at 9 by adjusting with ammonium 

hydroxide. To mix ZrO2-TiO2 nanocomposite, the precipitation of titanium was introduced 

into gel of zirconium and mixed by utrasonic probe. Pirzada et al [88]   prepared this 

nanocomplosite by dissolved ZrOCl2 in methanol and TTIP solution (in methanol) was 

added. The reaction solution was maintained by chloridric acid of concentration from 2.0 to 

5.0 mol/L. The translucent gel form was obtained. 

Sol-gel reactions of mixed precursors zirconium (IV) and titanium(IV) butoxide (1:1) was 

proposed [90]: 

1) ROH8)OH(Zr)OH(TiOH8)OR(Zr)OR(Ti 44244 +⋅=+⋅  

2) OH)ZrTiOZrOTi()OH(Zr)OH(Ti)OH(Zr)OH(Ti 24444 nnn +−−−−−=⋅+⋅  
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π θ
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λ

 − +
=  

+    

Equation I-2 

Which θ, 0I  (Hz), 0n , V, r and 0m n n=   are a diffusion angle, initial light intensity of the 

incident beam, a refractive index of medium, a real volume of the particle, a distance 

between particle and the observation point, and relative reflective index respectively. 

From this equation, one can notice that: 

i) The intensity, I , is proportional to the inverse of 4λ   

4

1
I

λ
∝

      
Equation I-3 

ii) The scattered intensities forward at °= 180θ  and backward at °= 0θ  are the same 

))(( θθπ CosCos =−  

)()( θπθ −= II       Equation I-4 

iii)  The scattered intensity is proportional to the square of the volume of the particle 

2
VI∞        Equation I-5   

This relationship can be explained by assuming that a particle consists of N identical 

molecules and a molecule has the electric field scattered E. If the particle size is very small 

compared to the wavelength of the incident light, the scattered waves by N molecules are in 

phase. In this case, the total scattered electric field ET is equal to the sum of the electric 

fields scattered by each molecule: ET = N.E. 

As the intensity of a radiation is proportional to the square of the associated electric field, 

the scattered intensity became: 

2 2 2 2
T

I E N E N∝ = ∝
     

Equation I-6 

For homogeneous particles, the density is the same at every points, its volume V is then 

proportional to N: 

2
VI∞       Equation I-7 

The particle shape does not matter; it can be a spherical or an open structure (fractal 

particles), provided that the inequality 
2

1
nRπ

λ
<<  is verified. For a dense spherical particle 

of radius R, it can be written: 

6RI∞  







= 3

3
4

RV π  
   

Equation I-8 
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Furthermore, Soloviev and Rivallin et al [93-95] showed that for a particle with fractal 

dimension fD , the intensity of the scattered light I is proportional to the average radius R of 

the particles raised to the power fD . 

fD
I R∞       Equation I-9 

C. Measurements of particles hydrodynamic radius  

The intensity of the dynamic scattering of DLS light was used to measure the 

hydrodynamic radius of the particles. The method is based on the Doppler Effect. When a 

particle is in Brownian motion in the fluid phase, the spectrum of scattered light widens; this 

is due to the Doppler Effect. Particles in the scattering volume that approach the observation 

point scatter the light with, and on the contrary, those that move away diffuse the light at a 

wavelength. 

The hydrodynamic radius of particles can be estimated from the intensity of the 

dynamic light scattering DLS. The method is based on the Doppler Effect. When a particle 

is in Brownian motion in the fluid phase, the spectrum of scattered light is broadening due 

to the Doppler Effect. When a particles moves close to the observation point λλ <'
 and 

''λ λ> in the opposite direction. For the whole particles, this leads to a continuous 

broadening of the diffused spectrum. This process depends on the velocity of the particles: 

the higher the particle velocity is the more the spectrum broadening increases.  

The particle radius R can be obtained from the Stokes-Einstein equation [96]. 

R

Tk
D

πµ6
B=

      

Equation I-10

 

Where D, µ  (Pa.s), T (K) and 23 1 1
B 1.3806 10 J molecule Kk

− − −= × ⋅ ⋅  are respectively diffusion 

coefficient, dynamic viscosity of the medium, temperature of medium and Boltzman 

constant. This relation showed that, the diffusion coefficient is proportional to the inverse of 

particles radius when the temperature is constant. 

D. Theory of the dynamic light scattering 

There are two possible parameters (i) particles in Brownian motion and (ii) the 

particles number in the observed diffusion volume, which induce the fluctuation of the light 

diffusion spectrum. Therefore, the temporal correlation function will provide the 

information about the spectrum of light diffusion intensity and then the particle size [97]. 

Cummins et al [98] and Pecora et al [99] have established the relationship between the 
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diffusion coefficient and the shape of the diffusion spectrum using the autocorrelation 

functions of the intensity and the electric field of the scattered wave. The expression of this 

function related to the electric field and the intensity of the light can be written as: 

( ) )'()()'( *1 ttEtEtG DD +⋅=
    

Equation I-11
 

Where 
 
is the average value of the measurement and 't   is correlation time. 

The relation of )1(G  with spectral intensity ( )ωI  is: 

( ) ( )
∫
∞

⋅⋅=
0

'1 ')'(
2
1

dtetGI
tiω

π
ω

    

Equation I-12 

The normalized function g
(1) of the autocorrelation from the electric field diffused by 

particles in Brownian motion with a diffusion coefficient D is given by the relation [99]: 

2
0( ') exp( ' ')g t Dq t i tω∞ − −

   
Equation I-13 

• g
(1) is the normalized form of G(1) with respect to the initial time. It is defined by 

  
(1)

(1)
(1)

( ')
( ')

(0)
G t

g t
G

=
     

Equation I-14 

• 0
2

v
πω =  is the angular frequency ( v  is frequency) of the incident light  

• ( )04
sin 2

n
q

π θ
λ

= is the modulus of the diffusion wave vector. The inverse of the 

wave vector module, q-1, represents the observation scale of the system fixed by the 

observation angle θ. 

Of a half-width Lorentzian, the spectral intensity has the form 2Dq=Γ : 

  
2 2

0

( )
( )

I ω
ω ω

Γ
∝

− + Γ      
Equation I-15 

The autocorrelation function of the intensity I can be written as 

(2)( ') ( ) ( ')D DG t I t I t t= ⋅ +  with 
2

D
I E=

  
Equation I-16 

Its standardized form is 

(2)
(2)

(2)

( ')
( ')

(0)
G t

g t
G

=
     

Equation I-17 

The correlation function of the diffused intensity g
(2) is obtained from the data of the 

dynamic light scattering experiments. In case that light scattering follows Gaussian statistics 

(particles concentrations in the diffusion volume is high), g
(1) and g

(2) are linked by the 

relation [100] : 
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2( 2 ) (1 )( ') ( ') 1g t g t= +
   

Equation I-18 

Finally 

  
( 2 ) 2 '( ') 1 t

g t e
− Γ

= +
    Equation I-19 

In the experiments of diffusion dynamic light scattering, the measured function is rather in 

the following form: 

  
(2) 2 '( ') t

G t A B e
− Γ= + ⋅%

    Equation I-20 

In order to simplify the writing, we replace ( 2 )
G% byG . 

When t' tends to 0, the value of G (t') is equal to 2 (0)DI  because the intensity at time t, is the 

same as the initial time when t → 0.  After a sufficiently long time (t tends to ∝), the 

correlation at the initial  time  become null. This phenomenon is the consequence of the 

particles Brownian motion. In this case )'(tG  =
2

( )DI ∞ . The constants A and B depend on 

the light coherence and the autocorrelation function accumulation time: 

  
2

( )DA I= ∞ and 22 (0) ( )
D D

B I I= − ∞
  

Equation I-21 

The constants A, B and D extracted from the autocorrelation function allow obtaining the 

mean radius using Stokes-Einstein equation. 

E. Data treatment of the autocorrelation function 

The intensity of light measured under Rayleigh conditions is the sum of all the 

intensities scattered by each particle present in the suspension volume studied. 

( )02
∞I
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Figure I-7: The diagram showing the temporal fluctuation of the scattered intensity (a) and 

the intensity of autocorrelation function as a function of time (b). The time scale of the 

fluctuation depends on the of the particles diffusion coefficient which is inversely 

proportional to their radius[101]. 

a 

b 
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Because of the particles random motion, the temporal evolution of the scattered 

intensity presents a fluctuation as shown in Figure I-7. Using a correlator, the 

autocorrelation function of intensity can be calculated. From a fixed value of  �′, the product

( ) ( ')D DI t I t t∗ + is realized at each value of t.  This is repeated for many values of �′ . 

To get the G value in photocounting regime, the experiments are needed to be carried out. 

To get the G value, the intensity of light diffusion is measured by photomultiplier as series 

of photon pulses. Between t and )( dtt + , the number of photons Nph(t) is a function of the 

scattered intensity value dttI )( . Because of the process is Gaussian, the mean value can be 

obtained by integration:  

0

1
lim ( ) ( ')

T

p h p h
T

G N t N t t d t
T→ ∞

 
= ⋅ + ⋅ 

 
∫

  

Equation I-22 

T is the accumulation time. When T increases, the precision of G values increases. 

F. Experimental set-up 

Nucleation and growth kinetics during hydrolysis-condensation of titanium TOA and 

zirconium ZOA oxo-particles have been extensively studied by Kanaev et al. team [95, 101-

105]. The schematic diagram of a DLS device is shown in Figure I-8.  

There are three main parts of this instrument: 

i) A laser light source (20 mW, He-Ne laser spectra physics, nm6.632=λ ). 

ii) An optical system equipped with two monomode fibers (transmitter and receiver). 

iii) Some electronic devices such as: a photomultiplier, an amplifier, a discriminator, 

a digital correlator and a computer for recording and processing the data. 
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Figure I-8: Schematic diagram of the experimental device for the measurement of DLS at 

LSPM CNRS Villateuse [101]. 

 

Optical fiber:  The incident light of the laser light source (20 mW, He-Ne laser spectra 

physics, nm6.632=λ ) is focalized at the observation zone in the reactor solution after the 

precursor(s) and water solutions are mixed. There are two fibres that are attached by glue on 

a probe: (1) the emission fibre probe and (2) the reception fibre probe. The observation 

volume, defined by a mutual positioning of two monomode optical fibres, is small enough 

(~10-6 cm3) to avoid multiple scattering events particularly in high-concentration colloids. 

After precursors and water solutions are mixed, the collected experiments data with the 

automatic sampling mode is carried out. The short data accumulation period, took equal to   

60 s permitted (i) to easy reject the non-desirable events due to rare contaminated dust 

particles producing strong light scattering spikes (ii) to obtain a good signal-to-noise ratio 

particularly from small particles. This method can be performed by in-situ measurements. 

Frequently, the fibre probes are calibrated with a Latex-Polystyrene particles suspended in 

water (2R = 100 nm, Sigma Aldrich) before use.  

G. Hydrodynamics radius determination 
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The autocorrelation curve obtained with a Latex-Polystyrene suspension is shown in 

Figure I-9. Using the equation
2 'Dq t

G A Be= + , a non-linear less square fit allows extracting 

the coefficients A, B and D. 
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Figure I-9: Autocorrelation function of the scattering light from Latex-Polystyrene 

suspension in water[101]. 

 

Experimental parameters:  

• Laser wavelength at 632.8 nm  

• Angle of diffusion °= 90θ  

• Refraction index of water C20at33.1 o
0 =n  

• kDq =2

 and ( )2sin
4 0 θ

λ

πn
q = , so the diffusion coefficient is given by ACF 

function, 12121029.4 −−×= smD  

Using Stokes-Einstein equation and the value of the diffusion coefficient D the particles 

mean radius was obtained: nm150±=R . 
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I.3.2 Titanium dioxide (TiO2) 

I.3.2.1 Observations by Chapell  

Oxo-particles of TiO2 were prepared by Chappell et al [106] from a reaction in 

ethanol of 0.4 mol/L titanium(IV) tetraethoxide with 2 mol/L water in the presence of silane 

triol.  

 

Figure I-10: Particle sizes in several stages for hydrolysis of titanium tetra-ethoxide in the 

presence of silane triol additive [106]. 

 

The obtained results allow highlighting a succession of growth stages after hydrolysis. 

These steps are appeared in the following order: a condensation polymerization which leads 

to the formation of nuclei (2 to 10 nm), followed by the formation of primary particles (50 

to 100 nm), to finally arrive at spherical particles (0.3 to 0.7 µm). These authors showed that 
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the morphology of the obtained materials varies depending on the concentration of silane 

triol in reaction medium. The different steps of particles growth during sol-gel process are 

showed in Figure I-10. 

I.3.2.2 Effect of critical hydrolysis ratios on particles growth kinetics  

Soloviev et al [93, 94] prepared by sol gel method titanium oxo-alkoxide particles 

(TOA). The study of their growth kinetics during hydrolysis and polycondensation reactions 

was investigated. The experiments were carried out by manual mixing. In brief, solutions in 

isopropanol of titanium tetraisopropoxide (TTIP) precursor and water was mixed quickly. 

After stirring about 30 s, the colloidal suspension was transferred to a Photocor DLS device 

where the scattering light was measured. Figure I-11 presents the evolution of light intensity 

as function of time. 

 

Figure I-11: Scattering intensity of sol-gel growth during induction time [94]. 

 

These studies also allow defining an induction time characteristic of the experience 

corresponding to an intensity of scattered light equal to five times that of origin. This choice 

is justified by the fact that the increase of light intensity diffused by the suspension is so 

rapid during precipitation that the difference between 5I0 and 10I0 represents only a small 

part of the induction period. In this case, the induction time is defined by Soloviev et al [94] 

as the moment of the change in growth mechanism, from slow kinetics to rapid kinetics, as 

shown in Figure I-11. 

Four stages could be distinguished in the above graph: initial growth, linear growth, 

transitory and fast growth stages. The kinetics of particle sizes evolution of this reaction 
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strongly depends on concentrations of TTIP and water. The kinetics rate proposed by these 

authors is as the following: 

2ind Ti H O Tir k C C k C H
α β α β β+= ⋅ ⋅ = ⋅ ⋅

      
Equation I-23 

Where rind, CTi, 
2H O

C , k and H 2( )H O

Ti

C
H

C
= are respectively kinetics rate, precursor 

concentration, water concentration, rate constant and hydrolysis ratio. ɑ and β are the 

reactions order. 

In order to take into account the fact that the initial hydrolysis reaction is much faster than 

whole induction period, the equation I-23 is needed to be modified by introducing the 

critical hydrolysis ration h*. 

2
( *) ( *)ind Ti H O Ti Tir k C C C h k C H h

α β α β β+= ⋅ − ⋅ = ⋅ ⋅ −                      Equation I-24 

The hydrolysis ratio h* (particular value of the hydrolysis rate H) is the ratio between the 

molar concentration of the water consumed during the initial hydrolysis 
2

0
H OC  

and the 

concentration of TTIP 
2

0* /H O Tih C C= . The introduction of h* allows to explain the 

appearance or not of a precipitate. Indeed, the precipitation can effectively appear, provided 

that "clusters" are initially formed after a certain number of condensations represented by a 

critical ratio h*. The authors found that precipitation occurred after a finite induction time if 

*hH ≥  in the opposite case *hH ≤ , no precipitate is observed. After fitting the data by 

equation I-23 and equation I-24, the critical hydrolysis ratio was found equal to

1.04.1* ±=h . 

I.3.2.3 Oxo-TiO2 particles prepared by micromixing sol gel reactor 

Revallin et al [107, 108] investigated the nucleation and growth kinetics of TOA 

particles in isopropanol,  after TTIP precursor was hydrolyzed with different hydrolysis 

ratios. Precursor and water solutions were mixed by a sol-gel micromixing reactor. The 

results revealed that the evolutions of particle sizes and induction times were highly 

reproducible. The reproducibility is less than 10% 





 <

∆ %10
ind

ind

t
t . The evolution of 

particle sizes and light intensity as function of time is shown in Figure I-12. 
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Figure I-12: The evolution of scattered light intensity and TOA particle sizes versus time in 

micromixing reactor [108], (experimental condition: concentration of precursor TTIP = 

0.146 mol/L, hydrolysis ratio H = 2.74, solvent isopropanol, T= 20°C). 

 

The kinetics of oxo-TiO2 (TOA) particles precipitation in sol-gel obtained in micromixing 

reactor were investigated with various temperature [95]. The observation was carried out at 

induction stage in the temperature range 5-40 °C using 0.146 mol/L of TTIP  and a 

hydrolysis ratio H = 2.46. The evolution of TOA particle sizes with temperature was found 

to be thermally activated with an activated energy equal to eV02.033.0a ±=E . This energy 

was assigned to hydrolysis reaction of the groups Ti-OPri on the surface. Using the formular 

f)( D
RtI ∞  (see equation I-9) the authors fitted the evolutions of the particle sizes with light 

scattering intensity and obtained the value of fractal dimension Df  which decreased from 

1.5 to 1 when the temperature was increased from 5 to 35 °C. 

I.3.2.4 Influence of the injection fluid hydrodynamics on particle size  

 Azouani et al [102, 109, 110] investigated the effect of Reynolds numbers of the 

injection fluid in T-mixer on the particles size distributions. Experiences were realized by 

varying the applied injection pressure. The profile of fluids flow in T-mixer and the particles 

size distributions at different Re is presented in Figure I-13(i). 
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(i)                                                               (ii)

 

Figure I-13: (i) Representative scheme of the turbulent fluid flow injection in T-mixer at 

mixing zone point and (ii) Distributions of TOA particle sizes corresponding to the mixing 

fluid Reynolds number Re equal to 3102 ×  (a), 3103 ×  (b), 3106 ×  (c), 3108 ×  (d)  (TTIP = 

0.146 mol/L, H =1.9 and T = 20 °C)[110]. 

 

Large particle size distributions are obtained with small Re = 3102 × and 3103 × . For very 

high Re value 3108 × , the distribution is narrow but the reproducibility is low. The 

cavitations phenomenal appeared at the critical Re* = 3108 ×  [111], which imposes a limit 

on reactive systems using the turbulent micromixing method. The optimum condition was 

obtained with Re = 3106 × . 

I.3.2.5 Hierarchical growth of oxo-alkoxide particles  

Using micromixing sol gel reactor, Azouani et al [102] reported a study concerning 

the effect of hydrolysis ratio on the particle sizes change. The evolution of initial particle 

sizes as function of hydrolysis ratios is given in Figure I-14, which can be divided in four 

domains. 
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Figure I-14: Particle sizes of TOA at different hydrolysis ratios(TTIP= 0.146 mol/L, T = 20 

°C) [102]. 

 

Four domains can be observed: 

Domain I and II (H ≤ 1.75): In domain I, the particle sizes were stable during 24 h with

nm1.095.0 ±=R . When H increases (domain II), particles grow and nm01.060.1 ±=R . 

Domain III (1.75 < H ≤ 2.0): As shown in Figure I-14, the size of particles increases; a 

maximum limit size was obtained after approximately ten minutes. This domain corresponds 

to period called "growth limitation". The particle size at saturation depends on the 

hydrolysis ratio H: the higher the concentration of H2O in the medium, the greater the 

formation of large units. When the size of the clusters attained the limit, they remain stable 

for a long time (> 24 hours). 

Domain IV (H > 2): In this domain, the global kinetics of nucleation-growth has 2 stages. 

During the first step, particles of size around R∼2.6 nm are obtained. This first step is 

associated with the rapid and accelerated growth process due to condensations of particles. 

The second step, not shown, concerns the agglomeration of the precipitating particles. 

I.3.2.6 Doped oxo-TiO2 nanoparticles 

A. Cationic doping: Fe-TiO2 nanoparticles 

Siteng et al [101, 104] reported a study on the nucleation and growth process of 

particles oxo-TiO2 doped with iron acetylacetonate (Fe(acac)3). Doped oxo-particles were 

prepared from the mixture of TTIP/isopropanol and Fe(acac)3/water/isopropanol solutions. 
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They observed that Fe(acac)3 significantly reduces the rate of doped oxo-particles growth 

(rind).  Its influence can be illustrated in Figure I-15. 
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Figure I-15: Induction rate of iron doped titanium oxo-particles (CTi = 0.146 mol/L, T = 20 

°C, H = 2 and 3 and Re = 4500) [104]. 

 

The observed reduction of the induction rate is explained by the formation of large particles 

on which the surface groups acac slow down the rate of hydrolysis and condensation. Even 

thought the iron doping affects notably the induction rates, doped oxo-particles sizes were 

not significantly different from pure TOA. Figure I-16 presents the initial radius of iron 

doped TOA particles versus doping ratio. 
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Figure I-16: Initial particle sizes of iron doped TOA nanoparticles versus doping ratios (CTi 

= 0.146 mol/L, H = 2.5, Re = 4500) [101]. 

 

B. Anionic doping: N-TiO2 nanoparticles 

Azouani et al [103] have reported TOA anionic doping by hydroxyurea and 

monodispersed particles were obtained. Different from iron doping, this doping accelerates 

kinetics rate in both nucleus and aggregation stages. The N-doping at the nucleation stage of 

oxo-alkoxy nanoparticles was found very effective. In contrast, it has been observed that N 

easily leaves the solids during heating at temperatures close to those required for the anatase 

phase crystallization. A major problem of the N-doped photocatalyst preparation by the 

proposed method is therefore related to N atoms retention at the heat treatment stage. 

I.3.3 Zirconium dioxide (ZrO2) 

Zirconium element is in the same group as titanium element and their alkoxides have 

four ligands –OR groups. The preparation of zirconium oxo-alkoxide nanoparticles (ZOA) 

in alcohol in a micromixing sol-gel reactor was carried out by Siteng et al. [112] and Sana et 

al. [105, 113]. Study on the nucleation and growth process of these oxo-particles was firstly 

performed by Siteng et al. [112]. It was confirmed that particles sizes are monodisperse and 

equal to 4.7 nm diameter and the growth behavior is similar to that of titanium oxo-particles.  
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More detailed studies were reported by Sana et al. [105, 113]. These authors 

investigated the effect of both precursors and solvents on the particles growth and proposed 

a model. 

Solvent effect on ZOA particle sizes [105, 113]  

Several experiments were carried out in a micromixing sol-gel reactor using 

zirconium n-butoxide and zirconium n-propoxide as precursors, and ethanol, n-propanol, 2-

propanol and n-butanol as solvent. These authors found that ZOA oxo-particles are stable 

and monodisperse with small sizes when zirconium n-propoxide and n-propanol were used. 

The characteristic of the autocorrelation functions (ACF) in different couples solvents-

precursors are shown in Figure I-17. 

 

Figure I-17: ACFs of ZOA particles in the different precursors–solvent pairs: zirconium n-

butoxide in n-butanol (a), zirconium n-butoxide in 2-propanol (b), zirconium n-butoxide in 

ethanol (c) and zirconium n-propoixde in n-propanol (d) (CZr = 0.15 mol/L, T = 20 °C) 

[105]. 

 

The size of ZOA particles prepared from zirconium(IV) propoxide in n-propanol  

obtained in the large range of precursor concentration and hydrolysis ratios is equal to R = 

1.8 nm. This is significantly smaller than that of titanium oxo-particles TOA (R = 2.6 nm , 
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H > 2). However, the induction time of particle growth depended on the concentrations of 

precursors and water. The evolution of rate and sizes respectively obtained from DLS versus 

hydrolysis ratios are shown in Figure I-18. TEM photograph of ZrO2 powder showing the 

presence of particles around 1.8 nm is given in Figure I-19. 

 

Figure I-18: Initial sizes of particle (R0) and slope of I(t) curves during the induction period 

of ZOA n-propanol sol–gel process for different hydrolysis ratios (CZr = 0.15 mol/L, T = 20 

°C) [105]. 

 

 

Figure I-19: TEM Image of ZOA nanoparticles obtained in the following experimental 

condition: CZr = 0.15 mol/L, H = 2.5, T = 20 °C [105]. 

 

Kinetics of sol-gel particles growth 

According to hydrolysis ratios, there are two domains of particles growth:   
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Domain H ≤ 2: Monodisperse nanoparticles appeared in the millisecond timescales and 

were very stable (longer than 24 hours) with R = 1.8 nm. 

Domain H > 2: Particles grow quickly with some aggregations after the injection. The 

fractal dimensions are close to 1 e.g 4.005.1f ±=D  and 2.035.1 ± for H = 2.1 and 2.3 

respectively.  

Critical hydrolysis ratios  

The authors proposed the kinetics model similar to that of TOA nanoparticles [94, 95, 108] 

that can be expressed as: 

2 2

0 *
ind Zr H O H O Zr( ) ( )r kC C C kC H h

α β α β β+= − = −     Equation I-25 

Where
 indr , k , ZrC , 

2H OC , H and *h  are rate at induction stage, rate constant, zirconium 

precursor concentration, water concentration, hydrolysis ratios and critical hydrolysis ratios 

respectively. α and  β are order reactions.  

From linear plotting presented in Figure I-20, two values of critical hydrolysis ratio h* = 1.5 

and 2.0 can be proposed: (i) for h* = 1.5, the value of β = 6.6 and α value became negative 

after deriving. Therefore, it was rejected. (ii) For h* = 2.0, the value of β = 2.4 and after 

deriving α = 3.9. This last value, largely higher that found for titanium oxo-particle α = 1, 

cannot be retained, in so far as the two models are similar. To apply the same model the 

authors proposed the critical h* ≈ 1.7 [105]. 

 

Figure I-20: The induction rate depends on the hydrolysis ratios at the critical hydrolysis 

ratios h* = 1.5 and 2.0 (CZr = 0.15 mol/L, T = 20 °C) [105]. 
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T-mixer: It is the main part of mixed precursors and water in solvent. T-mixer was made of 

two arms with initial diameter of 1 mm and one exit leg diameter of 2 mm with length of 

200 mm as shown in Figure I-22. 

10 mm

1 mm

200 mm

2 mm
 

Figure I-22: Schematic diagram of T-mixer [115]. 

 

Double-walled cylindrical glass: This is the place of keeping colloids after precursor and 

water solutions are mixed in T-mixer. A fibre optical probe is introduced into this tank for 

particle sizes measurement. 

The temperature of the whole system (double-walled glass, tanks (A) and (B) is controlled 

by a thermo-cryostat (Haake, DC10K15). 

I.5 Optical properties and applications 

I.5.1 Band gaps of TiO2, ZrO2 and of ZrO2-TiO2 composite 

According to their band gap energy (Eg), metal oxides can be conductors, 

semiconductors or isolators. Band gap energy is the important factors to be considered for 

photocatalytic study. There are few papers that reported on band gaps of ZrO2-TiO2 

composite which depended on the method preparations. Some values of Eg were compared 

in table I-3. 

 

Table I-3: Band gaps of ZrO2-TiO2 as function of ZrO2 content. Those of TiO2 and ZrO2 

were given for comparison.   
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Band gaps (eV)  

TiO2 ZrO2 ZrO2-TiO2 ZrO2 content (%) Methods refs 
3.23 - 3.23 to 3.32 0 to15 Modified sol-gel [88] 
3.39 5.15 between TiO2 and 

ZrO2 
0 to100 Sol-gel [116] 

3.25 5.26 ─ǁ─ ─ǁ─ ─ǁ─ [48] 
3.2 7.8 ─ǁ─ ─ǁ─ ─ǁ─ [117] 
3.17 - 3.17 to 3.45 0 to50 templating sol-gel route [118] 

- 5.0 3.4  90 Sol-gel [49] 
- - 3.65 50 ─ǁ─ [119] 

3.19 - 3.19 to 3.38 0 to 30 ─ǁ─ [120] 
 

 

From these data, it can be noted that TiO2 band gaps are not much different regardless the 

preparation methods. However, Eg of ZrO2 and ZrO2-TiO2 composite are significantly 

dependent on the preparation method and the compositions of starting oxides (ZrO2 or TiO2) 

for the binaries oxides. 

I.5.2 Photocatalytic properties of titanium dioxide (TiO2) 

TiO2 can be used as photocatalytic material to decompose pollutants of volatile 

organic compounds (VOC) such as alkane, alkene, alcohol, aromatic, organic acids  etc 

[101] as well as  inorganic gas pollutants e.g. H2S, CO, SOx and NOx [121]. For water 

treatment, it is very useful to photodegrade pollutants especially organic wastes [2, 122]. 

When a semiconductor material, such as TiO2, absorbs light, the electron valences ( −e ) are 

excited from the valance band (V.B.) by creating a hole (h+) to conduction band (C.B.). 

These photogenerated charges )/( +−
he  can recombine or participate in photocatalytic 

processes. It is known photocatalytic materials such as TiO2 have longer electron-hole 

lifetime.  

(1) )(TiOTiO C.B.V.B.22
−+ −→+ ehhv  

At conduction band, electron reduces O2 in the medium to form •
−
2O . 

(2) •
−− →+ 22 OO e  

The hole (h+) at valance band can react with water molecule to form •HO  and H+.  

(3) ++ +→+ • HOHOH2 h  

These species are able to decompose organic pollutants. The general reactions occurring 

during photocatalytic process are shown in Figure I-23. 
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zirconia contents were reported 30% [66], 39% [74]. For composite with high zirconia 

content, the light having lower wavelengths was frequently used. 

Table I-4 witnesses a large discrepancy in the optimal elemental composition of the 

photocatalyst, varied from 5.7 % to 50 %, which apparently reflects the material 

inhomogeneity at nanoscale. This case is similar to that earlier widely discussed in the 

literature concerning iron doped titania [128], where iron clustering resulted in 

overestimation of the optimal doping. It has been largely recognised in previous studies that 

inhomogeneity of the elemental repartition serves to be an obstacle in reproducibility of the 

material functional response. The homogeneity remains one of principal issues in the 

research on the mixed oxide TiO2-ZrO2 photocatalyst not yet explicitly documented in the 

scientific literature. This homogeneity is closely related to the chemicals mixing quality 

during the elaboration process that can be represented by the Damköhler number: 

Da=tmix/tnucl, where tmix and tnucl are respectively times of the physical mixing and solid 

nucleation processes. By consequence, for the best material homogeneity in a chemical 

engineering process one needs to satisfy Da≤1 [129].  

 

Table I-4: ZrO2-TiO2 photocatalysis. 

Synthesis 
Optimal 

composition 
Zr/(Zr+Ti) 

Homogeneity Photocatalysis Pollutant Ref. 

sol-gel 0.12 not confirmed gas-phase Ethylene [130] 
polymer gel 
templating 

0.10 - ǁ - liquid-phase 
salicylic acid,  

2-chlorophenol 
[67] 

sol-gel 
TiO2/Zr0.5Ti

0.5O2 
- ǁ - - ǁ - methyl orange [131] 

sol-gel ≤0.10  inhomogeneous - ǁ - trichloroethylene [54] 
mech. mixing 0.05 - 0.10 - ǁ - gas-phase ethanol [132] 

ultrasonic 
spray pyrolysis 

0.09 not confirmed liquid-phase rhodamine B [72] 

solvothermal, 
ACF 

templating 
0.197 - ǁ - gas-phase 

ethylene, 
trichloromethane 

[133] 

EISA 0.20 - ǁ - liquid-phase rhodamine B [134] 
PCMS 0.09 - ǁ - gas-phase NOX [51] 

Zr-incorporated 
TiO2 

0.14 - ǁ - liquid-phase rhodamine B [135] 

co-precipitation 0.075 - ǁ - - ǁ - acetone [136] 
colloids mixing 0.39 inhomogeneous - ǁ - phenol [74] 

sol-gel 0.08 not confirmed gas-phase formaldehyde [137] 
colloids mixing 0.44 inhomogeneous liquid-phase methylene blue [138] 
surfactant self- 0.069 not confirmed - ǁ - rhodamine B [68] 
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assembly 

Sol-gel 0.057 not confirmed - ǁ- 
azo-dye Ponceau 

BS 
[88] 

 

Generally, the factors that were considered to improve photocatalytic activity in UV 

domain of binary oxide nanoparticles ZrO2-TiO2 over pure ZrO2 and TiO2 are: high surface 

area, high content of TiO2 anatase and ZrO2 monoclinic phase, presence of OH surface 

groups [74], small particle size [51, 74], strong adsorption in the ultraviolet region[139], 

band gap and low electron-hole recombination [140].  

The mechanism describing the photocatalytic activity of this composite was firstly reported 

by Fu et al.[130]. More detail of this mechanism can be found in refs [57, 74, 88]. Many 

authors seem to agree with the fact that there exist the C.B. surface trap states of ZrO2 which 

lie below the C.B. edge of pure TiO2. So the easy transfer of the photo-generated electrons 

from ZrO2 to the conduction band of TiO2 can take place. This process may prevent the 

recombination of the electron and hole, allowing ZrO2–TiO2 composite to acquire a high 

photocatalytic activity. Schematic diagram of electron transfer is illustrated in the Figure I-

25.    
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Figure I-25: The diagram of electron in surface trap states of ZrO2 conduction band crossed 

section into TiO2 conduction band [57]. 

 

Influence defect of ZrxTi1-xO2 on photocatalytic activity 

Photocatalytic reactions proposed by Yu et al are as the following [136]: 
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(1) ZrxTi1-xO2 + hν ↔ h+ + −
e  

(2) −OH (ads) + h
+ → •OH  

(3) O2(ads) + −
e → −

• )ads(2O  
 
 

(4) −2
LO + h+ → −O  

(5) −O + h+ → O 

(6) −
adsO + h+ → O 

(7) −O (and −
(ads)O + H2O(ads) → )ads(OH • + )ads(OH −  

(ads) symbol: A specie adsorbed on the surface of catalyst  

−2
LO : The escaped oxygen species from the surface of catalyst  

According to these authors, reactions (4)-(7) does not take place in case of pure TiO2, 

because this material has low defects compared to composite ZrxTi1-xO2. 

I.5.5 Applications 

Because of its high refractive index and UV light absorption, titanium dioxide is very 

effective in many areas of applications, including photocatalysis, use as pigment in the 

paint, food coloring, personal care and other products [141, 142]. In the area of 

photocatalytic applications, it is used as self-cleaning surface, water purification, air 

purification, self-sterilizing surfaces, anti-fogging surfaces, environmental friendly surface 

treatment, photocatalytic lithography etc [2, 101, 122]. Unlike TiO2, ZrO2 and ZrO2-TiO2 

composite have not yet been used for industrial applications. Principal Fields of TiO2 

photocatalytic applications are shown in Figure I-26. 
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Figure I-26: Principal applications of TiO2 [143]. 

 

I.6 Conclusion 

This literature review starts from the presentation of the main crystallographic 

structure of titanium dioxide TiO2 and zirconium dioxide ZrO2. It is followed by a 

description of structural properties of ZrO2-TiO2 composite with an emphasis on the 

dependence of the structural and thermal properties on ZrO2 content. Many controversies 

exist about the reported results. This change was explained by the homogeneity level of 

starting mixed oxides and the preparation method. The next paragraph focused on the work 

of the predecessors in the laboratory related to the nucleation and growth process of 

Titanium oxo-particles (TOA), Zirconium oxo-particles (ZOA). The micromixing of the 

reagents is an essential parameter for obtaining monodisperse particles. To obtain these 

results, Rivallin et al developed a sol-gel precipitation reactor to control micromixture, 

temperature and humidity. The implementation of this reactor allowed Azouani et al to show 

that the particles resulting from the hydrolysis of TTIP alkoxide undergo a hierarchical 

growth as a function of the H2O concentration. Moreover, these authors have found that the 

hydrodynamics of mixture fluid significantly influent on the distribution of particle size 

formed in sol-gel reactor. This paragraph ends with a study on the process of nucleation and 

growth of ZrO2 particles in several pairs alkoxide-solvent. These authors revealed that 
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zirconium oxo-particles are monodisperse, their size is stable and smaller than that observed 

for titanium oxo-particles in the same hydrolysis ratio H > 2. 

The last paragraph was devoted to optical properties of TiO2, ZrO2 and ZrO2-TiO2 

composite.  Photocatalytic process of TiO2 was briefly presented and a number of examples 

related to environmental applications of photocatalysis were shown. For ZrO2, several 

authors explained that the presence of the defects formed by oxygen vacancies improved the 

phocatalytic activity of this material. A mechanism, taking into account the involvement of 

defects was proposed. Finally, the high photoactivity of ZrO2-TiO2 composite was explained 

by the existence of C.B. surface trap states of ZrO2 below the C.B. edge of pure TiO2. 

Consequently, the photo-generated electrons can transfer from C.B. (ZrO2) to C.B. (TiO2), 

thus preventing the electron-hole recombination. 
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Notations 

Zrn    molar of zirconium (mol) 

Tin    molar of titanium (mol) 

CTi  titanium concentration (mol/L) 

CZr  zirconium concentration (mol/L) 

OH2
C   water concentration (mol/L) 

TiZr +n    molar of mixed zirconium and titanium (mol) 

T   temperature (°C or K)  

Ts  transition temperature (°C) 

Eg  band gap energy (eV) 

eV   electron volt (energy of band gaps) 

hυ   applied energy  

V.B.   valence band 

C.B.   conduction band 

VOC  volatile organic compound  

Re   Reynolds numbers 

fD   fractal dimension 

M   total mass 

m   mass of particle  

Ni   number of particles 

TTIP   titanium tetraisopropoxide 

-OPri   isopropoxide 

TOA   titanium oxo-alkoxide  

ZOA   zirconium oxo-alkoxide 

H   hydrolysis ratio 

h
*   critical hydrolysis ratio 

k   rate constant  

V   volume of particle 

rind  rate at induction time 

indt    induction time 

DLS   dynamic light scattering  

SLS   static light scattering  
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I0   initial intensity (Hz) 

I   scattering intensity (Hz) 

n   refractive index  

0n    initial refractive index  

r   distance between particles 

E   electric field  

TE   total scattered electric field 

kB  Boltzmann constant 

R   radius of particle 

fD   fractal dimension 

D   diffusion constant  

Symbols 

indt∆    different induction time  

α  order reaction 

β  order reaction 
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In this part, we will describe about general techniques and principle of the 

characterization methods including, thermal analysis TGA-DTA, transmission emission 

spectroscopy (TEM), X-ray diffraction, BET for specific surface area, optical band gaps 

measurement and inductively coupled plasma-optical emission spectroscopy (ICP-OES). 

II.1 Thermal analysis TGA-DTA 

Thermogravimetric analysis (TGA): Thermogravimetric analysis (TGA) consists of 

measuring the mass variation of a material as a function of time and temperature. This 

technique is used to determine the characteristics of materials such as thermal stability, the 

kinetics of chemical reactions, volatility, and adsorption-desorption etc. 

Differential thermal analysis (DTA): This technique measures the difference in 

temperature between a sample and a reference when both are heated under the same 

atmosphere. The temperature difference between the reference Tr and the sample Ts is 

followed and plotted against Tr as a differential thermogram. Peaks present in a differential 

thermogram result from physical changes such as phase transition or chemical reactions 

induced by heating the sample. The thermal effect can be exothermic or endothermic.  

In this work, thermal behaviors of samples were carried out on a SETARAM TG-

DTA 92 device operating simultaneously in thermal gravimetric analysis (TGA) and 

differential thermal analysis (DTA). The following experimental conditions are used: 

Prepared powders between 36 to 67 mg were finely ground with a ceramic mortar then 

introduced into the sample holder and heated from 50 to 1200°C with a rising speed of 2°C 

min-1. 

An example of GTA / DTA curves is given in Figure II-1. 



Chapter II  Characterization methods
 

49 

 

200 400 600 800

0

100

200

300

T
2
 = 678 °C

 Mass Loss
 Heat Flow

H
ea

t 
fl

o
w

 (
m

W
)

T
1
 = 235 °C

32

36

40

44

48

 M
a

ss
 l

o
ss

(m
g
)

T, °C  

Figure II-1: TGA/DTA curves of a TiO2-ZrO2 composite sample obtained with a Setaram 92 

device operating in a simultaneous mode. 

 

II.2 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a technique based on the interaction 

between electrons with atoms constituting the material. Signals produced by a TEM include 

secondary electrons, back scattered electrons (BSE), characteristic x-rays, light 

(cathodoluminescence), and transmitted electrons. This technique permits to highlight the 

morphology and structure of the solids and the possible presence of crystalline defects, 

deformations, amorphous and crystalline phases. It also allows the determination of 

crystallographic orientations and the inter-planar distances. The most recent improvements 

in piloting and aberration correction techniques give to TEM a resolution of the order of 

angstrom (1Å). Another interest of this technique is to be able to combine this high 

resolution with the information provided by the sample diffraction. The samples are 

observed by transparency, visualized by fluorescent screen in order to adjust the focus. The 

pictures are obtained using a CCD digital camera. 

In this work, the prepared samples was characterized using JEOL2011 high 

resolution transmission electron microscopy (TEM) operating at 200 KeV with LaB6 

emission source of electrons. The electron diffraction and absorbance patterns were 
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Figure II-4: Typical XRD pattern of TiO2 anatase. 

 

The intensity and shape of  peaks obtained (full width at haft maxima) are influenced by the 

presence of coherent micro-domains (domain in which the periodicity of atoms is 

conserved), the size of which can be calculated by  the formula of Debye-Scherrer [144] 

using the broadening of the X-ray diffraction lines. 

 )cos(θβ

λ
φ

K
=

       
Equation II-2 

• φ  is the average size (in Å). 

• β is the line broadening at half the maximum intensity (in radians). 

• θ is the Bragg angle (in degrees). 

• K is a dimensionless shape factor, with a value close to unity. The shape factor has a 

typical value of about 0.9, but varies with the actual shape of the crystallite. 

• λ is the X-ray wavelength (in Å). 

This method is applicable for crystallites of size between 2-150 nm and gives a 

measurement with an accuracy of 1 to 10%. This method is generally used for comparative 

purposes. 

In this work, the treatment powders were analyzed with Benchtop X-ray 

Diffractometer (EQUINOX 1000-Inel) with Co-radiation (CoKα1 (λ=1.788976 Å)). 
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II.4 Brunauer–Emmett–Teller (BET) for specific surface area 

Surface area and porosity are important parameters in powdered materials. The most 

widely used techniques for estimating surface area are based on physical adsorption of gas 

molecules on a solid surface. The method is based on the determination of the gas volume 

required to form a monolayer of gas at the surface of the sample at the temperature of the 

liquid nitrogen. The adsorbed gas volume is determined according to the Brunauer, Emmet 

and Teller (BET) model according to the formula: 

[ ] ( )[ ] ( ) ( )[ ] 00 //1/1)(/ PPCVCCVPPvP mm −+=−  

P = pressure at equilibrium 

0P  = adsorbate saturation pressure at the working temperature 

v  = volume of adsorbed gas per gram of solid at the pressure P 

mV = volume of gas required to completely cover the surface of the solid with a molecular 

monolayer of adsorbate 

C = characteristic constant of the studied gas-solid system 

This equation allows to determine the adsorbed gas volume in mono-layer, mV . Once this 

volume is known, the specific surface of the sample is obtained by the following equation: 

    ( ) σaBET 22414/ NVS m=  

BETS = total sample surface 

 σ = surface occupied by a gas molecule, σ = 0.162 nm2 for N2 at 77 K.  

Na is Avogadro number, mol/10022.6 23×=aN . 

mV is determined by plotting the straight line: [ ])(/ 0 PPvP −  as a function of 0/ PP . 

In this work the specific surface measurement is carried out via an automatic BET 

COULTER SA3100 by nitrogen adsorption. The samples of the composite powders were 

degassed for 1 hour under a nitrogen or helium sweep at 120 °C. The precision of the 

measurements is in the order of 3%. The schematic representation of BET instrument during 

experimental process is in Figure II-5. 
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 Figure II-5: Schematic representation of BET [145]. 

 

II.5 UV-visible absorption 

The band gap energy Eg of as synthesized nanoparticles was calculated from the 

following equation ( ) ( )n
EhvAhv g−=α where α, ν, Eg and A are the absorption coefficient, 

light frequency, band gap energy and a constant respectively [146]. Among them, n is 

determined by the type of optical adsorption of a semiconductor (n = 1/2 for indirect 

transition and n = 2 for direct transition). For a semiconductor material, a plot of (αhν)
1/n

 

against hν should show a linear domain just above the optical absorption edge. The band 

energy was calculated by extrapolating a straight line to the abscissa axis, where α is zero 

for Eg = hν  [147]. 

In this work, the constant n is taken equal n = 2 and the optical absorption was 

measured by an Jasco V-660 UV-visible spectrometer. The substrates without coating were 

used as blanks and the coated quartz substrates were oriented during the experimental 

measurements to be easy to omit the interferences. 
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Samples were prepared as films of five layers using dip-coating technique. To obtain 

well-crystallized composite, samples were heat-treated for 4 h at 410-700 °C in a furnace 

under continuous air flow. 

Figure II-6 gives an example of the above-mentioned analysis for a well-crystallized sample 

of TiO2-ZrO2.  
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Figure II-6: Typical absorption (αhν)
1/2

 versus hν plot for a TiO2-ZrO2 composite sample. 

The experimental band gap value can be obtained from the x-intercept of the straight 

tangent line to this plot. 

 

II.6 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

One method for analysis metals in the materials is inductively coupled plasma-

optical emission spectrometry. Atoms of the samples are excited from ground to excited 

states when the plasma energy is applied. While the excited atoms come back to lower 

energy states, the relief emission rays corresponding to the photon wavelength are 

measured. The determination each element is based on the photon ray position. For the 

amount of the element type is based on the intensity of the rays. For generation plasma, 

argon gas is needed to be supplied to the torch coil. Then the electricity with high frequency 

currents is applied to the coil of the torch tube to create the electromagnetic field. From this, 

the argon gas is ionized, thus, the plasma is generated. The energy of this plasma that has 
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high temperature (10000K) and electron density can be used to excite the atoms of the 

samples. To analyze samples, the solutions of samples are introduced into the plasma 

through the narrow tube. Samples are atomized in the center of the torch tube. Figure II-7 is 

the schematic diagram of ICP-OES. 

 

Figure II-7: The general diagram of samples introduced into ICP-OES[148]. 

 

The device used in this work is iCAP 6000 that has an optical resolution < 0.02 nm. 

The spectrometer is equipped with a polychromator with optical assembly of the type Scale 

purged and thermostatic at 38 °C. The spectral range is between 193 and 900 nm. The 

detector RACIDTM is of type CID and the generator is RF 27, 12 MHz. The iCAP 6000 

provides direct control via the iTEVATM software. 

The analysis was carried out in aqueous matrix. Calibration is carried out using 

CLARITAS PPT multi-element solutions with a 10 ppm concentration of elements in an 

H2O / HF / HNO3 solution. The precision of the concentration is 0.05 ppm and is verified by 

SPEX Certi Prep. The detection limit is < 4.5 ppb. The exposure time was 2 min. 

In this experiment, samples were prepared according to the following procedure: 

Powders: 1-2 mg of ZTOA powders were digested by concentrated of HNO3 (15 mol/L) 

with stirring and heating at 60 °C for 1 h. The metal ions in solutions were diluted to 

concentrations of lower than 10 ppm with keeping concentrations of HNO3 about 6 mol/L. 
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Films: Coated ZrxTi1-xO2 borosilicate beads between 2-4 g were digested and diluted in the 

same as procedure as for powders. 
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Notation 

ZTOA   zirconium titanium oxo-alkoxide  

TGA  thermogravimetric analysis 

DTA  Differential thermal analysis  

TEM  transmission emission microscopy 

T  temperature (°C) 

mW  milliwatt 

Eg  band gap (eV) 

eV  electron volts 

hkld   interplanar distance of Miller indices 

n  interger of diffraction order  

K  dimensionless shape factor 

UV  ultraviolet 

abs   absorbent  

ppm   part per million 

ppb  part per billion 

ICP-OES inductively coupled plasma-optimission emission spectroscopy 

Symbols 

h  planck’s constant ( sj ⋅× −3410626.6 ) 

ν   light frequency (Hz) 

λ   wavelength (nm or Å) 

ρ   density ( 3m.kg − ) 

η   dynamic viscosity (Pa.s) 

φ     average size (Å) 

β   mid-height width (radian) 

θ    diffusion angle (°) 
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This chapter is devoted to an experimental study of the nucleation and growth 

kinetics of composite zirconium titanium oxo-alkoxy nanoparticles. The first part describes 

the solvent effect on titanium oxo-alkoxide nanoparticles, which provided a reference point 

to the study of the more complex composite system. The main part of this chapter will 

concern the mixed oxide zirconium-titanium oxo-alkoxide nanoparticles of different 

compositions. 

III.1 Introduction 

III.1.1 Solvent effect on nucleation-growth of titanium-oxo-alkoxy nano-

particles 

The sol-gel process of transition metal alkoxides is of permanent interest since a long 

time [79, 149, 150]. Recently, its classical description has been reconsidered regarding the 

structure and reactivity of molecular precursors to conclude that the simplified hypothesis of 

the kinetically controlled hydrolysis-polycondensation process is not realistic. In contrast to 

the unconsciously accepted, the hydrolysis does not proceed for homometallic alkoxides via 

hydroxide intermediates but results directly in well-defined oligonuclear oxo-alkoxide 

species through one-step hydrolysis-condensation transformation associated with profound 

restructuring of the oxometallate species as the reactions progress [151-153]. The soft 

chemistry processes occurring in gas, liquid and solid phases share common features of 

nanomaterial formation from precursor to solid and require further investigation. 

Unfortunately, little information is available concerning hierarchy of different 

smallest metal-oxo-alkoxy units, clusters and nanoparticles, appearing in the beginning of a 

chain of the sol-gel transformations as well as about their relative stability and reactivity. 

The most studied were titanium-oxo-alkoxy (TOA) species [154], which thermodynamically 

stable molecular species have been experimentally discovered and theoretically confirmed. 

The size of these identified clusters is smaller than 1 nm. Small angle x-ray scattering 

(SAXS) measurements in titanium oxide sol-gel media have revealed two stages of the 

induction period related to precursor hydrolysis and directed by reaction limited aggregation 

mechanism and concluded about smallest building blocks of 0.46 nm size [155]. Although 

structure and size of the smallest species are expected to be sensitive to the surface state and 

therefore solvent environment, general conclusions about sol-gel kinetics of titania species 

studied by SAXS and DLS/SLS (dynamic / static light scattering) methods were similar.  
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Larger cluster escaped observations for different reasons and their theoretical validations 

were limited by a calculation methods capacity.  

An obstacle in the observation of nanometric oxo-alkoxy nanoparticles consists in a 

high reactivity of sol-gel species leading to a common polydispersity of the prepared 

colloids. Accordingly, no kinetic constants of hydrolysis-polycondensation reactions are 

known in literature and only an estimation of the process rates was communicated in the 

past [79]. In order to overcome natural heterogeneity of the nucleated units, attempt to 

create point-like reaction conditions was undertaken by us [108, 110, 155]. As a result, we 

succeeded in preparation of easily observable macroscopic quantities (~1 g) of size-selected 

titanium-oxo-alkoxy (hydrodynamic radius R = 1.6 nm and 2.5 nm) [102] and zirconium-

oxo-alkoxy (R = 1.8 nm) [105] clusters and nanoparticles. Moreover, zirconia species 

showed a strong sensitivity to the solvent / precursor nature suggesting modifying ligands to 

be involved in the structural transformations. These two systems remain however the only 

example of nanometric metal-oxo-alkoxy species reported until now and more studies 

would be required to understand the nucleation mechanism.  

The present study is devoted to the solvent effect on the titanium oxide species 

stability and reactivity. The experiments were conducted in point-like reaction conditions, 

which provide equal starting conditions for chemical transformations and, therefore, best 

selectivity for the nucleated TOA units. The units size and growth kinetics were inquired by 

light scattering methods, enabling new information about role of ligands in the nucleation 

process. 

III.1.2 Kinetics nucleation-growth of the mixed zirconium titanium oxo-

alkoxide nanoparticles  

The sol-gel method for production of solid materials from precursors of small 

molecules has been extensively studied and developed since decades [78, 149]. It showed its 

particular efficiency for synthesis of composite materials, for which the homogeneity of a 

local structure is considered to be a major precondition for the material quality and 

functional properties control. The sol-gel method and its modifications have been effectively 

used to prepare mixed zirconium and titanium oxides for applications as catalysts and 

catalytic supports [13] for different applications in photocatalysis, water photosplitting, 

catalysis, microporous ceramic membranes for gas separation, dye sensitized solar cells, etc. 
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The previous studies have shown that the new phase crystallization is strongly 

affected by the local material composition. In particular, pure TiO2 and ZrO2 crystallites 

showed up at temperatures about 400 °C and an addition of one component to other resulted 

in a significant increase of the crystallization temperature by ~300 °C [37]. This partially 

explains why in many studies, anatase TiO2 and monoclinic/tetragonal ZrO2 appeared as 

dominant crystalline phases of the composite material with no evidence for formation of any 

zirconium titanate compounds [18, 38, 57, 69, 70, 156], when heat treatment temperatures 

characteristic of the amorphous crystalline phase transition in titania and zirconia (400-500 

°C) were applied to the mixed oxide. However in other cases, even when an appropriate heat 

treatment was used, a definite dispersion of the crystalline phase’s stability versus an 

average elemental composition could be remarked. For example, Liang et al [48] have 

reported on polymorphous samples containing orthorhombic ZrTiO4 with tetragonal ZrO2 

and anatase TiO2 with respectively Zr:Ti=0.7:0.3 and Zr:Ti=0.3:0.7 and pure ZrTiO4 

crystallite at Zr:Ti=0.5:0.5. Similar results have been obtained at somewhat lover (25 mol% 

Ti or Zr) elemental admixtures [40]. The anatase TiO2 and tetragonal ZrO2 solid solutions 

have been observed respectively with 30 % Zr and less than 40 % Ti, while the 

orthorhombic ZrTiO4 appears in the range of 40-70 % Zr [37]. The orthorhombic ZrTiO4 

was often mixed with monoclinic or tetragonal ZrO2 in samples with < 50% Ti [59]. The 

low-temperature phase diagram of TiO2-ZrO2 composites has been proposed by Xu et al 

[157], suggesting the stability of ZrTiO4 solid solutions in the range of 20 ≤ Zr/(Zr+Ti) ≤ 50 

mol%; TiO2 anatase and mixed monoclinic-tetragonal ZrO2 solid solutions appear 

respectively at Zr < 20 mol% and Zr > 60 mol%, while pure tetragonal ZrO2 solid solutions 

crystallized in the range between 50 and 60 mol% of Zr in the ZrO2-TiO2 compositions. A 

choice of the processing chemistry of ZrTiO4 has been reported to have little influence on 

the homogeneity and local structure of the calcined precursors, where EXAFS data clearly 

indicated the presence of Zr-O-Ti links in the ZrTiO4 gel produced using the nonhydrolytic 

route [39]. This conclusion however concerned the samples with stoichiometric amounts of 

zirconium and titanium, in confirmation of previous experimental data on the pure 

orthorhombic ZrTiO4 phase; the non-stoichiometric compositions have not been addressed 

in this detailed study. 

The sol-gel synthesis was previously considered as a sequence of chemical reactions 

starting with hydrolysis of alkoxides and terminating with the condensation step. 

Consequently, an eventual difference in the hydrolysis and condensation rates of Ti- and Zr 
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alkoxides has been suggested to be a major problem in the preparation of the atomically 

dispersed mixed oxide structure and its solution lied in the control of the reaction rates [13]. 

This simplified picture of the kinetically controlled hydrolysis-polycondensation reactions 

has been recently reconsidered. In particular, it has been shown that the hydrolysis does not 

proceed for homometallic alkoxides via hydroxide intermediates but results directly in well 

defined oligonuclear oxo-alkoxide species through one-step hydrolysis-condensation 

transformation associated with profound restructuring of the oxometallate species as the 

reactions progress [151, 152, 158]. The same mechanism could be expected also working 

for the mixed metal oxide species. In framework of this new understanding of the sol-gel 

process, the centre of gravity of the relevant research shifts from understanding of 

elementary reactions kinetics (which has never been measured so far) to that of intermediate 

nanometric units and their transformations. 

In support of this approach, particle sizes and nucleation-growth process of 

titaniumoxo-alkoxy (TOA) [102, 159] and zirconium-oxo-alkoxy (ZOA) [105] species have 

been investigated using a rapid micromixing reactor [108, 110]. This technique enables 

point-like reaction conditions in a regime of low Damköhler numbers Da ≤ 1 [129], which 

allowed generating size selected clusters and nanoparticles and distinguishing important 

steps of the sol-gel growth. In these earlier studies, species appeared in the beginning of the 

induction period of the sol-gel process, R = 2.6 nm TOA and R = 1.8 nm ZOA were 

assigned to nuclei. Consequently, nuclei and their associates were called nanoparticles, in 

contrast to smaller stable species appeared at small hydrolysis ratio (H) and/or as 

intermediates during the nucleation stage at large H, which were assigned to clusters: R = 

1.6 nm TOA. The crystalline materials have been obtained on this base to show their 

enhanced effectiveness in catalytic (ZrO2) [160] and photocatalytic (TiO2) [161] processes. 

In contrast, no information concerning relationships between the nucleated units and 

crystalline phases obtained after the heat treatment was reported in literature until now for 

complex mixed oxides ZrO2-TiO2. At the same time, the nanoscale morphology does not 

only define size-specific functional properties but also those of the bulk solids, especially in 

case of doped and composite materials. In this communication, we present first study of the 

nucleation and growth process of mixed zirconium-titanium oxo-alkoxy (ZTOA) 

nanopaticles of different elemental compositions 0 ≤ x ≤ 1 ( )/( ZrTiZr CCCx += ). The 

nanoparticle size and growth kinetics were monitored in situ by the dynamic/static light 

scattering methods. 
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In this part, we will describe the revealed results of monodispersed, new and stable 

domain nanoparticle sizes at different compositions and the change sizes at different 

hydrolysis ratios of mixed ZTOA. More detail, the kinetics mechanism of selected 

composition ( )TiZrZr / CCCx +=  was studied. 

III.2 Experimental part 

III.2.1 Chemicals 

Chemicals used in this study were TTIP (98%, Acros), n-propanol (99.5%, Sigma-

Aldrich), 2-propanol (99.5%, Acros), zirconium n-propoxide (ZNP, 70 wt% supplied by 

Interchim) and distilled twice-filtered water (syringe filter 0.1 and 0.2 µm porosity PALLs 

Acrodisc for synthesis ZTOA and TOA respectively). To avoid contamination with 

atmospheric humidity, all chemical manipulations related to the stock solutions preparation 

were carried out in a glove box workstation MBraun (O2 ≤ 80 ppm, H2O ≤ 0.5 ppm).  

For TOA synthesis, we used the TTIP concentration of 0.146 and 0.292 mol/l and 

hydrolysis ratio TiOH /H
2

CC=  between 1.0 and 4.0. 

For synthesis ZTOA(x) nanoparticles, the concentration of the mixed precursor 

ZNP+TTIP ( ) was kept constant at 0.292 M with the molar composition 

varied between 0.0 and 1.0 in a step of 0.1. The hydrolysis ratio 

was varied between 1.0 and 2.0 with the precision estimated to be 0.05. The following are 

structures of precursors and solvents that been used: 

          

Zirconium(IV) propoxide    Titanium(IV) isopropoxide 

            

Isopropanol        n-propanol 

pr Zr TiC C C= +

Zr pr/x C C=
2H O pr/H C C=
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DC10K15 thermo-cryostat. The reacting fluids mixed in these conditions during several 

milliseconds, which assured point-like reaction conditions with Da ≤ 1, which signifies that 

characteristic time of the fluid composition homogenizing being shorter compared to that of 

chemical reactions, leading to the narrowest particle size distribution [129]. In order to 

avoid any extra atmospheric contaminations, the reactor was maintained under overpressure 

0.1 bar of N2 gas during the preparation process. The experimental series in the reactor were 

limited by 24 hours duration to guarantee an excellent isolation of the reaction solution from 

external atmosphere. 

Solvents: n-propanol and isopropanol for TTIP and only n-propanol for mixed TTIP/ZNP 

The main place of mixed solutions is at the mixing zone in T-mixer and then reaction 

happened of precursors with water in prepared solvent. This whole process is shown in 

Figure III-2 (clusters may be built in T-mixer after mixing zone). 

  H
2
O

Solvent

mixing zone

  TTIP
Solvent

 

Figure III-2: Representative of mixing zone in T-mixer (● is representative of particle built 

after mixing). 

 

Dynamic light scattering (DLS) and static light scattering (SLS) methods were used 

to monitor the size (2R, nm) and scattered light intensity (I, Hz) of nanoparticles in the 

reactor solutions, using an original home-made fibre optical probe, consisted of two 

monomode optical fibres. One emitting fibre transmitted 40 mW light radiation at 

 from a single frequency laser Cube 640-40 Circular (Coherent) another 

receiving fibre collected the light scattered by colloidal nanoparticles and transmitted it for 

the analysing equipment, photon correlator Photocor-PC2 (48 bits / 288 channels). The 

observation volume defined by a mutual positioning of two monomode optical fibers is 

small enough (~10-6 cm3) to avoid multiple scattering events even in high-concentration 

640 nmλ =
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colloids. The intensity and size were measured with 60 s data accumulation periods in the 

automatic sampling mode, which permits easy elimination of non-desirable strong scattering 

events due to rare micronic-size dust particles. The particle radius was obtained from the 

Stokes-Einstein equation  where , T, , η  and n are 

respectively Boltzmann constant, temperature, scattering vector, dynamic viscosity and 

refraction index of the solution, and the decay time  was obtained by experiment and 

fitting to autocorrelation curves (ACF). The particle radius from this formula is equivalent 

to that of a spherical particle having the same diffusion coefficient. The smallest size of 

these measurements R = 1.0 nm was defined by the self-correlation function of the 

PhotoCor photomultiplier. The duration of experimental series of (R, I) evolution in the 

colloids was limited by 24 hours. 

III.2.3 Manual mixing for estimation induction time of oxo-TiO2 

Before doing the experiments with micromixing reactor, a simple manual mixing 

was carried out to be estimated the induction time for aggregation time of TOA particles in 

n-propanol. The solution containing precursor as (A) with TTIP 0.292 M in n-propanol with 

stirring in 10 min was prepared in glove box. After that, it was brought out of glove box and 

then tested manual mixing with solution containing water as (B) (H = 2.5, 3.0, 3.5, 4.0 and 

4.5 after mixing). The following are the steps and conditions of experiments: 

• 10 mL from (A) with stirring in beaker and 10 mL (B) solution was slowly dropped 

into it (concentration of Ti after mxing was 0.146 M). 

• After mixed 5 min, the colloidal solutions were transferred into vials and then closed 

and waited to see the precipitation time. 

• There was no temperature control (10-25 °C) in whole experiments. 

• During mixing and waiting 5 min, there was no moisture and oxygen control (the 

experiments were conducted in atmosphere). 

During the mixed precursors before hydrolyzing, it is possible of rearrangement with role of 

Ti-O-Zr bonding that was proposed by Yutaka et al [162] as the following this equation:  

])HOC(ZrO)HOC(Ti[)HOC(Zr)HOC(Ti 7373473473 mmnn −−→+  

2
B / 3R k Tq τ πη= Bk

( )
4

/ 2
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q
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π

λ θ
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III.2.4  Micromixing experiments for synthesis TOA 

Two solutions of precursor TTIP and water were prepared in two beakers separately 

in glove box: (A) titanium(IV) isopropoxide and (B) water were dissolved into n-propanol 

and isopropanol preparation and then stirred by magnetic stirrer around 200 cycles per 

minute. The stirring time was carried out in 10 min for each solution continuously starting 

from (A). These solutions were transferred into the syringes and stoppers were used to close 

the syringe needles to protect the penetration of oxygen and moistures into the solutions 

when they were brought out of glove box. The general preparation is shown in Figure III-3.  

 

 

Figure III-3: Representative of precursor and water solutions is in beakers and then they 

were transferred into syringes as preparation in glove box. 

 

The time of the stock solutions preparation and transfer to the thermostatic reactor after the 

glove box operations was about 25 min. The reactor volumes (A) and (B) were filled with 

the stock solutions under dry nitrogen gas flow to avoid any atmospheric contamination. 

The reactor performance was checked by measuring the standard induction time 50 ± 5 min 

of the TTIP/H2O = 0.146/0.365 solution in isopropanol [108]. 

III.2.5 Micromixing experiments for synthesis ZTOA 

III.2.5.1 Starting point for ZTOA nanoparticles synthesis 

We started mixing of oxo-alkoxide nanoparticles ZTOA experimentations with the 

equimolar or x = 0.5 of ZrC  = TiC = 0.146 M and hydrolysis ratio prOH /H
2

CC=  in n-

propanol according to the monodispersity from previous studies of TOA and ZOA in case 

only one kind metal element. The concentration of water was started by M365.0OH 2
=C and 
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in this case, H would be 2.5 if all molecules of water reacted with only titanium or only 

zirconium precursors. If all molecules of titanium (IV) isopropoxide reacted with water in n-

propanol, the particle size should be 1.9 nm with the infinite induction time. If all molecules 

of water reacted with zirconium (IV) propoxide, the particle size would be 1.8 nm with the 

induction time around one hour. 

III.2.5.2 Protocol of preparation of stock solutions 

The following are the steps for preparations of precursors and water in glove box 

before injection into tanks (A) and (B) of microreactor: 

- n-propanol was prepared in each beakers, labeling (A) and (B). The prepared 

volumes of solvent in beakers (A) and (B) depended on the volumes of precursors 

and water (the densities of titanium(IV) isopropoxide and zirconium(IV) propoxide 

were  0.9500 and 1.044 g/ml respectively.).  

- Zirconium(IV) propoxide precursor was firstly dissolved in solvent and then TTIP 

precursor. 

- This solution was stirred in 10 min to get homogeneity of precursors in solvent. 

After that it was transferred into syringe.  

- Water solution (in n-propanol) was also carried out after mixed dissolved 

precursors in the same process. 

- It was taken around 25 min including brought out of glove box (total time before 

injection). 

- Note:  Up to several percent isopropoxide from TTIP alkoxide groups may contain 

in some solutions in case of high percentage titanium precursor contents. 

III.3 Solvent effect of nucleation and growth of TOA nanoparticles 

III.3.1 Induction kinetics of TOA with manual mixing 

The precipitation times of the aggregation TOA were noted by naked eyes seeing the 

white appeared particles (changed from transparent to white color): The precipitation times 

are in the table III-1. 
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Table III-1: Induction time of TOA for different hydrolysis ratios in n-propanol solvent with 

manual mixing 

Hydrolysis ratio, H Induction time, min 

2.5 infinite 

3.0 infinite 

3.5 37 

4.0 18 

4.5 5 

 

 

These results helped us to be estimated the amount of hydrolysis ratios for new 

environment TOA particles as solvent effect for our experiments with micromixing reactor 

of environmental and temperature control. 

III.3.2 Solvent effect on TOA kinetics with micromixing 

The induction kinetics of the sol-gel process using the same TTIP precursor and 

different solvents, n-propanol and isopropanol, are shown in Figure III-4. In both cases, the 

appearance of a precipitate comes after some time called "induction period", during which 

small nanoparticles nucleate and grow by a mutual aggregation. Despite of much similarity 

in this behavior, clear differences between the two systems can be remarked: (i) reactivity of 

TOA species in isopropanol is higher compared to n-propanol, since the same induction 

time is obtained with much smaller water content, and (ii) nucleus size in n-propanol (2R~4 

nm) is larger compared to that in isopropanol (2R~5 nm).  
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Figure III-4: Evolution of TOA particles radius in (a) isopropanol (H=2.5) and (b) n-

propanol (H=3.4) solvents (CTi = 0.146 mol/l, T = 20.0 °C, Re ≈ 6000). 

 

More detailed comparison between the two systems can be made in framework of 

the induction model proposed by Soloviev et al. [94] and formalized by Rivallin et al. [95, 

108]. Based on a general description of the hydrolysis and polycondensation reactions, it 

was assumed that they coexist while the first one is totally reversible and the second has a 

critical condensation number, above which the reversibility is cancelled. The integral 

population balance equation (PBE) was solved by the moment transform method to obtain 

the induction rate expressed as  

βατ )( *
Ti

1
hHkCr indind −=≡ −

   Equation III-1 
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where TiC  is the titanium precursor concentration, TiOH /
2

CCH =  is the hydrolysis ratio, h* 

is the critical hydrolysis ratio that defines the amount of water consumed on the nucleation 

stage prior to aggregation, α and β are the reaction orders and k is a constant. The critical 

hydrolysis ratio h*=1.5 has been suggested by Soloviev at al. [94] to explain the 

condensation ratio related to the chemical composition of the oxo-alkoxy nucleus ORTiO 5.1  

and the amount of free water remaining in the solution after the nucleation stage H-h*, 

which enables nanoparticles aggregation. Long time after these studies, this critical 

hydrolysis ratio was admitted however not verified. In particular, Azouani et al [102] have 

considered different H-domains of the sol-gel process concluding about the appearance of 

stable clusters with clR  = 1.6 nm at H ≤ 1.7 and stable nuclei enabling induction kinetics at 

H ≥ 2.0; the limited growth of clusters towards nuclei was proposed in the intermediate 

domain between these two H values. These results made clear necessity to verify the critical 

h* value. 

Using the suggested h* = 1.5, induction rates in two solvents n-propanol and 

isopropanol are shown versus H-h* in Figure III-5a. The linear fit (dotted lines 1 and 2) of 

the n-propanol data in logarithmic frame results in a slope β = 5 as predicts the model 

equation III-1 [94, 95, 108]. The same slope has been previously reported for the induction 

rates in isopropanol solvent, which indicates a strong similarity between both systems. Our 

results support the critical value of the hydrolysis ratio h* = 1.5 compared to 2.0, since the 

experimental data plotted for h* = 2.0 (curve 3 in Figure III-5a) significantly deviate from 

linearity. Being not evidence, this analysis supports a validity of the earlier proposed model 

(1) for the oxo-alkoxy species growth in both studied solvents.  
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Figure III-5: Induction rate (1/tind) versus H-h
*
 for large H >2 ( TiC  = 0.146 mol/l) (a) and 

low H < 2 ( TiC  = 0.292 mol/l) (b) in n-propanol (■, □) and isopropanol (●, ○) solvents. The 

critical h
*
 is taken 1.5 (1 and 2 in (a) and (b)), 1.7 (3 and 4 in (b)) and 2.0 (3 in (a)).  

 

III.3.3 Kinetics comparison at high precursor concentrations 

A better selection between possible h* values could provide direct measurements of 

the induction period at low H < 2.0. In general, at the precursor concentration CTi = 0.146 

mol/l the induction time tends to “infinity” when H approaches 2.0, i.e. becoming longer 

than limiting 24 hours of the experiment. This however does not allows to conclude that the 

critical h* value is equal to 2.0 since the very slow induction rates failed to be observed at 
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the experiment timescale. To overcome an ambiguity in the experimental data interpretation, 

we performed a series of measurements with a higher precursor concentration of CTi = 0.292 

mol/l. According to equation III-1, this accelerates the induction rate almost two orders of 

magnitude, thus allowing decreasing H by remaining within the allowed experimental 

timescale t ≤ 24 hours. 

Two series of experiments with TiC  = 0.292 mol/l and H = 1.8 and 1.9 in n-propanol 

solvent are shown in Figure III-6a. Similar measurements (not shown in figure) were 

performed in iso-propanol solvent. These measurements permitted to refine the model by 

choosing between h* = 1.5 and another possible value 1.7, which according to Azouani et al 

[102] corresponds to the beginning of the limited growth of oxo-alkoxy clusters. Indeed, 

Figure III-5b shows a very good agreement with the model (β = 5 in equation III-1) for h* = 

1.5 while indicates a significant deviation from the power low for 1.7 in both solvents. This 

strongly argues in a favour of the choice h* = 1.5 compared to higher critical values 1.7 and 

2.0. One can conclude that the limited (1.7 < H ≤ 2.0) and accelerated (H > 2.0) growth 

domains take part of a common growth process responsible for the TOA species evolution 

from clusters to nanoparticles. 

III.3.4 Fractal dimension of TOA in n-propanol 

The analysis of the fractional dimension of the particles during the induction stages 

was carried out based on Soloviev et al. [163] and Rivallin et al. [107].  They investigated at 

the starting clusters and growth nanoparticles and condensation by aggregation in the 

induction stages during the sol-gel reaction of the TTIP. The total mass (M) is constant 

during the process and in case that one particle with radius R has mass m, the total number 

of particles is  . Because the intensity scattered a particle under Rayleigh conditions 

is squared 2
mi∞ , the total intensity of the scattered light (ID) by the whole of the particles in 

suspension in the solution is: 

       
Equation III-2 

A fractal particle has mass m and fractal dimension Df has a hydrodynamic radius R, so 

fD
RI ∞ . 

i

M
N

m
=

2 2
D i

M
I N m m Mm m

m
∝ ∝ = ∝



Chapter III  Preparation of size-selected ZTOA 
nanoparticles

 

75 

 

Figure III-6b shows a logarithmic plot I(R) of the experimental data in Figure III-6a. 

As it has been previously shown [94, 95], the light intensity scattered by the interacting 

nanoparticles (I) is related to their radius (R) as 

   
fd

RI ∝      Equation III-3 

where df is the fractal dimension of the associates. We obtained a low fractal dimension 

close to 1 of the growing TOA species in n-propanol, which is characteristic of quasi-linear 

chains. Complementarily to previously published results in isopropanol solvent, the new 

data show a continuity in the linear association of clusters (H < 2.0) and nanoparticles (H ≥ 

2.0) as two parts of the common process kinetics. Indeed, the linear lines in Figure III-6b 

correspond to the cluster association at R < 2 nm and nanoparticles association at R ≥ 2 nm.  
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Figure III-6: (a) Induction kinetics R(t) (●, ○) and I(t) (solid lines) and (b) plot I(R) in 

logarithmic frame for H=1.8 (●) and 1.9 (○) in n-propanol ( TiC  = 0.292 mol/l, T = 20.0 °C, 
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Re ≈ 6000). The dotted line in (b) is least-squares fit of the experimental data with Equation 

III-3. 

 

III.3.5 Particle sizes of TOA in different solvents 

The kinetics of TOA clusters and nanoparticles in n-propanol and isopropanol 

solvents support the growth model of Refs [94, 95, 108]. As Figure III-4 shows, the reaction 

rate is strongly affected by solvents and that in n-propanol is much slower. Our results show 

that solvents also affect the nanoparticle size. The hydrodynamic sizes of TOA species in n-

propanol and isopropanol solvents are shown respectively in Figure III-7a and Figure III-7b 

for different H between 1 and 4. In both solvents, clusters with a radius R = 1.6 nm appear 

in the very beginning of the process and convert to nanoparticles, which hydrodynamic radii 

are different in n-propanol R = 1.9 nm and isopropanol R = 2.6 nm. This suggests a strong 

sensitivity and adaptability of these TOA species to the environment, in a general agreement 

with refs [151, 164, 165]. In contrast, the small clusters possess a strong energetic stability, 

which permits conserving their structure in different liquid environments. We assume that 

this stronger stability of smaller units compared to larger ones reflects the hierarchy of oxo-

alkoxy species, which also manifests itself in the growth process kinetics. In fact, the limited 

growth of TOA clusters can be easily observed at small H ≤ 2 (Figure III-6) while it is 

difficult to distinguish as a part of the kinetic curves at large H (Figure III-4), which can be 

explained by the rapid kinetics controlled by a large amount of free water in the solution.  
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Figure III-7: Particles radius evolution with H in (a) isopropanol (b) n-propanol solvent 

(CTi = 0.146 mol/l, T=20.0 °C, Re = 6000). 

 

In small-H domain (H ≤ 2), the cluster size and reaction kinetics are almost not 

sensitive to the solvents. In contrast, in the large-H domain (H>2), where the basic structural 

unit becomes nanoparticle and the process kinetics is governed by reactions between 

nanoparticles, both size and reaction rate are sensitive to the nature of solvent. The observed 

relative stability of the smallest structural oxo-alkoxy units (clusters) in different solvents in 

a broad range of water and precursor concentrations requires further clarification of the 

common features of the oxometallate species restructuring. 

III.3.5.1 TOA species growth in isopropanol 

For the concentration TTIP = 0.292 M in isopropanol, the particle sizes TOA in the 

evaluation growth seem to be bigger than 0.146 M with the difficulty of measurements and 
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as an example of the nucleation with the evaluation growth of particles is shown in Figure 

III-8. 

The particles are nucleation immediately after injection and then growth in 

sometimes. As in Figure III-8a, the size was R0 = 2.5 nm in line (1) when it is plotted only 

with the linear data at the beginning.  But if it is plotted in general, it should be above R0 = 

3.0 nm as line (2) in Figure III-8a. The general mechanism should be similar to Figure III-

8b. It is rapid at the beginning and then become normal linear growth up to aggregation. 
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Figure III-8: Evolution of TOA particles radius in isopropanol (H = 1.8) solvent ( TiC = 

0.292 mol/l, T = 20.0 °C, Re ≈ 6000). (a) For the selected fitting at the beginning (1) and 

general fitting (2) and (b) for the general representative mechanism of nucleation and 

growth. 

 

The intensity of the induction stage increased quickly and induction time is selected 

at the intensity five times bigger than the beginning. As in Figure III-9, then induction time 

is around 3.6 h. 
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Figure III-9: The scattering intensity of TOA particles in isopropanol (H = 1.8, TiC =0.292 

mol/l, T = 20.0 °C, Re ≈ 6000). 

 

III.3.5.2 TOA particle size in n-propanol 

Figure III-10 shows TOA particle sizes in n-propanol at 0.292 M TTIP different 

hydrolysis ratios. They are quite similar to that at twice lower precursor concertation of 

0.146 M in the range of relatively low hydrolysis ratios.  
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Figure III-10: Particle sizes of TOA in n-propanol as the concentration 0.292 M ( T = 20.0 

°C, Re ≈ 6000). 

 

III.4 Nucleation and growth kinetics of ZTOA nanoparticles 

III.4.1 Particles polydispersity 

The point-like reaction conditions attained with the micromixing reactor permit 

nucleating monodispersed ZOA and TOA nanoparticles. This conclusion, however, cannot 

be undoubtedly extrapolated to the mixed oxide ZTOA nanoparticles, because of eventually 

different chemical activities of the precursors. We therefore checked the particles 

monodispersity with the DLS method. An example of the measured autocorrelation function 

(ACF) of the ZTOA nanoparticles for equimolar concentrations of zirconia and titania 

precursors ( ZrC  = TiC  = 0.146 mol/l, x = 0.5) with H = 1.25 in n-propanol solution is shown 

in Figure III-11. One can see no appreciable deviation of the experimental points from the 

single exponential decay, which signifies quasi perfect monodispersity of the nucleating 

nanoparticles with the mean radius of 2.08 nm and standard deviation of the experimental 

points ~1%. Based on the measured ACF data, we concluded about point-like reaction 

conditions and, consequently, regime of low Damköhler numbers in sol-gel solutions under 

study. The size of ZTOA nanoparticles suggests comparable reactivates of both precursors. 

Indeed if one of Zr or Ti would dominate, the correspondent species evolves advantageously 

in the reaction conditions with equivalent local hydrolysis ratio heq = 2.5, which leads to the 

nucleus size of 1.9 nm (TOA) or 1.8 nm (ZOA), which are significantly different from then 

those measured, R = 2.08 nm. Both precursors, therefore, undergo simultaneous hydrolysis 

condensation reactions after the micromixing, forming composite oxo-alkoxy species. 
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Figure III-11: Characteristic ACF of ZTOA nanoparticles in n-propanol( M292.0pr =C

5.0=x , 25.1/H prOH2
== CC , T = 20 °C, Re ≈ 6000). 

 

III.4.2 Induction kinetics versus hydrolysis ratio 

More investigation of the induction kinetics was carried out with the composition x = 

0.5 at different hydrolysis ratios. In the range of H = 1.25-1.50, the particle size was stable 

with R = 2.1 nm and the induction time is infinite. Different from this, the particle size was 

changed to be bigger to R0 = 2.6 nm from H = 1.55 as shown in Figure III-12. Also we 

observed the kinetics about how it grew.  To get the induction time, the intensity was 

assumed five times higher than the initial values. Table III-2 showed the induction time, the 

detail of initial radius particle sizes with standard deviations in different hydrolysis ratios. 

 

Table III-2: Initial radius of nano-composites (R0) and induction times for different 

hydrolysis ratios H (CZr = CTi = 0.146 M, T = 20 °C). 

H R0 (nm) ∆R (nm) t (ind) (min) 

1.25 2.08 0.02 infinite 

1.30 2.11 0.04 infinite 
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1.40 2.06 0.06 infinite 

1.50 2.06 0.03 infinite 

1.55 2.50 0.04 infinite 

1.60 2.45 0.06 175 

1.65 2.65 0.04 100 

1.70 2.78 0.08 43 

1.75 2.69 0.04 23 

1.80 2.71 0.08 12.5 
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Figure III-12: Initial radius of mixed ZTOA ( 0R ) for different hydrolysis ratios H (

5.0,M292.0pr == xC , T = 20 °C, Re ≈ 6000).  

 

The ZTOA nanoparticles prepared at low hydrolysis ration, as e.g. those presented in 

Figure III-13, form stable colloids. In contrast, at higher H the characteristic induction 

period of the sol-gel process can be observed, during which the nanoparticles grow by 

agglomeration [149] and precipitate at the end. The precipitation corresponds to the 

formation of large particles which strongly scatter the incident light. This can be monitored 
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by the SLS measurements presented in Figure III-13 for a fixed precursor concentration and 

1.6 ≤ H ≤ 1.8, which label I(t) curves. The particle growth accelerates with an increase of 

water concentrations in the solution. As Rivallin et al [108] have shown, the induction 

kinetics can be represented by induction rate (in s-1) equivalently expressed in terms of the 

inverse induction time and slope of I(t) curves: 

dtdIr indind /1 ∞= −τ
       

Equation III-4 

It can be also shown that the intensity scattered by the ensemble of colloidal nanoparticles 

can be expressed as: 

∫
∞

=∞
*

2
2 ),()(

m

dmtmFmtI µ

      

Equation III-5 

where m2 is the second momentum of the particle mass (m) distribution F(m,t). We checked 

the equivalence hypothesis of equation III-4 and confirmed that it holds in case of the 

ZTOA nanoparticles growth. We therefore assumed that the basic mechanism of the 

particles agglomeration is common for simple metal oxide, TOA and ZOA, and mixed oxide 

ZTOA nanoparticles. 
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Figure III-13: The temporal evolution of the scattered light intensity during induction 

period of mixed ZTOA in n-propanol for different hydrolysis ratios H, (

5.0,M292.0pr == xC , T = 20 °C, Re ≈ 6000).  
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The particle radius dependence on H is shown in Figure III-12 and table III-2. We 

notice that R0 = 2.08 nm at low H ≤ 1.5 corresponds to the stable colloids, while it suddenly 

changes to R0 = 2.6 nm at H > 1.5. The last one represents the initial radius of ZTOA 

nanoparticles in the beginning of the induction period. In agreement with earlier studied 

TOA species [102], we ascribed smaller species to sub-nucleus units - clusters and larger 

units to nucleated nanoparticles, which grow by mutual aggregation during so-called 

induction stage. The ratio of their respective volumes assuming spherical shapes is 2, which 

suggests the formation of nucleus by coalescence of two clusters. In case that the plotting 

the rate (1/tind) versus hydrolysis ratios was done, the relation was exponential as shown in 

Figure III-14. 
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Figure III-14: Dependence of induction time on the hydrolysis ratios ( 5.0,M292.0pr == xC , 

T = 20 °C, Re ≈ 6000). 

 

The dependence of the induction rate 1−
indt  on hydrolysis ratio H, according to 

experimental data of Figure III-12, is shown in Figure III-13.  The colloid stability was 

confirmed for H ≤ 1.5, while H > 1.5 enables the induction period. The sol-gel process rate 

(equation III-4) can be expressed as [94]: 
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OHOH )(
22

−=−= +

    
Equation III-6 

where k, Cpr, Cw and h* are respectively reaction constant, precursor, water molar 

concentrations, and critical hydrolysis ratio accounted for the nuclei formation, above which 

the nuclei aggregation becomes possible. The coefficients a and b in equation III-6 describe 

the reaction order related to zirconium and titanium precursors and water molecules, which 

is generally higher than 1. In order to experimentally evaluate critical h* of the ZTOA sol-

gel growth, rind was plotted versus H as shown in Figure III-15. The best fit by the power 

law resulted in 05.045.1* ±=h and 4.00.4 ±=b . The obtained h* is similar to that 

previously reported for TOA and ZOA species [102, 105], which signifies the common 

onset of the condensation process between surface hydroxyls. At the same time, the reaction 

order b is smaller compared to that of TOA (b = 5) and ZOA (b = 6.6) species. In agreement 

with the proposed model [108], this indicates different critical numbers of surface hydroxyls 

making the condensation process irreversible. 

 

Figure III-15: Dependence of the induction rate on the hydrolysis ratio excess a critical 

value h* = 1.45 ( 5.0,M292.0pr == xC , T = 20 °C, Re ≈ 6000).  

 

We also checked the relation of the slope with the induction rate. It was linear with the value 

of  and Figure III-16 is shown for this relation. /
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R
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Figure III-16: Slope of I(t) curves versus induction rate (1/tind) during the induction period 

of the ZNP–TNP–n-propanol sol–gel process for different hydrolysis ratios H ≥ 1.6 (

5.0,M292.0pr == xC , T = 20 °C, Re ≈ 6000). 

 

III.4.3 Nucleus size for different ZTOA compositions  

The size of ZTOA nanoparticles is sensitive to the elemental composition x as 

evidences Figure III-17. In agreement with previous observations, all colloids prepared with 

a fixed precursor concentration TiZr CC + = 0.292 mol/l and H = 1.25 were stable. The 

particles radii of pure TOA and ZOA species (respectively x = 0 and 1 in our notations) 

correspond to those earlier measured in TTIP/n-propanol, R = 1.6 nm [159], and ZNP/n-

propanol, R = 1.8 nm [105], solutions. On the other hand, the radii of species with 

intermediate compositions progressively increase with an addition of the second element, Zr 

for x > 0 and Ti for x < 1, into host matrixes, respectively TOA and ZOA. The particles 

radius attains a plateau of nm05.008.2 ±  for the compositions 0.3 ≤ x ≤ 0.7. We assume 

that stable particles of this size are different from TOA and ZOA nanoparticles, being, at the 

same time, characteristic of the mixed oxide ZTOA nucleus. Moreover since the variation of 

the elemental composition does almost not affect the ZTOA nucleus size, we suppose an 

existence of the “soft” solid solutions of a variable composition that this nucleus adopts. 
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Figure III-17: Radii of ZTOA nanoparticles (●) of difference compositions x (Cpr = 0.292 

M, H = 1.25, T = 20 °C, Re ≈ 6000). Sizes of reference TOA (■) [159]and ZOA (▲) [105] 

species prepared in similar conditions are included. 

 

III.5 Conclusion 

In conclusion, we performed a comparative study of the nucleation-growth kinetics 

of titanium oxo-alkoxy nanoparticles in n-propanol and isopropanol solvents. A common 

feature of the both systems is the appearance of stable clusters with the hydrodynamic radius 

1.6 nm in the very beginning of the sol-gel process after an ultra-rapid mixing of the 

reacting fluids containing titanium precursor and water. The cluster size is stable in a large 

parametric domain ( TiC  and H) of the sol-gel process and is not sensitive to the solvents. At 

large hydrolysis ratios (H > 2) the basic colloid unit becomes nanoparticle; in this domain 

both size and reaction kinetics are sensitive to the solvents. In particular, the hydrodynamic 

radius of the TOA nanoparticles in n-propanol and isopropanol solvents is 1.9 nm and 2.6 

nm respectively. Our results suggest that the stability of the growing TOA species decreases 

with an increase of their size, supporting the hierarchical model of the sol-gel growth. Our 

analysis confirms the critical hydrolysis ratio h* = 1.5, which enables the growth of TOA 

species forming quasi-linear chains of the associating clusters and nanoparticles. 
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For the concentration 0.146 M, the growth particle TOA in n-propanol solvent is 

slow with hydrolysis ratio up to 4 (≈ 5 min induction time) while in isopropanol the 

maximum hydrolysis ratio just only 3 (≈ 4 min induction time). At the concentration of 

0.146 M TTIP precursor, the critical h* (hydrolysis ratio) was possible with 2 and 1.5. But it 

was 1.7 and 1.5 when the concentrations were double (0.292 M). Anyway, the best fit of 

rate (1/t) verse with H-h* was at h* = 1.5 that is correct to Soloviev’s suggestion of 

aggregation after higher this hydrolysis ratio. In n-propanol with the concentration 0.292 M 

TTIP, the fractal dimensions were very nice with low values 1.01.1f ±=d , which are exact 

quasi-linear chains reactions. 

The monodispersed mixed oxide ZTOA nanoparticles of different compositions 0.0 

≤ x ≤ 1.0 were successfully synthesized in n-propanol solvent in a sol-gel reactor with ultra-

rapid micromixing. At the hydrolysis ratio H = 1.25, the particle size was 2.08 nm for the 

compositions of 0.3 ≤ x ≤ 0.7. The nucleus size progressively decreases to that to ZOA (1.8 

nm) for x ≥ 0.8 and to that of TOA (1.6 nm) for x ≤ 0.2. The equimolar mixture of 

zirconium(IV) propoxide and titanium(IV) isoprooxide precursors was used to study the 

effect of the hydrolysis ratio on the particle size: ZTOA nanoparticles have radius 2.1 nm 

hydrolysis ratio H ≤ 1.5 that increases to 2.6 nm for higher hydrolysis ratio. In the same 

time, mixed oxide ZTOA nanoparticles were stable at H ≤ 1.5 and underwent an accelerated 

growth at higher H values showing a common induction period of the sol-gel process. The 

obtained value of the critical hydrolysis ratio h
* is similar to that previously reported for 

TOA and ZOA species, which signifies a common onset of the condensation process 

between surface hydroxyls enabling particles aggregation. The reaction order b (equation 

III-7) is smaller compared to that of TOA (b=5) and ZOA (b=6.6) species. In agreement 

with the proposed model by Rivallin, this indicates different critical numbers of surface 

hydroxyls making the condensation process irreversible.  
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Notations 

TOA   titanium oxo-alkoxide  

ZOA   zirconium oxo-alkoxide  

ZTOA   zirconium titanium oxo-alkoxides  

R   radius of particles (nm) 

0R    initial radius of particles (nm) 

H   hydrolysis ratio 

h*   critical hydrolysis ratio 

TTIP   titanium tetraisopropoxide  

CTTIP   concentration of titanium tetraisopropoxide (mol/L) 

CTi   concentration of titanium (mol/L) 

CZr   concentration of zirconium (mol/L) 

OH2
C    concentration of water (mol/L) 

Cpr   concentration of precursors ( ) (mol/L) 

x   composition of zirconium content compared to concentration of precursors 

T   temperature (°C or K) 

Bk    Boltzmann constant (1.38064852 × 10-23 m2 kg s-2 K-1) 

q   scattering vector  

θ    angle (°) 

n   refraction index 

Re   Reynolds numbers 

ACF   autocorrelation function  

ZNB   zirconium n-butoxide 

ZNP   zirconium n-propoxide 

DLS   dynamics light scattering 

SLS   static light scattering 

SAXS   small angle x-ray scattering  

TEM   transmission electron microscopy 

I   scattering light intensity (Hz) 

Q   fluid rate (
13sm −
) 

d   diameter (m) 

Da   Damköhler numbers 

pr Zr TiC C C= +
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ppm   part per millions 

k   rate constant  

indr    rate at the induction time ( 1min − ) 

EXAFS  extended x-ray absorption fine structure  

m   mass of particle  

a and b  order reaction of mixed Zr and Ti precursors 

TiV    size volume of TOA 

ZrV   size volume of ZOA 

ZrTi +V   size volume of ZTOA 

TiR    radius of TOA 

ZrR   radius ZOA 

ZrTi +R   radius of ZTOA 

Symbols  

ρ   density ( 3m.kg − ) 

η   dynamic viscosity (Pa.s) 

indτ    induction time (min) 

α   order reaction of precursor 

β   order reaction of hydrolysis ratio 

df   fractal dimension 

λ   wavelength (nm) 
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The observed peculiarities of the ZTOA species nucleation in chapter III permit 

concluding about the homogeneity of the elemental composition at the nanoscale, which is a 

prerequisite for the preparation of the single phase crystalline ZrxTi1-xO2 solids. In the 

following, we consider their crystalline structure and morphology as a function of the 

elemental composition x. 

In this part we will describe about the measurement and characterization results of 

thermal analysis TGA/DTA, X-ray diffraction, ICP-OES analysis, TEM, Band gaps 

measurement and BET surface area. 

IV.1 TGA-DTA analysis 

The differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of 

ZTOA nanopowders obtained after drying procedure are presented in Figure V-1 and Figure 

V-3. Two kinds of exothermic peaks were observed in DTA experiments (Figure V-1 and 

Figure V-3): at low 210-250 °C (Tl) and high 380-680 °C (Th) temperatures. At the sample 

time, the mass loss of these samples is almost terminated at temperatures ~400 °C (Figure 

V-2). Since the high temperature DTA peaks are not accompanied by the mass loss, they 

were assigned to crystallization. Accordingly, at low temperatures ZTOA nanoparticles 

undergo structural reorganization by loosing surface alkoxy and hydroxy groups becoming 

amorphous composite metal oxide nanoparticles: 

  21
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Figure IV-1: Characterization of decomposed organic residues by thermal analysis (DTA) 

of  ZrxTi1-xO2 nanoparticles with different elemental compositions 0 ≤ x ≤ 1. 

 

This structural transformation appeared to be sensitive to the elemental composition 

x of ZTOA species. Indeed, three groups of samples can be distinguished in Figure V-1: 

(x1)  with relatively narrow exothermic peak at T = 218 °C, (x2) 

with relatively narrow exothermic peak at T = 234 °C and (x3) with an extremely 

broad double maxima exothermic peak in the temperature range between 225 and 255 °C 

and a inflection point at ~240 °C. These three groups can be perfectly identified in TGA 

curves of Figure V-2, where the sudden mass loss of groups x1 at 218 °C and x2 at 234 °C 

can be identified, while group x3 corresponds to a smooth variation of mass loss curves, 

which become flat at the DTA inflection point ~240 °C. The identified groups of the 

structural transformation, presented by equation IV-1, correlate with ZTOA particle radius 

evolution, R(x). Indeed as Figure III-22 in chapter 3 shows, particles size firstly increases 

with an increase of x>0 (x1), followed by a broad plateau, where it does almost not change 

(x2), and concluded by a decrease when x approaches 1 (x3). The exothermic peak around 

250 °C has been previously observed during TiZrO4 membranes preparation by sol-gel 

method and assigned to the decomposition of alkoxides and combustion of isopropanol [37]. 

We assumed in our study that the elimination of organics from the particle surface is 

connected to the strength of chemical bonds, which depend on the material nature and not 

particle size, since the size strongly changes in zones x1 and x2 while DTA peak positions 

and TGA curved do not. Then, the ZTOA particle size is not an independent parameter but 

also a consequence of the elemental composition. 

0 0.2x≤ ≤ 0.3 0.6x≤ ≤

0.7 1x≤ ≤
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Figure IV-2: Thermogravimetric analysis (TGA) of ZrxTi1-xO2 nanoparticles with different 

elemental compositions 0 ≤ x ≤ 1. 

 

In contrast to the low temperature peaks (T 250 °C), the high temperature DTA 

peaks in Figure V-3 exhibit a strong variation with x, which has no straightforward 

correlation with the three material groups x1, x2 and x3. However, groups x1 and x2 are in 

the range of a strong variation Th(x) while group x3 is in the turning region with the 

maximum Th = 678 °C at x = 0.5. In agreement with previous studies [37], pure TiO2 (x = 0) 

and ZrO2 (x = 1) metal oxides crystallize at the lowest temperatures of 378 and 387 °C, 

while an addition of the second element leads to a significant increase in the crystallization 

temperatures. According to Figure IV-2, this process terminates at temperatures ~400 °C 

and the high temperature DTA peaks are not accompanied by any significant mass loss. The 

general transitions from amorphous to crystalline are in   IV-3. 
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Figure IV-3: The characterization of crystalline transition temperatures by thermal analysis 

(DTA) of ZrxTi1-xO2 nanoparticles with different elemental compositions 0 ≤ x ≤ 1. 

 

IV.2 X-ray diffraction analysis 

From the investigations by thermal analysis DTA-TGA, the nano-powders materials 

were treated at the post transition temperatures for studies by X-ray diffraction. The selected 

calcinations are in table IV-1. 

 

Table IV-1: The selected temperatures of each composition for mixed ZrxTi1-xO2 to do 

calcinations 

 

The analysis of the crystalline structure of ZrxTi1-xO2 nanopowders was performed 

after XRD measurements of the heat treated samples at temperatures Th(x) obtained from 

the DTA data in Figure IV-3 and the detail temperatures are in table IV-1. The recorded 

XRD patterns are presented in Figure IV-4. The pure TiO2 (x = 0) and ZrO2 (x = 1) 

Compositions, 
x  0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Tcalcination, °C 410 500 600 650 680 700 690 670 590 510 430 
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materials were crystallized in respectively anatase and mixed monoclinic/tetragonal phases. 

By varying the elemental composition of ZrxTi1-xO2, XRD peaks exhibit significant 

variation in position and intensity, indicating continuous deformation of the crystalline cell 

by insertion of Zr atoms into TiO2 matrix. To rationalize these observations, after the careful 

determination of the Caglioti parameters using a standard LaB6 powder, Rietveld 

refinement was performed using MAUD (Material Analysis Using Diffraction) software 

[166]. The pattern fitting was performed using a standardized procedure, allowing a free 

variation of the respective amounts of each phase, and, considering the nonstoichiometric 

composition of some phases, the lattice parameters were considered as variables. The 

Crystallographic Information Files (CIF) were retrieved from the PDF4 database, using the 

file reference number 5000223 [167], 1008790 [168], 9009919 [169] and 1010912 [170] for 

anatase-TiO2, orthorhombic ZrTiO4, tetragonal ZrO2 and monoclinic ZrO2 respectively. 

Other phases (rutile TiO2, brookite TiO2, cubic ZrO2, etc.) were also tried but zero volume 

fractions were always obtained. In a final step, to optimize the quality of the Rietveld 

pattern refinement and obtain the amounts of different phases, arbitrary texture option was 

used. The result of this fitting procedure on example of Zr0.5Ti0.5O2 nanopowder is shown in 

Figure IV-5, which undoubtedly evidences the formation of the orthorhombic phase of 

ZrTiO4. Despite an apparent continuity in the evolution of diffraction patterns in Figure IV-

4 and large flexibility allowed in the Rietveld refinement due to a possible free evolution of 

both lattice parameters and texture, strong discontinuities revealed between anatase phase of 

TiO2 for , orthorhombic phase of ZrTiO4 for , and biphasic 

monoclinic/tetragonal ZrO2 for . Our analysis showed that the experimental 

patterns were not compatible with any mixture of phases neither in the Ti-rich nor in the Zr-

rich regions. 

0 0.2x≤ ≤ 0.3 0 .6x≤ ≤
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Figure IV-4: XRD patterns of ZrxTi1-xO2 nanopowders with different elemental compositions 

0≤x≤1, heat treated at temperatures Th(x) of the exothermic peaks in DTA curves. The peaks 

of anatase, orthorhombic and tetragonal / monoclinic phases are respectively indexed in 

diffractograms x=0, x=0.5 and x=1 (peaks of monoclinic phase are complimentary labeled 

with m; the very weak peaks are only labeled). 

 

Based on this modeling, the crystalline phase and cell parameters of prepared ZrxTi1-

xO2 materials were obtained as depicted in table IV-2. Consequently, XRD patterns in 

Figure IV-4 were assigned to different single phase materials: 

- in the range 2.00 ≤≤ x , anatase TiO2 is preserved; 

- in the range 6.03.0 ≤≤ x , orthorhombic ZrxTi1-xO2 appears; 

- in the range 17.0 ≤≤ x , mixed monoclinic and tetragonal ZrO2 coexist with 

the percentage of tetragonal phase decreasing with an increase of x.  

These composition domains of the appearance of these different phases perfectly fit 

those x1, x2 and x3 defined after DLS analysis of ZTOA nanoparticles in chapter 3 and 

DTA/TGA analysis of ZTOA nanopowders transformation to ZrxTi1-xO2. We observed that 

by insertion of Zr atoms into TiO2 host matrix, the crystalline cell progressively deforms by 

conserving the phase until it switch to a more stable structure. Consequently, anatase TiO2 
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reported in number of works: a = 4.80 Å, b = 5.49 Å and c = 5.03 Å [172], a = 4.8042(2) Å, 

b = 5.4825(3) Å, c = 5.0313(2) Å [168] or a = 4.8087(1) Å, b = 5.3630(1) Å and c = 

5.0301(1) Å [173]. The sensitivity of solid solutions to the compositional heterogeneity and 

difficulties of obtaining the elemental homogeneity low temperature synthesis, may account 

for some discrepancy in the earlier reported data. On the other hand in the high temperature 

domain, Troitzsch et al [174] have reported on the orthorhombic cell parameters increase 

with x with the values at x = 0.5: a = 4.8069(2) Å, b = 5.4785(2) Å, c = 5.0339(2) Å and cell 

volume 132.57 Å3, which obviously agree with our data and V = 132.85 Å3. One has to be 

careful by comparing high and low temperature data since pure single-metal oxide phases 

are not the same (e.g. rutile against anatase in TiO2). 

 

Table IV-2: The crystalline parameters, phase transitions and sizes of different composites 

ZrxTi1-xO2 

 

According to table IV-2, the cell parameters of all crystalline phases exhibited a 

regular modification, when Zr progressively replaces Ti in the oxide matrix. In TiO2, both 

parameters a and b increase with an increase of x. In ZrxTi1-xO2, a parameter increases 

strongly while c parameter increases barely and b parameter decreases. The distortion also 

appears in ZrO2 phases with the increase of two parameters (a and c for tetragonal and a and 

b for monoclinic zirconia) and decrease of the third parameter (b for tetragonal and c for 

monoclinic zirconia). Despite of these complex modifications, the crystalline cell volumes 

increase with x for each of the observed phases, as shown in Figure IV-6. In case of the 

mixed tetragonal and monoclinic phases (x ≥ 0.7), the weighted average of monoclinic and 

 

 TiO2 anatase ZrxTi1-xO2 orthorhombic  
Compositions, x 0.0 0.1 0.2 

 

0.3 0.4 0.5 0.6 
 

 
Crystalline 
parameters 

a 
b 
c 
Size, nm 

 

3.791 3.819 3.833 
3.791 3.819 3.833 
9.603 9.655 9.774 

20 52 42 
 

4.683 4.760 4.810 4.900 
5.524 5.523 5.492 5.433 
4.996 5.017 5.029 5.044 

27 39 23 12 
 

 

 ZrO2 

Tetragonal Monoclinic 
Compositions, x   0.7 0.8 0.9 1.0 

 

0.7 0.8 0.9 1.0 
 

 
 
Crystalline 
parameters 

% 
a 
b 
c 

beta 
Size, nm 

 

85.0 83.2 85.2 71.2 
3.545 3.573 3.587 3.601 
3.545 3.573 3.587 3.601 
5.263 5.215 5.171 5.175 

13 14 14 19 
 

15.0 16.8 14.8 28.9 
4.964 5.105 5.148 5.189 
5.485 5.293 5.195 5.126 
5.220 5.331 5.291 5.339 
86.64 84.62 84.72 80.94 

17 8 12 10 
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tetragonal phases was used as a representative of the ZrxTi1-xO2 cell evolution. This global 

increase of the lattice volume is apparently connected to a greater size of the substitutional 

element Zr2+, which is 86 pm against 74.5 pm for Ti2+. As for the crystalline grain size (see 

table IV-2), no significant trend can be found within each of the three x domains. We 

however notice its progressive decrease from one domain to the next one, with an average 

diameter of 38 nm for anatase TiO2, 25 nm for orthorhombic ZrTiO4 and 15 and 12 nm for 

respectively tetragonal and monoclinic ZrO2. 
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Figure IV-6: Lattice volumes (A
3
) in different phases and compositions of crystalline ZrxTi1-

xO2 nanoparticle.(The lattice volume of t-ZrxTi1-xO2 were multiplied by 2 due to this 

compound containing two metal elements). 

 

Based on the above discussion of structural transformations ZTOA → ZrxTi1-xO2, we 

conclude that the elemental composition x of a ZTOA nucleus accounts for a profound 

modification of the material electronic structure, which defines the particles size, strength of 

the surface bonds and crystalline structure of the final material ZrxTi1-xO2. As a result of the 

homogeneous dispersion of titanium and zirconium elements at the atomic level, single-

phase solid scan be obtained. 
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IV.3 TEM analysis 

The TEM analysis of ZrxTi1-xO2 nanopowders confirms homogeneous elemental 

distribution of Zr and Ti elements at nanoscale. The first example of the mixed oxide 

material with x = 0.5 after the heat treatment at 680 °C is shown in Figure IV-7. The energy 

filtered TEM images of Ti (d) and Zr (e) maps perfectly recover in the area of the relevant 

material absorbance (c). An interesting result concerns the nanoscale morphology of the 

calcined powders. In fact, the powder consists of well crystallized particles with size ~100 

nm as shows Figure IV-7a. This particle is a monocrystal and, after a proper alignment, 

crystalline planes with the interplane distance d = 0.27 nm can be observed in Figure IV-7b. 

The electron diffraction pattern, given in inset of Figure IV-7b, supports this conclusion 

about the monocrystalline character of particles. At the same time, inset in Figure IV-7b 

evidences nanoporosity of the particles, with the mean pore size about 4 nm. We believe 

that the reason of this phenomenon lies in the monodispersed nature of the original ZTOA 

nanoparticles that compose the powder. Indeed, the crystallization is a kinetically rapid 

process and it begins in the contact area between particles in a powder, in contrast to single 

nanoparticles [175]. For temperatures close to the phase transition onset, the nucleation 

frequency of a new phase is sufficiently low, which favors initiation of crystallization of an 

aggregate from one constituting nanoparticle. In these conditions, the crystallization can 

expand all over the aggregate making the first nucleus a template for the new phase growth 

resulting in the formation of a monocrystal. The statistical analysis of TEM images showed 

that some submicronic nanoparticles may consist of more than one monocrystal. This can be 

explained by fluctuations resulting in instantaneous appearance of two and more nucleus of 

a new phase in the same aggregate. In such case of the multiple nucleations, several centers 

of a new phase growth would lead to a polycrystalline particle. We assume that in our 

calcined powders, the mean particles size of ~100 nm favours single nucleation site of a new 

phase. 
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In order to additionally validate the preparation method, we performed a comparison 

of the composition x: imposed by the synthesis conditions (EXP) and obtained from 

EFTEM measurements of the precipitated ZTOA and crystallised ZrxTi1-xO2 materials, as 

shown in Figure IV-9. We obtained that xsyn = xEFTEM by analysing ZTOA materials, 

while a dispersion of xEFTEM data takes place in the crystallised ZrxTi1-xO2 materials for 

elemental compositions 0.4 ≤ x ≤0.7. Since the new orthorhombic phase appears the same 

range of x, the smaller Zr content in the crystallised material may be related to the stability 

of the respective solid solutions. 

0.90.60.30.0

0.9

0.6

0.0

 amorphous
 Crystalline

Z
r/

(Z
r+

T
i)

, T
E

M

Zr/(Zr+Ti), exp

TiO
2

ZrxTi1-xO2 ZrO
2

0.3

 

Figure IV-9: The comparison the compositions from experimental with EELS of TEM 

results. 

 

IV.4 ICP-OES analysis 

Preparation for analysis: The amorphous powders were balanced and then dissolved in 

concentrated nitric acid with heat at 60 °C for one hour. The solutions were diluted with 

distillated water by keeping nitric concentration around 6 M. The diluted samples (between 

1 to 10 ppm) were kept elements (Zr and Ti) concentrations in the range of standard solution 

and LOD of instrument.  
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Figure IV-11: Band gaps of different compositions of composite ZrxTi1-xO2. 

 

The energy evolution with x looks indeed continuous. However, we can notice some 

peculiarities of this evolution. (i) Band gap drops down quickly from 5.4 to to 3.7 eV with a 

small Ti element addition to ZrO2 matrix (0.7 ≤ x ≤ 1). (ii) There is no significant variation 

of band gap energy with a small addition of Zr element to TiO2 matrix (0 ≤ x ≤ 0.2): the 

measured energies are 3.14, 3.19 and 3.2 respectively for x = 0, 0.1 and 0.2. (iii) There is a 

smooth variation of the energy in the range of intermediate compositions 0.3 ≤ x ≤ 0.6. 

Taking into account our structural analysis of the prepared material (Chapter IV-2), one can 

conclude about stable band gap energy of anatase TiO2 despite of the substantial crystalline 

cell deformation by Zr insertion (see Table IV-2 and Figure IV-6). These materials can be 

considered for photocatalysis applications under UVA light illumination.  

 

IV.6 Specific surface area (BET) 

The measured specific surface area of ZrxTi1-xO2 crystalline solids is shown in Figure 

IV-12. The nanopowders were well crystallized after the heat treatment at temperatures 

slightly above that of the DTA exothermic peak in Figure IV-3, as confirmed by TEM and 

X-ray diffraction analyses. The surface area strongly increased after adding a small amount 

of zirconium element and attains a maximum at x = 0.05, after which it decreased reaching a 

plateau at x ≥ 0.5. We notice that BET surface area 25 m2/g of pure TiO2 nanopowders was 
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different from that in our previous studies ~50 m2/g. This may be related to different 

solvents (n-propanol vs iso-propanol) and heat treatments. A low specific surface area of the 

heat treated ZOA nanopowders has been previously reported [160]. This effect does not 

concern polydispersed nanoparticles and was observed only in monodispersed nanoparticles. 

It has been explained by a strong surface retention of carbonaceous species that induces the 

particles sintering at heat treatment, thus reducing the surface area. This effect may also 

concern mixed-oxide ZrxTi1-xO2 nanopowders with a high Zr content. 
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Figure IV-12: Specific surface areas (BET) of nanoparticulate ZrxTi1-xO2 solids (0≤x≤1). 

 

BET surface area of mixed ZrO2-TiO2 materials of different compositions has been 

measured previously and often peaked at the composition x = 0.5 [18-20, 38, 40, 176-178], 

which however belong to not well or non crystalline materials. Indeed, the heat treatment 

were done at temperatures lower than that of the amorphous-crystalline 650 °C (according 

to thermal (DTA) and X-ray diffraction analyses): e.g. 400 °C [18], 402 °C [176], 500 °C 

[38] or 550 °C [19, 20]. To get well crystalline all compositions should be done calcinations 

the same as table IV-1. Zou et al [40] have found the highest surface area at x = 0.5 of this 

binary oxides heat treated at 450 °C (amorphous) and 800 °C (crystalline); however, the 

homogenous materials were not confirmed in this study. Other compositions with the 

highest BET surface have been reported: x = 0.25 at 500 °C [51] and  x = 1 at 600 °C [74]. 
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Finally, a smaller zirconium content than titanium has been also reported to result in an 

increased BET surface: e.g. 5% ZrO2 - 95% TiO2 (x = 0.05) [24, 25, 118]. These last 

findings are similar to our measurements in this work. This large discrepancy of the 

obtained results can be attributed to different material preparation conditions.  

 

IV.7 Conclusion 

We applied the micromixing technique to nucleate monodispersed mixed metal 

oxides oxo-alkoxy nanoparticles ZTOA of different elemental compositions 

 and, on this base prepared ZrxTi1-xO2 crystalline solid, which 

conserve the highly homogeneous elemental dispersion of the original ZTOA nanoparticles. 

The structural transformation of the nanoparticles takes place in two temperatures 

ranges: 210-250 °C and 380-680 °C, which sensitively depends on the elemental composition. 

The crystallization temperature of ZTOA nanopowders attains its maximum of 680 °C at x 

= 0.5 and decreases with either following increase or decrease of x.  

The obtained crystalline materials were assigned to three different single phase 

materials: for 0 ≤ x ≤ 0.2, anatase TiO2 is preserved, for 0.3 ≤ x ≤ 0.6, orthorhombic ZrxTi1-

xO2 appears and for 0.7 ≤ x ≤ 1, mixed monoclinic and tetragonal phases of ZrO2 coexist. 

The crystalline cell size of all three phases underwent a continuous variation with x and the 

cell volumes increased with x in agreement with the larger size of the substitution ion Zr2+ 

compared to host Ti2+. The TEM images evidenced the nanoporous structure of the 

submicronic mixed oxide monocrystals with the mean pore size about that of ZTOA 

nanoparticle. Based on these results, we conclude that the elemental composition x induces 

a profound modification of the material electronic structure, which defines the size of ZTOA 

nuclei, strength of the surface bonds and crystalline structure of the final material ZrxTi1-

xO2. As a result, single-phase solids can be obtained after homogeneous mixing of titanium 

and zirconium elements at the atomic level. 

In agreement with structural modifications, the band gap energy of the composite 

materials increased continuously with x starting from 3.14 eV for x = 0 (100% Ti) to 5.4 eV 

for x = 1 (100% Zr). Most strong band gap variation from 5.4 to 4.1 eV takes place at a 

small ~10% addition of Ti element in zirconia. In contrast, at a small Zr element addition 

≤20%, no appreciably modification of the band gap energy was observed. The specific 

( )Zr Zr Ti0 / 1x C C C≤ = + ≤
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surface area (BET) of crystalline nanopowders attains a maximum at x=0.05 and decreases 

with the following increase of x.  

The measurements of band gap energy and specific surface area suggest considering 

ZrxTi1-xO2 nanoparticulate coatings with compositions 0≤x≤0.2 for applications in  

photocaralysis under UVA light illumination.   
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Notation  

ZTOA   zirconium titanium oxo-alkoxide 

TGA   thermogravimetric analysis  

DTA   differential thermal analysis 

ICP-OES  inductively coupled plasma-optical emission spectroscopy 

TEM   transmission electron spectroscopy 

XRD   x-ray diffraction 

BET   Brunauer–Emmett–Teller 

DTA   differential thermal analysis 

DLS   dynamic light scattering 

Tl   low temperature (°C) 

Th   high temperature (°C) 

T   temperature (°C) 

θ    angle (°) 

a, b and c  crystalline parameters (Å) 

LOD   limit of detection  

t-   tetragonal 

ppm   part per million 

Symbols  

λ   wavelength (nm or Å) 
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This chapter will be discussed about photocatalytic applications of mixed composite 

ZrxTi1-xO2 by using micromixing reactor with producing monodisperse nanaoparticles and 

high homogenous composite. It will be described about the general procedures of preparing 

and coating process, photocatalysis procedures, photocatalysis activity of different 

compositions and calcinations, the influence photocatalysis activity by lamps powers and x-

ray diffraction results. The real amount of coating and compositions were also analyzed by 

ICP-OES. The ethylene was chosen as pollutant in gaseous phase, and methylene blue and 

phenol were chosen as pollutants liquid phases. 

V.1 Introduction 

TiO2 have been known and used in past decades to do photocatalyst for water and air 

purification because it is low cost, long time stability in the photocatalysis process and 

safety material [127, 179]. Moreover, to improve the catalysis and photocatalytic activities, 

the composites of TiO2 mixed with other oxides and doping with some foreign metal ions 

have been interested so far [13], e.g, the photocatalytic activity was better than pure TiO2 

when it was mixed with ZrO2 [131] and doped with iron in our team recently [128]. 

Normally, the factors that are considered to account for the improved photocatalytic 

activity of binary oxide nanoparticles TiO2–ZrO2 over pure ZrO2 and TiO2 are; the high 

surface area, high content of anatase phase TiO2 and monoclinic phase of ZrO2, small 

particle size, the presence of  high OH groups [74] and the stronger adsorption in the 

ultraviolet region [139]. Another factor should be from recombination of electrons and 

holes. It was confirmed that adding some small amount ZrO2 to TiO2 could be increased the 

time of recombination between electrons and holes from 15.94 ms for pure TiO2 to 21.69 ms 

for mixed ZrO2-TiO2 [180]. If it is true all the compositions, this would be another 

important factor of improving photocatalysis activity from this composite and it may have 

activity strong or weak depending on the compositions of each element contents. As an 

example, the enhanced photocatalyst activity of composite titanium-zirconium oxides 

(TixZr1-xO2) was recently believed from the lower rate of charge recombination electron and 

hole after photoinduced [66]. For heterogeneous composite ZrO2-TiO2, one of those factors  

that are believed to improve photocatlysts is that the electron transfer from the surface states 

of ZrO2 to CB of TiO2, which acts as electron trap lowers the photogenerated charges 

recombination, demonstrating mechanism by Neppolian et al [57] as Figure I-25 in the 

introduction chapter, leading to an enhancement of the photocatalytic activity of this 
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composite. However, it is possible to change the composition and mechanism or better 

quality activity in case that the materials are at high homogenous level. As an experience, 

we found that the amount iron doping into TiO2 in high homogeneity by using micromixing 

reactor to be improved photocatalysts was very different from other methods [128].   

There were some researches about photocatalysis degradation the pollutants from 

mixed TiO2-ZrO2 but there was no documentaries so far about this monodispersed and 

homogenous composite that was well investigated at the beginning by sol-gel method. The 

difficulties for mixed TiO2-ZrO2 to prepare photocatalysts with high efficiency caused by: 

inhomogeneity, agglomeration of particles and rapid photogenerated charges recombination. 

One method used to minimize these phenomena is to prepare this hybrid photocatalyst from 

quasi monodisperse nanoparticles by using microreactor, which produces more homogenous 

materials than other methods. The microreactor involves in injecting the reagents through a 

T-mixer, which is the point-like reaction conditions in the regime of low Damkӧhler 

numbers, with the environmental temperature and gas control and in very short time, in the 

timescale less than ten milliseconds [110]. This is allowed to obtain the homogeneous 

composites with high homogeneity quasi-mono-dispersed particles and would be better in 

photocatalytic applications compared to traditional manual methods. Therefore, using 

micromixing reactor to mix this composite with monodispersity at the beginning and high 

homogeneity would be interested to be investigated for factors to improve photocatalysis 

activity. 

In the photocataltic benefit of researching so far, the mixed composite TiO2–ZrO2 

could be used to decompose trichloroethylene [54], VOCs removal, oxidation of 

methylcyclohexane [181] and acetone vapors [55, 182], removal of methyl orange [56, 183], 

degradation of 4-chlorophenol [57, 184], degradation of methylene blue [138, 185-187] and 

water spitting [14], degradation of formaldehyde [137], photodegradation of ethylene [130, 

188] and trichloromethane [133], photocatalytic oxidation ethylene [189], degradation NOx 

[51], degradation of p-chlorophenol [139], photooxidation of salicylic acid and 

photoreduction of Cr(VI) [190], photodegradation of phenoxyacetic acid, 2,4-

dichlorophenoxyacetic acid and 4-chlorophenol [191], ethanol photo-oxidation [132], 

elimination of methanol [192], degradation of paraquat dichloride [193], degradation 

rhodamine B (RhB) [72, 134, 135, 140, 187, 194, 195], decomposing alizarin cyanine green 

(ACG) [196], oxidation of aliphatic alcohols [197], for treatment of olive mill wastewater 
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[198], removal methyl orange [199], photodecomposition of salicylic acid and 2-

chlorophenol [67], resazurin redox dye [200], treatment of textile effluent [201], degradation 

of pesticide quinalphos [202], reduction of 4-nitro-phenol to 4-aminophenol [203] and 

degradation of azo-dye[204] and dyes [205] etc. In those photocatalysis activities, some 

finding of this composite was improved the photocatalysis activity in efficiency as examples 

in refs [67, 68, 130, 133, 137, 200]. In case of study geometries from this composite, the 

activity of degradation rates depended on the geometries of material in the order: fiber < 

film < network < powder [183].  

Recently, we were just succeeded to be well mixed composite ZrxTi1-xO2 all serous 

eleven compositions [206]. The materials were mono-dispersed as the ZTOA particles in the 

nucleation stages of the aqueous phase and high homogenous materials in the solid phase. 

The anatase form of this composite was kept at the compositions of x = 0.0-0.2, which is 

considered as photocatalysis domain to be further investigated for the application. 

In this part, we report about the enhanced photocatalysis activities of mixed nano-

composite ZrxTi1-xO2 from micromixing reactor, which can produce mono-dispersed 

materials and high homogenous to well decompose ethylene pollutant in gas phase. In the 

optimum of composition Zr0.0425Ti0.9575O2 with optimum calcinations, which is high BET 

surface area and porosity material, the activity of photocatalyst was improved up to two 

times compared to pure TiO2. 

V.2 Experimental setup 

V.2.1 Photocatalyst preparation 

The prepared and coated composite ZrxTi1-xO2 on borosilicate beads were carried out 

in modifying from ref [207]. For pre-prepared photocatalysis experiment, the borosilicate 

glass beads with 1 mm diameter were put and kept in concentrated sulfuric acid (95-98%) 

over night and then filtered to remove acid and cleaned with distilled water until pH almost 

7. After that they were well dried in the oven (at 8O °C around overnight). These dried 

borosilicate glass beads were coated in 10 min (very slow stirring with spatula in few cycles 

at the minute 3 th and 6 th) with colloidal particles after the solutions had been mixed by 

micromixing reactor around 5 min. The coated beads were filtered with filter papers and 

dried with flowing nitrogen gas around 0.1 bars to prevent of moistures and oxygen 

molecules penetrating into the films of alkoxide oxo-composite. The whole procedure of the 
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process from mixing to calcinations is shown in Figure V-1. The films of mixed oxo-

composite on beads were done calcinations in 4 hours at different temperatures between 400 

and 650 °C from 50°C by rate 2°C/min. The calcinations were carried out in the furnace that 

allowed air flowing.  

Calcinations
Preparation of the 

colloidal solution

Introducing glass 

beads

Precusors in 
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Water in n-propanol

.......
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Figure V-1: Diagram of the coated beads with mixed oxo-nanocoposite ZrxTi1-xO2 and 

treatment process. 

 

The selected compositions of x = 0.0-0.2 for photocatalysis activities were decided 

from pictures of monodispered particle sizes in titanium domains measuring by dynamic 

light scattering, phase transitions of crystalline anatase by X-ray diffractions and thermal 

treatments, band gaps measurements, high homogenous materials by TEM [206] and high 

BET surface areas. From the range of selected compositions, they were chosen by double 

increased concentrations of zirconium content into anatase titanium oxide by x = 0.000, 

0.025, 0.050, 0.100 and 0.200 for preparations. The real compositions and amounts of nano-

composite on coated borosilicate beads are possible to be the same or differences from what 

they were prepared and depending on how the homogeneity of materials was. To know well 

how homogenous they were and the amount of each composition, all oxo-nanoparticles 

ZrxTi1-xO2 films on beads were digested with concentrated nitric acid and then analyzed by 

ICP-OES. 
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V.2.2 Photocatalytic process 

The general photocatalytic experiments to evaluate the activity of nano-composite 

ZrxTi1-xO2 were carried out in the same as diagram in Figure V-2. In short, the percentages 

of mixing gas in tubes were controlled by MFC1 and MFC2 for air and ethylene (the initial 

concentration was 300 ppm) respectively. They were mixed and homogenized at mixer and 

then allowed to pass through the chromatography oven and then photoreactor. After the 

degradation in the photoreactor, the ethylene pollutant was analyzed by Gas 

Chromatography-Flame Ionization Detector (GC-FID). 

GC-FID conditions: 

- Oven temperature : 50 °C 

- Injector  temperature : 225 °C (with spit mode injection) 

- Detector temperature : 300 °C 

- Column        : Zebron capillary GC column, ZB-624 programming at 50 °C  

- Mobile phase        : Nitrogen gas carrier with hydrogen supported detector  

Analyser

Air

Ethylene

MFC1

MFC2

Mixer

Outside

Photoreactor

P

(I) (II)

(III)

chromatograph

 

Figure V-2: Diagram of photocatalytic process of decomposing ethylene by ZrxTi1-xO2 

materials [101]. 
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V.2.3 Photocatalytic reactor 

The bed reactor  that was made and set up in the laboratory with allowing continuous 

gas flow was used to be carried out to do the photocatalytic investigations [208]. The UVA-

lamp irradiation conditions with the reactor 6 mm diameter tube surrounding from two to six 

lamps of each 8-W emitting at λ = 362 ± 11 nm in the well organized reactor geometry were 

used to decompose the pollutant. The geometry of bed photocatalysis reactor for set up the 

lamps is in Figure V-3a and the result of light measurement is in Figure V-3b. 

Central tube 

for loading 
photocatalysis

Cooling air

UV lamps

Cross section of the photocatalytic reactor

 

Figure V-3: (a)UV lamps preparations for controlling photocatalytic application and (b) 

Intensity of the lamps being used to do photocatalyst with the best irradiations of 362±11 

nm [101]. 

 

A model pollutant ethylene had the concentrations between 60 to 300 ppm in air 

(containing 20% of O2 and 80% of N2). The flow rate of the mixed pollutant with air to 

change concentrations of ethylene was fixed at the flow rate of 75 mL/min through 5 cm 

coated borosilicate glass beads coating by the films of mixed composite ZrxTi1-xO2. Gas 

chromatography (Varian CP 3800) – flame ionization detector (FID) was used to analyze 

this sample by namely Cin for before and Cout for after the photocatalytic reactor. This GC-

FID was equipped with two injection loops that allowed doing in continuous mode 

measurements.  For the yield of ethylene decomposition, it was calculated by the formula: 

%100(%) ×





 −

=
in

outin

C
CC

η . The general procedure of photocatalysis experiments is in 

the Figure V-2 and beads in bed reactor are in Figure V-4. 
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Figure V-4: Representative of prepared beads in the photocatalysis bed reactor. 

 

The photocatalyst activity can be expressed as ( )outin CC /ln , which is valid in case of 

first order reaction kinetics. Indeed, by integrating over the reactor volume V0 the right and 

left parts of the usual differential equation describing the evolution of the pollutant 

concentration   

KC
dt

dC
−=      Equation V-1 

we can obtain respectively (standard rate definition)  

)(
0 0

outin

V V

CCWSvdCdV
dt

dC
Rate −=⋅⋅== ∫ ∫

 

Equation V-2 

and  

0

0 0

KNCdVKKCdV
V V

==∫ ∫
    

Equation V-3  

where N0 is the total number of the remaining pollutant molecules in the reactor volume. We 

than obtain 

0KNRate =
      

Equation V-4  

On the other hand, known solution of equation V-1 is  

τK
C

C

out

in =







ln     Equation V-5 

where τ is the pollutant residence time in the continuous-flow reactor. Equation V-4 shows 

an equivalence of both approaches. In the same time, using equation V-5 directly addresses 

the material activity, while Rate in equation V-2 addresses the photocatalytic reactor 

performance. Indeed, when Cout becomes small compared to Cin the left part of equation V-4 

saturates in agreement with equation V-2, which does not allow comparing performances of 
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the effective photocatalysts. Consequently, the activity of the pollutant decomposition,

( )outin CC /ln , was used in this work to compare photocatalysts with different elemental 

compositions x, providing the reactor geometry, lamp intensity and pollutant residence time 

were kept constant. 

V.3 Results and discussion 

V.3.1 Structural characterisation of photocatalyst nanocoatings 

The prepared coatings consist of ZTOA nanoparticles, which size (2R) depends on 

the elemental composition. In particular, it increases from 3.2 nm to 3.6 nm when x 

increases from 0 to 0.2, than passing through a plateau of ~4.2 nm (0.3≤x≤0.7) it again 

decreases to 3.6 nm for x=1. After the heat treatment, these ZTOA nanoparticles undergo 

structural reorganization (i) becoming first amorphous ZTOA → a-ZrxTi1-xO2 at T1=210-

250 °C following by crystallization a-ZrxTi1-xO2 → crystalline-ZrxTi1-xO2 at T2=380-680 °C 

[34], where both temperatures T1 and T2 were strongly sensitive to the elemental 

composition x. We have observed that in the range of the elemental composition x≤1, 

ZrxTi1-xO2 conserves anatase crystalline phase. The XRD patterns of three solids with x=0, 

0.1 and 0.2 shown in Figure V-5 evidence a shift of Bragg diffraction peaks indicating an 

increase of distances between the crystalline planes. The smooth modification of the 

crystalline cell parameters accompanies Ti substitution by Zr in the oxide matrix. The 

Rietveld refinement using MAUD software with CIF file 5000223 from the PDF4 database 

[209] indicated a continuous increase of the anatase lattice volume from 138 Å3 to 144 Å3 

with the increase of x. 
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Figure V-5: XRD patterns of nanoparticulate ZrxTi1-xO2 solids with Zr content x≤0.2 heat 

treated during 4 hours at temperatures correspondent to the crystallisation onset  (Table IV-

1). 

 

An excellent Zr dispersion in the titania anatase matrix demonstrate XRD patterns of 

Zr0.05Ti0.95O2 nanopowders heat treated below 1200 °C in Figure V-6. In bulk TiO2 at 

atmospheric pressure anatase to rutile transformation takes place at temperatures ~600 °C  

[53]. An addition of Zr to the anatase matrix shifts phase transitions to high temperatures. 

For example in Zr0.2Ti0.8O2, we observed at 600 °C crystallization of anatase TiO2 with no 

signs of rutile. According to Figure V- 6, anatase phase conserves in Zr0.05Ti0.95O2 up to 900 

°C while rutile phase appears at 1000 °C with the complete transformation achieved at 1100 

°C. This result is in agreement with observation of anatase phase at 800 °C at 10% Zr 

insertion into titania [51].  
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Figure V-6: XRD patterns of nanoparticulate Zr0.05Ti0.95O2 solids heat treated during 4 

hours at temperatures between 500 and 1100 °C. 

 

The structural changes affect the interband transition energy. In general, one could 

expect the band gap variation in this binary oxide from well known 3.2 eV of anatase TiO2 

to 5.1 eV of ZrO2 [210]. Our spectral measurements presented in Figure IV-11 show a 

smooth variation of the band gap energy: from 3.16 to 3.35 eV when x increases from 0 to 

0.4 and much stronger at higher Zr contents x≥0.6. The blue shift of the band bap energy is 

accompanied by a decrease of absorbance of UVA photons. This tendency is in a general 

agreement with previous publications [48, 177, 184]. Because of a weak light absorption, 

the compositions with x>0.5 were considered by us as not appropriate for photocatalysis 

with UV-A light activation (λ≈360 nm).  

The BET measurements presented in Figure IV-12 indicated a significant increase of 

the specific surface area of ZrxTi1-xO2 solids in the range of small Zr addition 0<x<0.4 with 

a maximum at x=0.05. On the other hand, the compositions with stronger Zr content show 

rather low specific surface area ~2 m2/g. Previous studies have shown that an addition of Zr 

increases the specific surface area of TiO2. That of ZrxTi1-xO2 solids often peaked at x=0.5 
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Figure V-7: TEM (a) and HR-TEM (b) images of nanoparticulate Zr0.05Ti0.95O2 solids and 

photographic images of ZrxTi1-xO2 nanopowder with x=0 and 0.05 (c). 

 

The higher porosity of Zr0.05Ti0.95O2 compared to TiO2 particles demonstrates their 

stability in aqueous solutions. In this experiment, a mass of 200 mg of each nanopowder 

was introduced in 5 mL of ethanol and treated by ultrasound for 30 min forming two 

suspensions, the photographic images of which are shown in Figure V-7c after 1 hour 

resting. The suspension x=0.05 remains stable while that x=0 sediment rapidly after a 

couple of minutes, indicating its lower mass density.  

The ZrxTi1-xO2 nanocoatings with x∈[0, 0.2] selected for the evaluation of the 

photocatalysis activity were additionally analyzed by ICP-OES to check possible deviations 

of their elemental compositions. The compositions of chemical synthesis and of the 

prepared photocatalyst as well as the mean thickness of coatings are listed in table V-1. We 

found a good agreement between the engaged and obtained values, although a small 

decrease by ~10% of the Zr concentration can be noticed. An accuracy of this method was 

confirmed by an almost complete (92%) recovery of zirconium and titanium. The thickness 

of the prepared coatings was ~8.5 nm (±10%), which was close to the double layer of 

deposited ZTOA nanoparticles. Since quasi-monolayer coatings prepared of size-selected 

nanoparticles were suggested to be the best solution for realization of an efficient catalyst 

with the highest active area [160], we concluded about successful coating method 

conserving the material compositions on glass supports. In the following, we will use the 

corrected photocatalyst compositions from table V-1. 

 

Table V-1: Composition (prepared and after ICP measurements) and thickness of 

nanocoatings 

x (prepared), % Ti+Zr (measured, ICP), µmol x (ICP), % Coating thickness, nm 

glass beads 0.2 - 0.15 

0.0 13.2 0.04 9.3 

2.5 10.9 2.14 7.8 

5.0 11.9 4.25 8.5 

10.0 11.3 9.51 8.1 
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V.3.2 Photocatalytic activity in gas phase 

The characteristic reactor performance using ZrxTi1-xO2 photocatalyst with x=0.0425 

is presented in Figure V-8. Two illumination cycles are shown. The ethylene decomposition 

begun after UVA lamps switched on and stopped after the lamps switched off. The 

stationary reactor performance with the decomposition yield η=66.5% was attained after a 

short transient time after the beginning of each illumination. This transient time was equal to 

the UVA lamps warm up time ~3 min, which was observed in the second and subsequent 

illumination cycles. However, the first transient time was significantly longer ~10 min, 

which may indicate a modification of the photocatalyst interface. Indeed, we have 

previously observed such effect in iron doped titania [128] and assigned to accumulation of 

non-volatile reaction by-products of ethylene decomposition on the photocatalyst surface. 

The fact that the transient time in present experiments was significantly shorter can be 

explained by a negligible humidity, which was 35% in the previous studies. No 

photocatalyst deactivation was observed over several hours of the reactor performance.  
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Figure V-8: Ethylene decomposition yield η as function of time using ZrxTi1-xO2 

photocatalyst (x=0.0425) (Cin=120 ppm). 

 

V.3.2.1 Influence of pollutant concentration 

The photocatalytic activity of ZrxTi1-xO2 (x=0.0425) photocatalyst in the reactor 

versus input ethylene concentration in the range between 60 and 300 ppm is shown in 

Figure V-9. These experimental data allow estimating the reaction order of the 

photocatalytic process. For this estimation, Emeline et al [211] have proposed an empirical 

expression ( ) nkCdtdC =/  with the reaction order n varying between 0 and 1. Applying this 

expression to a continuous-flow reactor of length L, one can obtain 

( )( )
n

CkLn

C

C
n

i

−

−−
=








−−

1
/11ln

ln
11

n

out

in    Equation V-6 

The least-squares fit of the experimental data with expression (6) is shown by solid line in 

Figure V-9 providing the reaction order n=0.6 in the range of ethylene concentrations 60-

300 ppm.  

Alternatively, the Langmuir–Hinshelwood model can be used to explain the 

photooxidation kinetics [211]. The following processes can be considered:  

*ShvS →+       

SS  →
−1

* τ
    

adsC
ak

d
k

C  →←     

prk
SC →+ *ads

     

   
where S, S

*
, C, Cads and p are the ground-state and activated surface sites, pollutant and 

adsorbed pollutant concentrations, and product concentrations. τ, ka, kd and kr are excited 

state lifetime, adsorption, desorption and reaction constants. Applying to the continuous-

flow reactor, the following expression can be obtained [128]: 

( ) LCC
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outin
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ln    Equation V-7 
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where constants a and b depends on adsorption/desorption and reaction constants, number 

density and lifetime of the available photocatalytically active sites and illumination UVA 

light power. The reaction order 1 or 0 corresponds to the dominance of the first or second 

term in the left part of equation V-7. A careful analysis of the photocatalytic process using 

equation V-7 showed that the reaction order can vary along the pollutant flow in the reactor 

tube and the overall process kinetics progressively changes from pure first order for Cin≤100 

ppm to zero order, first at the reactor input propagating towards the reactor output with an 

increase of the ethylene concentrations above 100 ppm [212]. 
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Figure V-9: Photocatalytic activity of ZrxTi1-xO2 (x=0.0425) for ethylene decomposition 

versus input concentration. The fit with equation V-6 is shown by solid line. 

 

V.3.2.2 Influence of lamp intensity 

The photocatalytic performance of ZrxTi1-xO2 photocatalyst with x=0.0425 was 

further investigated with different UV-A lamps power. The comparison was done by 

irradiating with 3, 4 and 6 lamps in respectively trigonal, tretragonal and hexagonal 

geometries placed around the reactor tube filled with coated beads (m=1.29 g) on 5 cm 

length. The light power (P, mW) was measured by a photometer (THORLABS) through an 
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orifice diaphragm placed at the distance 10 cm from the photocatalysis reactor, which 

guarantees a satisfactory light field averaging. Figure V-10 shows the result of these 

measurements in a frame of )/(ln outin CC  and P. The observed linear dependence supports the 

conclusion about first order reaction kinetics at the input ethylene concentration Cin=120 

ppm. Indeed, according to equation V-5 the relationship between the pollutant 

decomposition and light power (included in kr) would be ( ) PCC outin ∝/ln  and 

( ) PCC outin ∝−  in case of first and zero order reaction kinetics. Obviously, the second 

expression does not agree with the experimental data. Moreover, this linear dependence 

indicates a negligible e-/h+ effect of the photoinduced charges concentration on 

recombination rate in the photocatalyst, which can be explained by an effective 

photoinduced charges separation, transfer and trapping at the catalyst surface.  
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Figure V-10: Photocatalytic activity of ZrxTi1-xO2 (x=0.0425) for ethylene decomposition 

versus lamp power (Cin=120 ppm). 

 

V.3.2.3 Influence of elemental composition 

The first order reaction kinetics permits to compare activities of ZrxTi1-xO2 

photocatalysts with different Zr content, by using equation V-5. To show an importance of 
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the heat treatment, we evaluated the activities of photocatalysts calcinated at different 

temperatures in the range between 400 and 650 °C. The measurements of ( )outin CC /ln  

realised at the ethylene concentration Cin=120 ppm are shown in Figure V-11.  
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Figure V-11: Photocatalytic activity of ZrxTi1-xO2 (0≤x≤0.2) for ethylene decomposition 

(Cin=120 ppm). The photocatalysts were calcinated at temperatures between 400 and 650 

°C according to table IV -1. 

 

According to the obtained results, the best photocatalysts were prepared after 

calcinations temperatures indicated in table V-1, which correspond to the crystallisation 

onset. A weak activity of the amorphous material prepared after calcination below the 

crystallisation onset is expected according to Ohtani et al [213], who has explained it by a 

structural disorder inherent to amorphous TiO2 facilitating recombination of photoinduced 

electron-hole pairs. A decrease of the photocatalyst activity with an increase of the heat-

treatment temperature above that of the crystallisation onset may be related to the grains 

coarsening, which prohibits an access of the photoinduced charges to the photocatalyst 

surface. A direct correlation between ZrxTi1-xO2 nanoparticulate photocatalysts and its 

specific surface area is shown in Figure V-12. The best activity is attained by the material 
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with x=0.0425 also exhibiting the largest specific surface area of 69.3 m2/g. This result is in 

a general agreement with the lowest x values reported in literature and disagree with others 

from table I-4. However, since our study is the first one directly addressing the composition 

homogeneity of this photocatalyst, we definitely conclude on this point providing a receipt 

to the photocatalyst synthesis.  
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Figure V-12: Photocatalytic activity (♦) and specific surface area (○) of ZrxTi1-xO2 

nanoparticulate photocatalysts (ethylene pollutant, Cin=120 ppm). 

 

A tentative model can be discussed at this point relating photocatalytic activity of the 

prepared coatings to their specific surface area. All materials with compositions 0≤x<0.2 

correspond to anatase phase that permits a comparison. The photocatalytic activity defined 

as ( )outin CC /ln  is proportional to the photocatalyst mass delivering photoinduced charges to 

the surface sites ρδSmact = , where S is the catalyst surface, ρ is the mass density and δ is 

the shortest charge (e- or h+) localization distance. The photocatalytic activity can be 

expressed as the ratio between the active mact and total m masses of a photocatalyst. Since 

the coating thickness is small, all material volume is exposed to UVA illumination and one 

can write: 

σδρδρ xbxbact mSmm ,, // ==    Equation V-8 
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where σ is the specific surface area. The ZrxTi1-xO2 (0≤x≤0.2) anatase mass density varies as 

)2.01/()9.01(0,, xxbxb ++= ρρ , where ρb,0=3.9 g/cm3 is the mass density of anatase TiO2 

(x=0), (1+0.2x) describes relative changes of the lattice volume [206] and replacement of Ti 

by Zr increases the relative cell weight by a factor )1(/ xxmm TiZr −+⋅ =1+0.9x. We can 

rewrite equationV-8 as 

( ) δσρ ∝xboutin CC ,//ln
            

 Equation V-9 

  

This normalized photocatalytic activity expressed by the left part of equation V-9 as a 

function of elemental composition x is shown in Figure V-13, which is expected to be 

constant when the material structure is not changed significantly. Apparently, this state is 

maintained at a small Zr content x≤0.05, which corresponds to the calcinations temperatures 

below 500 °C. With an increase of the heat treatment temperature the photocatalyst grains 

coarsen. The photocatalyst activity drops when the grains size becomes larger than the 

charge localization lengthδ. At this point an excluded material volume appears, from which 

photoinduced charges cannot attain the photocatalyst surface and trig reactions.  
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Figure V-13: Normalised photocatalytic activity of ZrxTi1-xO2 nanoparticulate 

photocatalysts according to equation V-9. 
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V.4 Photocatalysis in aqueous phase 

It is widely recognized that the photocatalyst activities in the gas and liquid phases 

differ, which is explained by the underlying reaction and mass transport mechanisms. 

Consequently, we decided to check the activity of the prepared mixed metal oxide 

photocatalyst in aqueous solutions. 

V.4.1 Experimental conditions  

For these measurements we used the composite ZrxTi1-xO2 in form of powders at x = 

0.05 and 0.10 to be performed the photocatalytic experiments of degradation methylene blue 

(MB) and phenol (PH) to be compared with pure TiO2 activities. The selected compositions 

and calcinations were referred to the most active in gaseous phase. The photocatalytic 

nanopowders were synthesized via the procedure described in chapters III and IV. MB with 

concentrations between 4 and 7  ppm in the volume of 400 mL were mixed with composite 

ZrxTi1-xO2 nanopowders of mass m ≈ 400 mg and compositions x=0.00 and 0.10 in aqueous 

solution. UVA illumination at a wavelength λ = 365 nm was used to trig photocatalytic 

degradation of MB during 80 min and then irradiation was continued with a UV-C lamp at 

λ=254 nm for 140 min of total time. The sampling was made periodically during the 

irradiation cycle for an analysis of the remaining pollutant in the solutions using 

SECOMAN UViline 9400 spectrophotometer.  

In a supplementary series, activities of pure TiO2 and composite Zr0.05Ti0.95O2 

catalysts were compared. The schema of this experiment is depicted in Figure V-14. MB 

pollutant of a volume 80 mL and concentration 7 ppm in beaker was diluted from stock 

solution of concentration 70 ppm. ZrxTi1-xO2 nanopowder with concentration 0.6 g/L was 

added to the solutions under magnetic stirring. Air-flow pump (Airwia 3) brought 

continuously gaseous oxygen into solutions. The solution was illuminated with three 8-W 

UVA lamps at 365 nm. The solution sampling was made periodically during the irradiation 

cycle: an analysis of the remaining pollutant was performed after centrifugation at 

80000/min for 7 min using UV/Vis spectrometer Shimadzu UV-2700 at 663 nm that 

corresponds to the maximum MB absorption. 
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Figure V-14 :  Schema of photocatalytic test in aqueous phase. 

 

The photocatalytic decomposition of PH was carried in the same installation as of MB with 

the pollutant concentrations of 25 ppm and 2 g/L of catalysts loading. Concentrations of the 

remaining PH in the solution were measured by the samples absorbance at 270 nm that 

corresponds to the maximum of PH absorption.  

V.4.2 Comparison of photocatalysts  

Methylene blue (MB) pollutant. The conclusion drawn about ZrxTi1-xO2 catalyst activities 

in gas phase were confirmed by experiments in aqueous solutions. The composite with 

compositions 0<x≤0.1 has shown a higher activity than pure TiO2: for example, at x=0.1 the 

decomposing of MB was up to 45 % and 53 % for calcinations at 400 and 500 °C 

respectively after 80 min UVA illumination. The stronger degradation at 500 °C treatment 

can be explained by a better crystallinity of the material. For the same illumination time, 

pure TiO2 heat treated at 500 °C decomposed 26 % of MB. The photographs of the MB 

aqueous solutions after illumination with UVA/UVC lamps are shown in Figure V-15. 
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In overall, during 140 min 74.8 and 96.2 % of MB was degraded in presence of Zr0.1Ti0.9O2 

nanopowder respectively calcinated at 400 and 500 °C, while pure TiO2 decomposed only 

65.6 % MB. The results of these photocalytic tests are summarized in Table V-2. 

 

Table V-2: Conditions and conversion results of composite ZrxTi1-xO2 

Powders Zr0.1Ti0.9O2  Zr0.1Ti0.9O2 TiO2 

Treatment temperatures (°C) 400 500 500 

Amount of using catalysts (mg) 400 398 320 

Initial pollutant concentrations 6.27 4.19 4.64 

Final concentrations (ppm) 1.58 0.16 1.60 

Conversion (%) 74.8 96.2 65.6 

 

Further comparison was made between Zr0.05Ti0.95O2 and TiO2 nanopowders on 

photocatalytic decomposition of MB. The composite photocatalyst exhibited much higher 

activity compare to pure TiO2 as shown in Figure V-17. 
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Figure V-17: Photocatalytic decomposition of MB in aqueous solutions using Zr0.05Ti 0.95O2 

and TiO2 nanopowders. 
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The kinetics constant defined by the initial slope of the curves was increased in 

Zr0.05Ti0.95O2 more than 2.5 times. Although the decomposition process showed complex 

reaction order with efficiency decreasing with time, almost 97% of MB was decomposed by 

the composite photocatalyst after 160 min of UVA illumination, while pure TiO2 showed 

much lower decomposition ~40% with a clear tendency to saturation. Figure V-18 

demonstrates changes of color of the MB solutions in the photocatalytic process by using 

Zr0.05Ti0.95O2 catalyst. 

 

 

 

Figure V-18: The changing methylene blue color by time during photodegradation. 

 

We notice that the blanc text made in the same experimental conditions without any 

photocatalyst evidenced negligible MB photolysis after 3 hours of UVA illumination.  

Phenol (PH) pollutant. Decomposing PH is harder to achieve than MB. The decomposition 

kinetics is complex. However, results of our tests shown in Figure V-19 clearly evidenced a 

higher activity of Zr0.05Ti0.95O2 compared with TiO2.  
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Figure V-19: Photocatalytic decomposition of PH in aqueous solutions using Zr0.05Ti0.95O2 

and TiO2 nanopowders. 

 

V.5 Conclusion 

The mixed composite ZrxTi1-xO2 was succeeded synthesis using micromixing reactor 

to mix for producing monodesperse particles with high homogenous and this composite was 

used to do photocatalyst to decompose ethylene pollutant as an application. The materials 

were well coated as colloid films on borosilicate beads with the sickness around 8 nm. 

Confirming from the ICP-OES, the compositions with good enough quantity were almost 

the same between preparations and real on borosilicate glass beads. The enhance activity of 

this composite depended on compositions and treatment temperatures. At optimum 

composition of x = 0.0425 and treatment temperature at 500 °C, the activity could be 

improved up to two times compared to pure TiO2. The materials were very strong absorbed 

UV photocatalysis light that could decompose the pollutant in linear relationship of powers 

verse decomposing concentrations of ethylene.  

The optimum composition and calcinations as powder preparations had high BET 

sure face area with porosity materials by TEM with low density. The modelling was 

developed to be discussed. At x = 0.05 preparations, the anatase phase could be kept up to 

higher than 900 °C and some changes at 1000 °C with completely changed to rutile at 1100 

°C. 
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This composite of the small amount ZrO2 content is not just only active in the 

gaseous phase, but it was also active in the aqueous phase to decompose methylene blue and 

phenol as representative pollutants. At x = 0.1 with calcinations at 500 °C as powder 

preparations, it has better activity about 50 % than pure titanium dioxide for the same 

treatment temperature for decomposing methylene blue in both UV-A and UV-C irradiation 

lights. For Zr0.05Ti0.95O2 powder at 500 °C treatment temperature, its activity is even much 

better activity than pure TiO2 at least two times for decomposing both methylene blue and 

phenol. 
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Notation  

ICP-OES  inductively coupled plasma-optical emission spectroscopy 

VOC   volatile organic compounds  

GC-FID  Gas Chromatography-Flame Ionization Detector 

UV   ultraviolet 

Cin  gaseous pollutant concentration in before degradation in photocatalytic 

reactor 

Cout   gaseous pollutant concentration after degradation in photocatalytic reactor 

TEM   transmission electron microscopy 

BET   Brunauer–Emmett–Teller 

SD   standard deviation 

T   temperature (°C) 

ppm   part per million 

S   ground state 

S*   activated surface site  

S0   available active sites 

L   length of photocatalysis reactor  

τ   activated stated lifetime  

ak   adsorption constant  

dk   desorption constant 

rk   reaction constant 

k   rate constant  

C   concentration of pollutant 

Cads   adsorption concentration 

p   product 

n   order reaction 

C0  initial pollutant concentration in liquid form 

C  remaining pollutant concentration in liquid form  

Symbols  

λ   wavelength (nm) 

ƞ   ratio of the decomposing pollutant 
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General conclusions  

The design of a robust fabrication process of size selected nanoparticles and bulk 

nanostructured materials on this base is of high demand in the field of nanotechnology and 

nanomaterials. In our studies, we considered sol-gel process and find out conditions for 

nucleation of macroscopic properties of monodispersed metal oxide nanoparticles. Previous 

studies of simple metal oxides TiO2, ZnO, ZrO2 were extended in the present study to a 

more complex system of composite metal oxides. This PhD work was devoted to the 

nucleation-growth process of the composite metal oxide solid containing Ti and Zr 

elements. We followed the formation of the bulk solid from nanometric nucleus in a 

chemical reactor with ultarapid micromixing of reacting fluids in a turbulent flow, gaseous 

atmosphere and temperature control. The reactor provides point-like reaction conditions in 

the regime of low Damköhler numbers. The size and growth kinetics of nanoparticles were 

monitored in situ by an original fiber optical probe using dynamic and static light scattering 

DLS/SLS method. The structural and functional properties of the obtained nanomaterials 

were correlated with the nucleus size and composition. 

In order to obtain reliable information on the reference system of TiO2, we performed a 

comparative study of the nucleation-growth kinetics of titanium oxo-alkoxy nanoparticles in 

n-propanol and isopropanol solvents. A common feature of the both systems is the 

appearance of stable units with the hydrodynamic radius 1.6 nm in the very beginning of the 

sol-gel process after an ultra-rapid mixing of the reacting fluids containing titanium 

precursor and water. Their size was stable in a large parametric domain (CTi and H) of the 

sol-gel process and is not sensitive to the solvents. At large hydrolysis ratios (H>2) the basic 

colloid unit becomes nanoparticle; in this domain both size and reaction kinetics are 

sensitive to the solvents. In particular, the hydrodynamic radius of the TOA nanoparticles in 

n-propanol and isopropanol solvents is 1.9 nm and 2.6 nm respectively. Our results suggest 

that the stability of the growing TOA species decreases with an increase of their size, 

supporting the hierarchical model of the sol-gel growth. Our analysis confirms the critical 

hydrolysis ratio h*=1.5, which enables the growth of TOA species forming quasi-linear 

chains of the associating clusters and nanoparticles. The obtained results are of importance 

since they permit to revise the general picture of the nucleation and assign the smallest units 

of 1.6-nm radius to nucleus, which serves to be a bulding block of bulk solids.  

We applied the micromixing technique to nucleate monodispersed mixed metal oxides 

nanoparticles of different elemental compositions 0≤ ( )TiZrZr CCCx += / ≤1 and, on this base 
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to prepare ZrxTi1-xO2 crystalline solid, which conserve the highly homogeneous elemental 

dispersion of the precursor nanoparticles. The zirconium-titanium oxo-alkoxy (ZTOA) 

nanoparticles were prepared via sol-gel process using zirconium (IV) propoxide and 

titanium (IV) isopropoxide precursors. ZTOA nanoparticles with the radius 2.1 nm appear at 

the hydrolysis ratio H=1.25 and 0.3≤x≤0.6, which is different from that of pure titanium-

oxo-alkoxy (TOA, x=0) and zirconium-oxo-alkoxy (ZOA, x=1) with respective radii 1.6 

and 1.8 nm. The mixed oxide nanoparticles were stable at H≤1.5 and underwent an 

accelerated growth at higher H values during a common induction period of the sol-gel 

process. The structural transformation of ZTOA nanoparticles takes place at a temperature 

in the range 210-250 °C, which sensitively depends on the elemental composition. This 

transformation is accompanied by the departure of organics from the surface of a 

nanoparticle and leads to its amorphisation. The crystallization takes place at higher 

temperatures, which attain maximum of 680 °C at x=0.5 and decrease with either following 

increase or decrease of x. The obtained solids were assigned to three different pure phase 

materials: for 0≤x≤0.2, anatase TiO2 is preserved, for 0.3≤x≤0.6, orthorhombic ZrxTi1-xO2 

appears and for 0.7≤x≤1, mixed monoclinic and tetragonal phases of ZrO2 coexist. The 

crystalline cell size of all three phases underwent a continuous variation with x and the cell 

volumes increased with x in agreement with the larger size of the substitution ion Zr4+ 

compared to host Ti4+. The TEM images evidenced the nanoporous structure of the 

submicronic mixed oxide monocrystals with the mean pore size about that of ZTOA 

nanoparticle. Based on these results, we conclude that the elemental composition x induces 

a profound modification of the material electronic structure, which defines the size of ZTOA 

nuclei, strength of the surface bonds and crystalline structure of the final material ZrxTi1-

xO2.  

Based on the size-selected ZTOA nanoparticles with the controlled elemental 

composition at nanoscale, ZrxTi1-xO2 nanoparticulate photocatalyst coatings were 

prepared. The nanoparticles were deposited on borosilicate glass beads and heat treated 

to obtain crystalline nanocoatings with different elemental compositions x. The band gap 

of ZrxTi1-xO2 shifts to higher energies with an increase of Zr content, making the 

material with x∈[0, 0.2] appropriate for UVA photocatalysis: this material conserves 

anatase phase of titania strongly distorted by an addition of Zr. The photocatalytic 

activity of the prepared materials was evaluated on ethylene gas decomposition in a 

continuous-flow fix-bed reactor under UVA illumination, equiped with an automatic 
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chromatography measurements of the pollutant concentrations at its input Cin and output 

Cout. The photocatalytic activity defined as ( )outin CCA /ln=  permitted the 

photocatalysts comparison in the regime of first order reaction kinetics, which were 

rigurously verified. The best activity showed a composition with x=0.0425 heat treated 

at 500 °C, which was twice higher comared to pure anatase TiO2. We relate this 

enhanced activity to the material open porosity and explain its variation with x and T 

(°C).  

The conclusions about ZrxTi1-xO2 nanoparticulate photocatalysts obtained with in gas 

phase cannot be directly extrapolated to liquid phase, since underlying mechanisms of the 

photocatalutic processes differ. Therefore we completed the photocatalytic test in the 

aqueous phase. The photocatalyst with the optimal elemental composition exhibited also an 

enhanced activity towards decomposition of MB and phenol pollutants, which was much 

higher compared to that of pure anatase TiO2 nanocoatings. Moreover, it also showed much 

weaker tendency to deactivation by secondary reaction products (phenol test).  

Summing up, in this work we proposed an approach to the preparation of functional 

composite metal oxide materials with reproducible functional properties, which is based on 

preformed size-selected metal oxo-alkoxy nanoparticles with controlled elemental 

composition.  

Perspectives 

1. The applied method of the material preparation can be extended to other composite 

materials, like Ti-V oxides. Kinetics of the nucleation-growth process has to be 

studied in the micromixing reactor that will shed light on the sol-gel growth of solids. 

Despite more complexity of the last system, it may offer band gap engineering in the 

visible spectral range, which is of high demand in environmental photocatalysis. 

2. The nanoparticulate ZrxTi1-xO2 coatings can be studied in practical environmental 

photocatalysis in liquid phase with emphasize of the reaction pathways and emerging 

by-products. 

3. It would be interesting to test nanoparticulate ZrxTi1-xO2 materials in catalysis process, 

such as converting isopropanol to propence, acetone and isopropylether (see ref [18]). 
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4. Doping of the nanoparticulate ZrxTi1-xO2 with metal (Pt, Pd, etc) and inclusion of 

other metal oxides (V2O5, B2O3, etc) can be studied to further increase the catalytic 

activity (see ref [13]).  
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General process of preparing powder 

PrecipitationColloidal solution Powder

Dried powder

absorpt 
moiture drying

 

Figure annex 1: General process to get powder from colloidal solutions. 

 

Transmission emission spectroscopy results 

Some images of ZrxTi1-xO2 from TEM 

Crystalline of x = 0.3 

    Image    Zr mapping                Ti mapping       diffraction 

 

Figure annex 2: Crystalline of composite Zr0.3Ti0.7O2 of mapping elemental and diffraction 

images from TEM. 
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Amorphous of x = 0.3 

Image             Zr mapping            Ti mapping       

 

Figure annex 3:  Amorphous of oxo-Zr0.3Ti0.7O2 of mapping elemental images from TEM. 

 

Crystalline of x = 0.4  

Image            Zr mapping     Ti mapping      diffraction 

 

Figure annex 4: Crystalline of composite Zr0.4Ti0.6O2 of mapping elemental and diffraction 

images from TEM. 

 

Crystalline of x = 0.6 

Image            Zr mapping     Ti mapping      diffraction 
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Figure annex 5: Crystalline of composite Zr0.6Ti0.4O2 of mapping elemental and diffraction 

images from TEE. 

 

Amorphous of x = 0.6 

Image            Zr mapping     Ti mapping      diffraction 

 

Figure annex 6:  Amorphous of oxo-Zr0.6Ti0.4O2 of mapping elemental and diffraction images 

from TEM. 

 

Crystalline of x = 0.7 

Image            Zr mapping     Ti mapping      diffraction 

 

Figure annex 7: Crystalline of composite Zr0.7Ti0.3O2 of mapping elemental and diffraction 

images from TEM. 

 

Amorphous of x = 0.7 

Image            Zr mapping     Ti mapping       
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Figure annex 8:  Amorphous of oxo-Zr0.7Ti0.3O2 of mapping elemental images from TEM. 
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Figure annex 9: The absorbance of mixed ZrxTi1-xO2 in photocatalysis domain. 

 

Photocatalytic results 

Photocatalysts of pure ZrO2 
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Figure annex 10: Photocatalytic activity of composite ZrO2: Tcalcinations = 500 °C, CEthylene = 

120 ppm, RL = 15 cm (3.78 g), λ = 362 ± 11 nm, flow rate = 60:40 mL/min (air:ET). 
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Figure annex 11: Photocatalytic activity of composite Zr0.04Ti0.96O2: Tcalcinations = 500 °C, 

CEthylene = 60 ppm and flow rate = 40:35 (air:ET), RL = 5 cm (1.29 g), λ = 362 ± 11 nm. 
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Photocatalysts at 300 ppm pollutant concentration  
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Figure annex 12: Photocatalytic activity of composite Zr0.04Ti0.96O2: Tcalcinations = 500 °C, 

CEthylene = 300 ppm and flow rate = 40:35 (air:ET),  RL = 5 cm (1.29 g), λ = 362 ± 11 nm. 

 



Résumé 

Ce présent mémoire porte sur l'élaboration de composites nanoparticulaires ZrxTi1-xO2, de 
l'étape de nucléation des nanoparticules au solide cristallin massif ainsi que sur leur 
application en photocatalyse. La synthèse a été réalisée dans un réacteur sol-gel à 
micromélange utilisant des précurseurs d'isopropoxyde de titane (IV) et de propoxyde de 
zirconium (IV) dans différents rapports molaires et taux d'hydrolyse. Ces expériences ont 
conduit à la formation de nanoparticules amorphes monodisperses oxo-alcoxy de zirconium-
titane (ZTOA) de rayon R = 1,6 nm pour 0 ≤ x ≤ 0,2, R = 2,1 nm pour 0,3 ≤ x ≤ 0,6 et des 
particules oxo-alcoxy de  zirconium  (ZOA) de rayon R = 1,8 nm pour 0,7 ≤ x ≤ 1. Celles-ci 
se transforment, après traitement thermique, en cristallite nanoporeux respectivement dans les 
phases anatase, orthorhombique et monoclinique / tétragonale. La température du début de 
transition dépend significativement de la composition x. Les particules d'anatase de 
composition 0 < x < 0,2 ont été sélectionnées pour des applications photocatalytiques en 
phase gazeuse (éthylène) et en phase liquide (MB et phénol). La meilleure performance 
photocatalytique a été obtenue pour un matériau de composition optimale x = 0,0425 et traitée 
thermiquement à 500 °C. L'activité la plus forte enregistrée est pratiquement deux fois celle 
du TiO2 pur préparé dans les mêmes conditions.   

Mots-clés: composite ZrxTi1-xO2, réacteur sol-gel à micromélange, nanoparticules, dispersion, 
photocatalyseur 

 

Abstract 

The PhD study is focused on synthesis of nanoparticulate ZrxTi1-xO2 composites: from 
nucleation stage of nanoparticles to bulk crystalline solid and their application in 
photocatalysis. The synthesis was achieved in a sol-gel micromixing reactor using 
titanium(IV) isopropoxide and zirconium(IV) propoxide precursors in different molar and 
hydrolysis ratios, resulting in monodispersed zirconium-titanium oxo-alkoxy (ZTOA) 
nanoparticles: R=1.6 nm for 0≤x≤0.2, R=2.1 nm for 0.3≤x≤0.6 with orthorambic and ZOA of 
R=1.8 nm for 0.7≤x≤1. They convert after heat treatment to nanoporous crystallite in 
respectively anatase, orthorambic and monoclinic/tetragonal crystalline phases, which onset 
temperature depend on x. The anatase compositions (0≤x≤0.2) were selected for 
photocatalytic applications in gas phase (ethylene) and liquid phase (MB and phenol) 
degradation. The optimum composition x=0.0425 heat treated at 500 °C revealed the strongest 
activity, two times higher than pure TiO2. We found that the photocatalytic activity directly 
correlates with the specific surface area. 
 

Keywords: Composite ZrxTi1-xO2, sol-gel micromixing reactor, nanoparticles, dispersity, 
photocatalyst 

 


