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General introduction

Nanocrystalline materials have become the corraresbf several technological advancements
because of their intrinsic properties that areedéht compared to their conventional micrometric
counterparts. These properties are mainly causeglagtum confinement effects brought about

by the reduction of the particles’ size which arndely studied and relatively well understood [1]
(2] [3] [4].

The particles’ size also has a strong effect oir tihrusual structure that is non-identical to the s
called perfect monocrystalline structure [5]. Mareg understanding the properties of such
materials is quite limited because of the currehglexity in synthesizing and characterizing

stable objects that are less than 5 nm [6].

Hence, this work is devoted to the determinatioa oéproducible way to synthesize nanopatrticles
with selectable phase and tunable size. Then, ga@antrol over these parameters, we investigated
their structural features in relation to their scalich is consequential for a better understanding

of these materials, including their properties.

One of the typical procedure used in synthesiziagorsized particles belongs to the chemical
solution routes. Indeed, these routes offer a ti¥seay to form particles by following a “bottom-
up” approach. In principle, this type of approagmoves the lower limit of size that can be formed.
However, stabilization of such small particles wéttceptable crystallinity and chemical purity
requires a more complete understanding on the daérbehavior of the individual precursors
during the synthesis. Generally, these routes eadivoded in two categories: the hydrolytic and
non-hydrolytic processes. Each process offers pip@dunity to form nano-sized particles with a
wide variety of designable properties but also wglcorresponding limitations. For example, we
can cite the hydrolytic sol-gel synthesis of Zmhich is able to produce nanoparticles with sizes
under 2 nm. Unfortunately, they possess a wide-gigieibution and present large quantities of
carbonaceous impurities at their surface [7]. Intcst, non-hydrolytic sol-gel synthesis of 2rO
conducted by solvothermal routes also produced-sam®sal particles but with a more satisfactory
features in terms of size distribution and abseriagmpurities [8]. It is clear that for this partilar
work the decision to follow a non-hydrolytic proced offers a better strategy in obtaining minute

size objects.



The choice of Zr@as the material to be studied was dictated neitsearkable intrinsic properties
and its potential for great technological advanaasach as in catalysis [H]0], gas sensing [11]
[12], fuel cell technolog§13][14], and ceramicgl5]. Moreover, it has a complex polymorphism
and has the particularity of being stabilized &t manometric scale in crystalline forms which are

not stable at standard pressure and ambient tetapera

In this work, solvothermal strategy was used amdeskas an experimental basis for the synthesis
of the zirconia nanoparticles. The main selectadeats were zirconium isopropoxide-isopropanol
adduct, benzyl alcohol and sodium hydroxide as Zineonium, solvent and alkali sources,
respectively. The preparations for all the synthesre realized inside a glove box containing dry

air to ensure minimal exposure to moisture.

For the chemical, morphological and structural abtarizations, we combined different
techniques in order to obtain a better insight itite nature of these particles. The structural
characterization was given a particular attentiod was realized by using X-ray total scattering
(TS) and the atomic pair distribution function gisé¢ (PDF). This tool specializes in analyzing
the medium-range and short-range regions of thepsticles structure which gives invaluable
information in identifying the kind of polymorphet&cted samples with peculiar structural features
were investigated and allowed a much better unaedgtg on the nature of its crystallization and
stabilization.

The manuscript is divided into five chapters.

In the first chapter which is the state of the \aet briefly discuss the relevant works done in
synthesizing and characterizing nanocrystals. Heedackle more on the current issues related to

the stabilization of metal oxide using a non-hywyiicl sol-gel route.

The details of the synthesis and characterizagohrtiques are presented in the chapter 2. As
mentioned earlier, the characterizations are categh into three types: chemical
(thermogravimetric analysis, inductive-coupled plasmass spectrometry, X-ray photoelectron
spectroscopy, proton nuclear magnetic resonancetrepeopy, and Fourier transform infrared
spectroscopy), morphological (Transmission Electrblicroscopy) and structural (X-ray
diffraction and X-ray total scattering). In thiscden we briefly discuss the principles and
mechanisms behind the mentioned characterizatma.to



The chapter 3 presents the initial results on yimhesis of nano-size zirconia in a non-hydrolytic
sol-gel route using two types of zirconium precwssd-rom successfully producing zirconia
nanoparticles, we then demonstrate the fine tuoinige particles’ size and phase purity by varying
its operating temperature, amount of alcohol canéed dual stage synthesis. Here, we selected
some samples that have some interesting chardigefsr in-depth characterization which proved

to be indispensable in understanding their strathiaracteristics.

In the chapter 4, we focused more on the strucfucglerties of the samples exhibiting interesting
structural features and compared them to the folynporphs of zirconia having a fluorite-derived
structure. This was done by generating theoretitadlels of these polymorphs and comparing
them with the experimental results. Out of thesecsed zirconia samples, we have chosen one of
them which had a finite size inferior to 2 nm angoad crystallinity and conducted two kinds of
experiments: the first was the investigation of #fects of thermally assisted ageing and the

second was the effects @t-situwater on the structural characteristics of thegam

Finally, in the fifth and last chapter, we perfodr@mplementary experiments to investigate the
effects of both cationic and anionic counterpaftsaalium hydroxide and other inert or acid-base
salts and solvent-type by substituting benzyl abtevith other alcohols or ethers. Combined with

the results obtained from other chapters, we prghaxzhemes that describe the formation of
various types of zirconia nanoparticles and futemmendations derived from the experimental

works.
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Chapter 1: State of the art
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1 State of the Art

1.1 Introduction

Nanotechnology plays a vital role in the technatagiadvancement of various fields in science
and engineering. Often, nanotechnology is consitasethe foundation of the 2@entury and

beyond. But it has also played roles in the andiems such as the manipulation of gold and silver
nanoparticles to create changing color effectshan ltycurgus cup (Figure 1) or create various

colors in medieval stained glass windows in chusdhehe 4 and & century, respectively [16].

Figure 1: Lycurgus cup photographed (a) front-littmilash, the cup appears in the green color
it has without light coming through the cup andgppearance when back-lit.

Despite such achievements in early periods, thénaresms remained unknown to the artisans and
craftsmen who made such intricate designs usiny 8og particles. It was not until 1959 when
the ideas and concepts about nanotechnology weea giuch interest in the form of a lecture by
the physicist Richard Feynman at the Californiditate of Technology [17]. His lecture posed
several questions and proposed answers in dealitfiggeneral manipulation of matter on the
atomic scale and catalyzed several researchesc@dddater (1974), Professor Norio Taniguchi
coined the term “nano-technology” to describe semutictor processes such as thin film
deposition and ion beam milling in the nanometates¢16° m) [18]. But only in the advent of the
scanning tunneling microscope in the year 1981 wirenvere able to “see” individual atoms for
the first time which awarded the inventors Gerdriggnand Heinrich Rohrer the Nobel Prize in
13



Physics in 1986 [19]. From then on the number dilipations related to nanotechnology and

nanoscience has increased significantly (see Figjared Figure 3).

|
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Figure 2: Evolution of the number of articles amhference papers in nanotechnology: 1982-
2012 [20].
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Figure 3: Number of ISl indexed Nano®-articles 608-2015 [21].
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Generally, the scale of nanomaterials is withinrmege of 16°to 10’ m or 0.1 nm to 100 nm as
shown in Figure 4. This range consists of partithes the normal or naked eye can no longer see
since it is way below our detection limit whichasund 10Qum unaided by any tool.

DNA Red blood cells Ant

(2nm) (8 pm) (5 mm)
0l1nm 1nm 10nm 100nm 1pum  10pum 100um 1mm 10mm 1lcm

10°m 10°m 10®m 10’m 10®m 10°m 10*m 103m 10Zm 10lm

Figure 4: General scale of nano-materials.

For inorganic crystals, the nanopatrticles can msicered simply as the miniature version of their
large counterpart thus exhibiting similar struct@ad electronic properties. However, there have
been much interest on the nanoparticles with less 10 nm in size which properties are ruled by
quantum confinement effects caused by the finige if the particle$4]. Nanosize is also
presumed to have substantial effect on the strectdirthe material that also modifies their
properties which are neither that of the atomic batk characteristic§22]. For example,
semiconductor nanocrystals are small crystallingigies which are typically synthesized with
dimensions ranging from 1 to 100 nm. Since thealisty of nanocrystals embedded in glasses in
the early 1980s, they have attracted consideratdateon as a new category of materials for
electronics. Semiconductor materials are charaet@ry their band structures (direct or indirect)
and a band gap energlyfy) that falls within a range of betwe@n< Egap < 4 €V, and can be
thought of as the minimum energy required to exaitelectron from the valence band (VB) to the
conduction band (CB). Furthermore, if one dimensiba semiconductor is smaller than the Bohr
exciton radius of the material, the band structutiebe modified and blue shifted to higher energy
by the quantum confinement effect. In the caseeny\wmall particle size, the so-called strong
confinement regime, quantized levels appear wrsatlistinct with the continuous band of bulk
counterparts and shows characteristics of the etisenolecular semiconductors as illustrated in
Figure 5.

15
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LUMO
Egap Egap Egap
o HOMO
(a) bulk (b) nanocrystals (c) molecule

Figure 5: Schematic illustration of the electroaiergy states of semiconductor materials as (a)
bulk material, as (b) nanocrystals and (c) molacsiate.

These quantum confinement effects vary dependirtgeshape or dimensions of the nanomaterial
as shown in Figure 6. Despite the difference irpstat the three types of dimensions (0D, 1D and
2D) of nanopatrticles, they can all be characteribgdthe following qualities: they can be

amorphous or crystalline, can be single crystaltinpolycrystalline, can be composed of single or
multi-chemical elements, can exist individuallyincorporated in a matrix, and can be metallic,
ceramic, molecular, or polymeric in nature. For itaBnsion nanomaterials, the electron is
confined in a 3-dimensional space and no electrelocdlization occurs. For 1-Dimension

nanomaterials, the electron is confined in a 2-dgsienal space where the delocalization takes
place along the long axis of a nanowire, rod oetuknd for the 2-dimension nanomaterials, the
electrons are confined across the thickness buicdited in the plane of the sheet. These
confinement effects can be calculated by quanturchar@cs as the “particle in a box problem”

where the energy levels are in discrete arrangenteser to the energy levels of the atomic state.
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0 — Dimension
ﬁ All dimensions at the nanoscale

1 - Dimension

two dimensions at the nanoscale and
one at least at the microscale or
macroscale

2 —Dimensions

one dimension at the nanoscale and
two at least at the microscale or
macroscale

Figure 6:Various possible dimensions of nanopatrticles.

The smallness in size of the inorganic particlesii@ntail that they are composed of very few
atoms and would suggest an influence in their siratarrangement where the fraction of atoms
on the surface would be larger as compared tottiresain the core. This also suggests that the
chemical characteristics of these tiny particldslvd enhanced or altered as a subsequent effect of
the alteration of size. Hence, aside from the quardonfinement effects, the particles may exhibit
changes in phase transition pressure or temperatogdting & boiling points, optical,
optoelectronic, catalytic, magnetic and electrioparties which are different to that of their bulk
versions or to that of their molecular species prears[23] [24] [25] [26] [27] [28] [29]. From
such novel properties, various potential fieldseérence and engineering for nanotechnology has

sprung up and created new materials as shown urd-ig[30].

Although there are several types of nanomatersdan be produced for different applications,
in this work we focus on the synthesis and charaetion of nanosize metal oxide of thé d
transition metal oxide, namely Ti®r ZrQ,. Transition metals are defined as elements whose
electrons have partially filled subshdlland they are located at theéblock of the periodic table
within the groups 3 to 12. In some cases fibock lanthanide and actinide series are also
considered as transition metals and are calleditimer transition metals” [31]. The electronic

characteristics observed for transition metals jpl@wnique properties for the transition-metal
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oxide such as high dielectric constants [32] [38hctive electronic transitions [34] [35], good
electrical characteristics [36] [37] and modifieanll gap [38] [39]. These features induce a new
state of matter having altered properties sucheaorhagnetic state, ferrimagnetic state and
semiconductive state. Despite the current knowleddlee properties of nanosize transition-metal
oxides it is still at its infancy and requires a&per understanding.

Figure 7:Various potential application areas for nanotecbgwl30].

There are various ways of synthesizing nanosizemadd but generally it can be categorized into
two types of approaches: the top-down approachtamthottom-up approach as shown in Figure
8. The top-down approach is initiated by a bulkemnat which is reduced to powder size around
the microscale. The powder is then reduced futihéine nanoscale by some processes which can
either be mechanical or chemical. However, the thiaecan be achieved via top-down approach
is very limited (200 to 50 nm) in comparison to bwtom-up approach. Although it is possible to
rectify this problem in order to reach smaller sjze cost would rise significantly [40]. Another
alternative to this is the bottom-up approach wisafpoverned mostly by chemical principles. The
bottom-up approach solves the problem of size &itiwh of top-down approach by starting at the
metalorganic reagents. Then a “crystal embryo” igvsimilar characteristics to that of an

inorganic molecular clusters is formed and thendfarmed into the stable serdclei Finally
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nanocrystals having sizes inferior to 5 nm can l@ioed. This type of approach is invaluable if

we want to understand the formation mechanismsaif §ny oxidic materials that exhibit unique

properties and states.

(a)Top-down

4

powder

A 4

nanocrystals

(b) Bottom-up

nanocrystals

Stable seed nuclei

n N
“crystal embryo”- Similar “ “
to inorganic molecular “
cluster
9 o [+
: 09 o
Metallorganic 09
e

reagents

Figure 8: (a) top-down and (b) bottom-up approadbethe synthesis of nanomaterials.

There are various types of synthesis that folloe phinciples of bottom-up approach such as

chemical vapor deposition, plasma or flame sprayygthesis, laser pyrolysis, atomic or

molecular condensation, and sol-gel chemistry.gebkehemistry offers several advantages due to

its simplicity in preparation and relatively lowstan comparison to the other mentioned methods.

There are various products that can be obtainedssil-gel chemistry as summarized in Figure

9. By manipulating the process steps they can b&red and tailored to fit any design, which

suggests the versatility of the sol-gel route [4d }his dissertation, we denote any process ds “so

gel”, as long as the transformation of the molecylgecursor into the final oxide compound

involves chemical condensation reactions in liqu&tium under mild conditions. Before to speak

about the basics of the crystallization occurringirey the chemical procedure, it is necessary to

recall the details of the sol-gel chemistry.
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Figure 9: Steps in the sol-gel chemistry produsiagous products [42].

1.2 Sol-gel processing for nanoparticles synthesis

Sol-gel processing, as one category of the soetcaldt chemistry and based on the use of metal
precursors (alkoxide, salt, and halide), is widélizzed because of its favorable qualities in relga
to the particle size and sample characteristic pudaiion. The sol-gel synthesis implies the
production of monomers which are then turned iolto@al suspension or sol which is constituted
by solid particles in a liquid with sizes varyingiin 1 nm to few hundreds nm. The size of these
particles is quite small and gravitational effecg be ignored into the sol. It means that the
interactions are dominated by short-range forced s van der Waals interactions and surface

charges [42].

Typically, the precursor used for sol-gel synthesissists of a metal or metalloid element center
surrounded by ligands such as alkoxides and/ogaroc anions. One of the most studied example
of metal alkoxide is the silicon tetraethoxide (BizHs)4) which permits to synthesize silica at
moderate temperature in a hydrous solvent mediugoré& 10 shows the evolution of the silicon

precursor under acidic, neutral or basic condibonthis view is analogous for other materials.
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Figure 10: Inorganic polymerization of aqueougailinder acidic and basic condition [43].

In this model the sol-gel processing occurs indhaistinct stages. The first step is the formation
of oligomeric species by hydrolysis and condensateactionsj.e., the polymerization of the
molecular precursors into a highly crosslinked ®usThis cluster will serve as a semudkclel
Second, thaucleireaching the critical radius begins to increasgae by progressive addition of
monomers and/or Ostwald ripening mechanism andtteadol, a dispersion of colloidal particles
in a liquid. And third, the linking of particlestmchain and further condensation result in a ngtwo
that extends through the liquid medium as a geJ. [#Be easy agglomeration or aggregation of
fine clusters or particles (sol particles) is causwy attractive van der Waals forces and/or
minimization of the total surface or interfacialeegy of the system. Evidently, the adsorption of
an organic layer (steric “barrier” or hindrancejlahe presence of electrostatic repulsion between

particles can prevent the aggregation by oppogpglsive forces and stabilize the sol.

At this stage of the manuscript, we should distislgiuwo main sol-gel chemistry using metal
alkoxide as precursor namely the “hydrolytic sol-geemistry” and the “non-hydrolytic sol-gel

chemistry” which refers respectively to the synibe$ metal oxides in presence of water (aqueous
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medium.e.g.aqueous alcohol) and in organic solvents. In sceses, when a hydrated metal oxide
precursor is used or when water is producesity, it is no more possible to exclude a hydrolytic
reaction pathway and some researchers prefer totheséerminology “non-aqueous sol-gel

chemistry”. This implies that water is not only ilegily added but the product of a side-reaction.

1.2.1 Hydrolytic sol-gel processing

Sol-gel polymerization and sol-gel transition wdigcovered and studied by Ebelmen in 1845-47
who worked on the glass conversion of silicic aandler the action of moisture, but the first sol-
gel patent (patent DE736411C) was only depositd®89 by theSchott-Glaswerk&erman firm,

almost one century after the first experimentatience of the effective process [44].

Chemical aspects play an important role in studging controlling the sol-gel process in order to
obtain an aerogel, a glass or some nanopartictesrdactivity of the metal precursor in aqueous
medium depends mainly on the electronegativityhefrhetal atom, its ability to increase or not the
coordination number, the steric hindrance of th@xal groups, and on the molecular complexity

of the initial precursor and all the intermediateducts.

1.2.1.1 Hydrolysis and condensation
1.2.1.1.1 Hydrolysis

Hydrolytic or aqueous sol-gel processing using d@amalkoxide precursor is achieved by the
combination of the hydrolysis and condensatiorhefrnetal alkoxide in water or rather in water-
based solvents due to the immiscibility of the aigacompounds. The hydrolysis reaction (and

reverse reesterification of the metal hydroxided)aa shown in Equation (1) for one group only.

=M — OR+ H,0 2= M — OH + ROH 1)
As observed, the alkoxy grouPR) was exchanged by a hydroxyl one via a nucleaphttack of
the oxygen atom of a water molecule and followedhwyrelease of alcohdRQOH). The amount
of added water, the pH of the mixture and the waw lthis water was delivered determined
whether the alkoxide groups were completely hydretly or not, and which intermediate

oligomeric species were formed.
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1.2.1.1.2 Condensation by oxolation, alcoxolation and olation

Immediately after the hydrolysis was initiated alaigely before it was completed, the
condensation step started. There are three possibohpetitive ways to form the metal-oxide

bridge,i.e. oxolation, alcoxolation and olation and they areeg by Equations (2) and (3).

The former equation is the condensation betweempbaatially hydroxylated metal alkoxides which
produces water as the final product (oxolation, eeweérse hydrolysis of metal oxide bond). This
water can also be used for further hydroxylatidiofeing Equation (2). The latter Equation (3) is
the condensation between a partially hydroxylatedamalkoxide with a metal alkoxide which
leads to the release of alcohol (alcoxolation @verse alcoholysis of metal oxide bond). Both can

act in combination in order to connect more molesdbrming a large inorganic network.

=M-OH+HO-M=2=M-0-M=+H,0 (2)
=M-OR+HO-M=2=M-0—-M=+ROH (3)
In a nonpolar solvent, an alcolation reaction pedi:eg by an olation-like mechanism will result

in the formation of an alkoxy bridge as shown iru&tipn (4).

OR
7N
2(M —0R)2 M M (4)
Nor”
As seen imable 1 compared to silicon which is less electroposiéivne possesses a smaller partial
positive charge, the large partial charge of tiiamiand zirconium makes the transition metals
excessively susceptible to nucleophilic reagentsis Ttauses the kinetics of hydrolysis and

condensation to be much faster than what was obddov silica.

Moreover, unlike silicon alkoxides, transition netkkoxides exhibit several possible coordination
numbers larger than their valence. When they acedamatively unsaturated, they are able to

expand their coordination by using their vacantlitals to accept Lewis base solvents lone pair.
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Table 1. Cationic size, stable coordination, Padinelectronegativity and partial charge
distribution for metal cation in metal ethoxides

_ _ ) Stable Pauling’s
Metal ethoxide M(OEt)s | Cation size o om
coordination EN
Si(OEt) (TEOS) 0.41A 4 1.8 +0.32
Ti(OEt)s 0.68 A 6 1.5 +0.63
Zr(OEty 0.80 A 7o0r8 1.4 +0.65

Indeed, according to Livaga al, the hydrolysis rate of Ti(OR)s about 18times faster than the
case of Si(OR) with the same alkoxide substituents. The reagtiof some tetravalent

isopropoxides in hydrolysis reactions increasaténfollowing order:
Si(OPru <<< Sn(OPr), Ti(O'Pru < Zr(OPr), < Ce(OPr)

It results from this feature that the degree ajainerization is important to consider in the sdl-ge
processing of such metal alkoxides. Coordinatiqmae@sion occurs via OR bridges. The degree of
oligomerization influences not only the solubility the metal alkoxides but also the reaction
kinetics. For example, monomeric Zfif@) is hydrolyzed more rapidly than polymeric Zr(QkEt)
despite the larger alkoxo ligands. Indeed, metabaties can associate-Lor |s-OR bridges (the
label 2 or 3 denotes the number of metal atomsdioated to the bridging ligand). The degree of
association depends on the size of the metal anttheoisize of the organic chain due to steric

hindrance favoring a lower degree for larger atkygup.

Another way to increase the coordination numberazaur when the alkoxide is dissolved in polar
solvents and forms a solvate (adduct). Then, additif solvent can occur and compete with
association. Upon hydrolysis, the coordinated stlve more easily cleaved than the alkoxide
bridge. [Zr(OPr)eHO'Prl which is the widely used zirconium precursor iis thiork is an example

of molecular specie obtained by both associatianO#r bridge and H®r coordinated solvate.

Finally, olation can occur when the full coordimatiof a metal is not achieved. It is generally the
case for titanium and zirconium under the form O and able to reach respectively a [6]-fold
and [8]-fold coordination. Bridging hydroxo groupan be formed through the elimination of a

24



solvent molecule. The latter is eithes®or ROH depending on the water content of the oradi

as shown in Equations (5) and (6):

=M-0H + {=M — (ROH)}2=M - (OH) — M =+ ROH (5)
=M-0OH + {=M «— (OH,)}2=M - (OH)— M = + H,0 (6)
The kinetics of such nucleophilic substitution ®/grned by the global charge distribution. The
reaction is strongly favored when the nucleophditaracter of the entering group and the
electrophilic strength of the metal are high. M@ since no proton transfer is involved within

the transition state, the reaction rate is usugliye fast when possible.
1.2.1.2 Influent factors on hydrolysis and condensation kinetics

1.2.1.2.1 Acid- or base-catalyzed processing

The rapid kinetics of nucleophilic reactions caugesfundamental studies of the hydrolysis and
condensation of transition metal alkoxides to bear@mmplex. Nevertheless, the relative slow
rates of hydrolysis and condensation of siliconogiites facilitated the emergence of studies
related to the catalytic role of acids, bases,saigents. The use of catalysts such as minerasacid
ammonia, acetic acid, alkaline hydroxide, alkafineride and hydrofluoric acid is widespread in
literature and the general consensus of opinitimasmineral acids are more effective as catalysts
than an equivalent amount of base. However, thagihg properties of the intermediate products
and the retro-reactions generating unhydrolyzedispeia base-catalyzed alcoholic or hydrolytic
depolymerization processes would need to be coresidelydrolysis using silicon alkoxide seems
to befirst order with respect to acid or base concentration buhasoncentration of TEOS was
increased, the reaction no longer followed a singotker and became complicated by secondary

reactions. Nevertheless, the hydrolysis mechanambe presented as follows:

- The first step is a nucleophilic addition of a watelecule to the positively charged metal
atom M. This leads to a transition state whereaberdination number of M has been
increased by one.

- The second step involves a proton transfer withm intermediate leading to the next
transition state. A proton from the entering waterecule is transferred to the negatively

charged oxygen of an adjacent OR group.
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- The third step is the departure of the better leg\group, which should be the most
positively charged species within the second ttanmsstate as shown in Figure 11.

nucleophilic substitution under neutral condition
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Figure 11: Hydrolysis mechanism under neutral domdiand corresponding acid or base
activation

The following parameters determine the kineticthefreaction:

(1) The electrophilic character of the metal centemasationed in Table 1,
(2) The nucleophilic character of the entering molecule
(3) The nucleofugal character of the leaving group,
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(4) The coordination state of the precursor: the marsaturated the coordination, the lower

the activation energy associated with the n

ucldmpdddition,

(5) The ability to transfer a proton: the more acidlie proton, the lower the activation energy

associated with the proton transfer.

If the synthesis is performed for example undediaaonditions, steps 3 and 5 are no longer rate-
limiting in the global hydrolysis pathway. The gdmechanisms are given in Figure 12.
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Figure 12: Hydrolysis mechanism under acidic olideasnditions.

The mechanisms for oxolation and alcoxolation asidally the same as in the hydrolysis; so

globally the acid- or base-activation, of respeaiiythe leaving group (protonation) or the entgrin

group (RO3}M-O- obtained by deprotonation of an

hydroxyl grougefiective in condensation

reactions. Figure 13 summarizes the mechanismgadtion and alcoxolation.
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Figure 13: Oxolation and alcoxolation mechanismmémndensation step.

1.2.1.2.2 Steric hindrance and inductive effects

Another influent factors are the steric and indueteffects that have a large influence on the
hydrolytic stability of the species. Any branchiag extension of the alkyl chain length, or the
presence of aromatic ring reduce the rate of hydi®l Inductive effects result in alterations af th

hydrolysis rate too. Under acidic conditions thte iaf hydrolysis decreases with each subsequent
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hydrolysis step (electron withdrawing), but undesic conditions, the increased electron
withdrawing capabilities of OH compared to OR meguit in a favorable condition in which each

subsequent hydrolysis step makes the hydrolysierfas

Since the reactions in acidic conditions are fas@hee to the large electronic density on the metal
center able to stabilize the positively-chargeddition state, electron-providing goups improve
the reaction rate by reinforcing the pH-dependeri¢cbe condensation mechanism. Conversely in
basic medium, electron-withdrawing groups able ¢ordase the electronic density of the metal

center accelerate the reaction as it is showngarEi14.
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Figure 14: Schematic illustration of the inducteféects of alkoxide, hydroxide or metal oxide
groups on the electronic density of the metal gente

1.2.1.2.3 Solvent role and effects

The solvent in sol-gel processing was initiallydise prevent phase separation to occur during the
early stages of hydrolysis and to control the nedgatoncentrations of metal alkoxide and water
that influence the gelation kinetics. However, ¢heice of the solvent is also of importance due to
its potential solvating ability that influences tlohiemical activity of the species, solutes,
monomers, transient intermediates etc. The maiturfies: of the solvent that we have to take in

account are: its polarity, solvating ability aneégence of labile protons:

- Polarity of the solvent is important in determinitgysolvating ability for polar or nonpolar
solutes. Solvents such as water or alcohols whiglpalar are used to solvate polar species
used in sol-gel processing. Less polar solventdeamsed to limit an extensive hydrolysis

for example.
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- The lability of protic solvent determines the stggnof solvation of cations and anions
through hydrogen bonding. If solvent molecules btmtdydroxyl or hydronium ions then
the catalytic activity of these ions is reduced.rétiver, such solvents influence the extent
of the reverse reactions, namely reesterificatiengrse of hydrolysis) or the metal oxide
hydrolysis or alcoholysis. Aprotic solvent do narficipate in reverse reactions like
reesterification of M-OH or hydrolysis of M-O-M sia they do not possess any sufficiently
electrophilic protons nor the ability to be depraited to form the strong nucleophiles
required for these reactions.

- Protic solvents form hydrogen bond with nucleoghdéprotonated specie®. alcoholate,
whereas aprotic solvents bond to electrophilicgrated ones. As a consequence, protic
solvents slow down base-catalyzed condensationiramndase the rate of acid-catalyzed
condensation, whereas aprotic solvent has these\effect.

- Solvents used in sol-gel processing also have biigyao promote depolymerization of
the metal oxide network. Nucleophiles, such as,He involved in the base-catalyzed
hydrolysis of metal oxide bonds (reverse oxolatiowhile aprotic solvents cannot
hydrogen bond to HQhus making it a stronger nucleophile. This pragsatestructuring
and results in a greater condensed species.

1.2.1.2.4 Consequences

The acidic or basic conditions in selected solvent-solvents have a profound effect on the way
the polymeric clusters grow. In acidic conditionappears to favor the long chained networks
which is in contrast with the basic condition tif@fors compact formation. As an illustration,

different partially-hydrolyzed and condensed titeamipolymers are shown in Figure 15.

OR 0 OR OR
HO—-Ti—0 — —0-Ti—-0— —-0-Ti—-0—- —0-Ti—0R
OR OR OR OR
(A) (B) (C) (D)

Figure 15: Different types of partially hydrolyzéthnium polymers.
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Charge calculations were performed by Livagieal. on different moieties of this polymer
identified as (A, B, C and D) and gathered in Table

Table 2: Various charges of the different typepaf/mers

Site 6 (OR) 6 (M)
A -0.01 +0.70
B +0.22 +0.76
C +0.04 +0.71
D -0.08 +0.68

For acid-catalyzed condensation, the ease of patitondecreases as D >> A > C >> B which
reflects on the electron-providing power of theetyjf ligands (alkoxy > hydroxo > oxo) [42]. This
promotes in a chain-like growth since the condeosatccurs preferentially on the ends rather
than in the middle of the chain.

In contrast, the base-catalyzed condensation stimtvshe order of reactivity follows the decrease
from B >> C~= A > D which is correlated to the decrease of thsitpve charge of the titanium
atom when nucleophilic addition of H@ccurs. Using Nklor NaOH, condensation is always
activated through the formation of highly nucledigtspecies such a4 — 0~:

M—-0OH+B 2M—-0"+BH*

This reactive condensation precursor will attack thore positively charged metal atom. This
condensation favors the middle rather than the ehtlse chain thus resulting in a more compact
and highly branched species [42]. Figure 16 showshematic representation of the products
obtained for the acid- or base-catalyzed reaction.
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Acid catalyzed

Figure 16: Schematic representations of the prsdobtained by either an acid- or a base-
catalyzed reaction.

1.2.1.3 Hydrolytic route to metal oxide nanoparticles

We could retain from the few last paragraphs thasé four reactions (hydrolysis, alcoxolation,
oxolation, olation) may be involved in the transhation of a molecular precursor into an oxide
network. The structure and the morphology of treilteng oxide strongly depend on the relative
contribution of each reaction. These contributicas be optimized by carefully adjusting the
experimental conditions which are related to bioternal (nature of the metal atom and alkyl
groups, structure of the molecular precursor) awternal (water-to-alkoxide ratio, catalyst,

concentration, solvent and temperature) parameters.

Nevertheless, the quite high reactivity of the rhetade precursor (except for silicon alkoxide)
and the double role of water as a ligand and soléich allows the hydrolysis, condensation and
aggregation to occur almost simultaneously makigficult to have an effective control over the
size and the phase purity if the target produtd iget nanoparticles. Indeed, the aqueous sol-gel
process leads frequently to some amorphous prat@piand the required post-synthetic annealing
step to induce crystallization ruins any chancgdba good control over the crystal size and the

shape especially if the issue of the synthesis @btain isolated nanoparticles.

One possibility to decrease and to adjust the isegcof the metal precursor is the use of organic

B-diketones which act as chelating ligands and naidethe reactivity of the precursor. Two
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methodologies were used to obtain crystalline nedtat the nanosize as shown in Figure 17 and

Figure 18.

- Moderate heat treatment of a zirconia aerogel pbthiby gelation and supercritic

evaporation of an acidic mixture of 2,4-pentanedjomater and zirconium n-propoxide in

HO"Pr [45],
Sample Av. nanpcrystals
size

Aerogel at 1000°C >20 nm
Aerogel at 650°C 5-6 nm
Aerogel at 350°C 2-3 nm

§ Raw aerogel

: (270°C/5,5GPa) <2nm

Figure 17: TEM micrograph of a zirconia aerogeadtieeated at 350°C, corresponding SAED
pattern and average nanocrystals size at diffenem¢aling temperature.

- Displacement of the keto-enolic tautomerism amditu crystallization of zirconia from a
2,4-pentanedione-modified zirconium n-propoxidecprsor in a mixture of water and
HO"Pr by the use of a strong organic acid, namelylitoagid (PTSA), at 80°C [46].

Zr(OPr)s
4 — —

HZ0 + PTSA 24 h-60°C
acac + - » .
n-PrOH =
Sol - Dh=3 nm Sol of crystalline
Z102-x (OH)2xy .y H 20 12502 panticles
100
80+ -
>
-
- 604 -
=
2 404 L
=
—
204 -

2.3 2.45 2.6 2.75 2.9 3.05 3.2 3.35-
Hydrodynamic diameter (nm)

Figure 18: Experimental protocol for the synthesisZrO; colloidal nanocrystals.
1.2.2 Non-aqueous sol-gel processing

In non-aqueous sol-gel chemistry, the synthesisasfomaterial is relatively sophisticated and
essentially based on the direct aprotic condensé&ioictly non-hydrolytic process) or on the non-
aqueous hydroxylation of the metallic precursoitpfeed by the condensation of the hydroxylated

33



precursor. Aprotic condensation typically resufisan ether elimination ofRO) (and reverse,

etherolysis) shown in Equation (7).

=M—-0OR+RO-—M=2=M-0—-M =4R,0 7)
This reaction is known to be more difficult to ocan comparison to those of the aqueous sol-gel
chemistry due to the organic nature of the solaeditligands and to the high activation barrier that
offers a kind of control over the morphology and itirsitu crystallization of the oxidic material.
Moreover, non-agueous sol-gel chemistry is far nfax®rable in the synthesis of metal oxide
nanoparticles due to its ability to produce nantbgas with good homogeneity, crystallinity, phase
purity and size control [47]. Similarly, non-aqusoprocedures can be classified further into
surfactant- or solvent-controlled strategies. Blext sections, we will discuss the advantages and

disadvantages of the two strategies.

1.2.2.1 Surfactant-controlled syntheses

Surfactant-controlled non-aqueous sol-gel synthesis commonly used to synthesize
monodispersed nanoparticles by a strong surfabdizédion. Generally nanoparticles have a high
surface area to volume ratio (specific surface ,aB&8A) which favors agglomeration. This
behavior is driven by the need to reduce the lagdace energy of the particles and the
introduction of surfactant reduces efficiently tagglomeration of the particles by coating its
surface. The surfactant molecules that cap theasarfcreate a steric hindrance between

nanoparticles.

1.2.2.1.1 Hot-injection synthesis

This process which was developed by Muredyal. in 1993 for the synthesis of monodisperse
cadmium chalcogenide nanocrystals consists intingthe cold metal precursor solution directly
in pre-heated of molten surfactants or mixtureatvent and surfactant [48]. The fast injection of
the precursor induces a large degree of supersatuyraesulting in a brief but intense burst of
nucleation. In consequence of the nucleation effét precursor concentration will reduce
abruptly and because of the temperature differbab@&een the “hot” solution and “cold” reactants,
combined with the already low concentration of timeeacted precursor, any further nucleation
events is prevented. Then the temperature is iseteslowly to allow further growth of tmeiclei

into larger nanoparticles. The process principlgresented in Figure 19.
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Figure 19: Hot-injection set-up and reaction scadon controlled-size nanocrystals synthesis

This strategy proved to be particularly versatiler foreparing numerous semiconductor
nanocrystals, however it has been extended toythtbesis of other materials such as metals and

metal oxides. This is perfectly illustrated forcnia and titania nanocrystals obtained respegtivel
by Jooet al.and Trentleet al.and shown in Figure 20.

a) . 340°C .
Zr(O'Pr), + ZrCl, W 27Zr0, +4'PrcCl

trioctylphosphine oxide

Figure 20: (a) reaction of the zirconia synth@si$OPO, (b-c) TEM micrographs of zirconia

nanoparticles prepared by Jeb al. [49] and (c) TEM micrographs of titania nanoparticles
obtained by Trentleet al[50].
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The choice of different type of surfactants allavihermally dynamic adsorption and desorption
of the molecules on the particles’ surface whichnpts the control over the particle size and
morphology. However, this technique results in seVienitations,i.e. a reduced chemical purity,

high toxicity and reduced accessibility of the agd for catalytic and sensing applications [51].

1.2.2.1.2 Two-phase synthesis of colloidal nanocrystals

In 2006, Zhacet al. has developed a two-phase approach for the systbheshape-controlled
colloidal zirconia nanocrystals, including sphelicdeardrop-, rod-, and rice grain-shaped
particles. They found that the key factors for colting the shape were the reaction time, the matur
of the capping agent, and the monomer concentrfiRnThe two-phase approach was combined
with an autoclave, for the synthesis of crystallii€d, nanocrystals within a narrow size
distribution. In this approach, they used zirconimkpropoxide and oleic acid in toluene dad-
butylamine in water and then heated the mixtur@avit stirring. The nanoparticles obtained are

shown in Figure 21.
This method exhibits a number of interesting fesgur

0] The reaction temperature was less than 180°Cjdtmatich lower than the temperature
required for the thermal decomposition hot-injectprocess.

(i) Nucleation and growth appeared to take place cootisly without a clear boundary.
(i)  The reaction occurred under a certain pressuteeahterface between the two phases;
this process probably facilitates the preparatioshape-controlled nanocrystals.

(iv)  The resulting nanocrystals were capped with alkgis, and thus they were soluble

in nonpolar solvents.
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Figure 21: (a-b) TEM micrographs of Zr@anocrystals prepared over 72h at 180°C and [Zr]
monomer concentration of (a) 0.07 mol.and (b) 0.4 mol.iL. (c-d) corresponding HRTEM for
0.07 mol.L* (c) and 0.4 mol.1 (d) according Zhaet al.

Despite the very satisfying shape-control promadbdgdthis methodology, a strong limitation
remains. Indeed, there was a coexistence of manoend tetragonal nanocrystals whatever the

experimental parameters used.

1.2.2.1.3 Heating-up solvothermal synthesis

In 2009, Xuet al. has published a new method enabling the fine tuafrthe sizes and phases of
ZrO2 nanocrystals. Indeed, monodisperse and pure priesmia (tetragonal or monoclinic)
nanocrystals with finely tuned sizes as well agatltin t-ZrQ nanowires have been selectively
synthesized by a facile solvothermal method ingiesence of oleate ligands as shown in Figure
22 [53].
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Ultrathin T-ZrO,
Nanowires

Figure 22: TEM, HRTEM and XRD images of m-Zr@anocrystals (a-c); t-Z#hanocrystals
(d-f); and t-ZrQ ultrathin nanowires (g-i), respectively accordiXig et al.

The first step of the synthesis consisted in theparation of the zirconyl oleate complex, then

followed by its solvothermal treatment in variougperimental medium:

0] In order to produce m-Zrfzirconyl oleate is dissolved in the presencelefccacid,
oleylamine and ethanol and solvothermally treate2D8°C for 2 days. The sizes of the
nanocrystals could be tuned from 8.0 nm to 2.8 gishortening the reaction time from
2 days to 4 h. When n-butanol was used in placetionol, flower-like m-Zr@
nanocrystals were obtained.

(i) In order to produce t-Zrg)zirconyl oleate was dissolved in the presencaleat acid,

oleylamine and n-octane and solvothermally treate200°C for 2 days. The sizes of
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the nanocrystals could be tuned from 3.0 nm tané&y shortening the reaction time
from 2 days to 4 h. The replacement of ethanol #hexanol also yielded t-ZrO
nanocrystals.

(i) In order to produce t-Zrultrathin nanowires, zirconyl oleate was dissolwedhe

presence of oleylamine and cyclohexane and soluwnidiy treated at 200°C for 3 days.

From the effect of alcohols with different chaimdgh, they have found that the use of a longer
chain alcohol (n-hexanol) yielded to pure tetrag@hase whereas ethanol or n-butanol yielded to
the monoclinic polymorph. They concluded that trafation of either a monoclinic or a tetragonal

phase was achieved by different reaction kinetar@sses. Moreover, the solvolysis of zirconyl

oleate yielded t-Zr@ whereas m-Zr@was obtained when the alcohol-induced esterificaind

hydrolysis reactions prevail.

This methodology is extremely promising in termsiae and shape control for both polymorphs
of zirconia but it does not allow to obtain a gogeld when the temperature or duration of the
synthesis are lowered.

1.2.2.2 Solvent-controlled non-aqueous sol-gel synthesis

In solvent-controlled strategy, the choice of th@vent dictates the size, distribution and
dispersibility of the crystals. They can be groupetb chemically inert organic solvents or

chemically active ones such as the oxygen-dona {gfrohols, aldehydes, ketones or ethers).

Such methodology offers a much simpler path infdneation of the nanoparticles but sometimes

results in some agglomeration. This agglomeratigpadticles can be remedied by adding a post-
synthesis functionalization process. To summaheddifference between the surfactant-controlled

and solvent controlled Table 3 is presented armsthioivs the pros and cons of the two strategies
according to the review of Niederberger and Pirti. |
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Table 3: advantages and disadvantages of surfamtantlled and solvent controlled non-
aqueous liquid-phase routes to metal oxide nanicfes{41]

Surfactant-controlled Solvent-controlled
Excellent control over size Low amount of organic impurities
é Narrow size distribution Non-toxic solvents
% Good shape control Simple, robust and widely applicable
?E Low agglomeration synthesis protocols
Good redispersibility Good accessibility of the surface
é Presence of impurities Less control over crystallite size and shape
% Toxicity of surfactants Broader size distributions
% Poor accessibility of the surface Formation of agglomerates
-é’ Complex reaction mixtures Limited redispersibility

1.2.2.2.1 Non-hydrolytic condensation

There are a couple of condensation mechanismethto the formation of M-O-M bridges under
a non-aqueous solvent-controlled route and thetharether elimination (X = OR), the alkyl halide
elimination (X = Cl, Br, 1), and the ester elimiiat (X = OOCR’) (Equation (8)) [41].

=M-X+R-0-M=2=M-0-M=+R-X (8)
There are also more complex mechanisms towardsytiitbesis of metal oxides such as the C-C
bond formation, namely coupling of benzylic alcahahd alkoxide precursors or aldol/ketamine

condensation (not developed in this thesis).

1.2.2.2.2 Benzyl alcohol route based on C-C coupling

In alkaline conditions, Niederberger, Garnweitnad &inna have shown that conjointly to the
formation of oxidic nanoparticles a C-C bond forimatanalogous to Guerbet condensation of
benzyl alcohol on isopropoxide ligand was possikeing the formation of the alkaline earth
zirconate BaZr@ titanate BaTi@, and lithium niobate LiNb®nanoparticles [54] [55]. Figure 23
and Figure 24 show respectively the formation ofOFTi bridge, and the TEM and HRTEM
micrographs of the BaTi§»synthesis.
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Step 1
Ba(s) + 2C,HsCH,0H — Ba** + 2C4HCH,0~ + H,

Step 2

: H 8- (OiPr)
OiPr ~ . 3
H\ ----- (\O ]3 +C6H5CH20_ SQ-_TI \O
— +;
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Figure 23: Proposed mechanism for the synthesIs-0FTi bridge via C-C bond coupling or
Guerbet-like condensation.
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Figure 24: TEM micrographs of as-synthesized BaTi@hoparticles: (a) an overview image
and (b-c) HRTEM images of isolated Bagi@anocrystals according to Niederbergeal.

The reaction is initiated by the dissolution of atlét barium in benzyl alcohol prior to the additio
of the metal alkoxide shown in step 1. The presesfcbenzyl alcoholate induces a different
chemical pathway shown in step 2. This chemicdlyay involves the formation of the C-C bond
between the isopropoxy ligand of titanium isopradexand benzyl alcohol. This is then followed
by the release of a hydroxyl group from benzyl BtdoFinally, the hydroxylated titaniunficOH)
promotes condensation with another metal alkoxadning the Ti-O-Ti with formal release of 4-
phenyl-2-butanol.

1.2.2.2.3 Benzyl alcohol route based on ether elimination

One of the frequently used alcohol solvent is teazyl alcohol which is commonly known as
benzyl alcohol route [56] [54]. Benzyl alcohol bes to the family of the benzylic alcohols and
readily reacts with metal alkoxides by alcohol mtenge and then form metal aryloxides:

M(OR); + x BnOH 2 M(OR),_,(OBn), + x ROH

42



Metal aryloxides are more resistant toward hydislygan aliphatic alkoxides due to the (+E)
mesomeric effect of the aromatic ring which incesather-donor ability of aryloxo groups and
decreases the positive charge on M. Such effecstnaingly depend on the availability of the metal
d-orbitals but also on the (-I) inductive effectialn inversely increases the positive charge on
metal. Moreover, benzyl alcohol has been demorestrat favor ether-elimination pathway.

The benzyl alcohol route combined with solvothertnehtment produced zirconia nanopatrticles
(2.8 nm) [57] and has been successfully used togpeeother oxides such as pi@ nm) [58] and
SnG(3.5nm) [59].
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Figure 25: TEM images of ZrOnanopatrticles after post-functionalization withtastecanoic
acid (a-b) and XRD diffraction pattern of as-pregghtZrQ nanoparticles (c) according to
Garnweitneet al.

This route usually proceeds by the reaction of tahadkoxide and/or halide source and alcohol to

form M-O-M bonds via ether elimination and/or alkyalide elimination in case of a halide

precursor. It is also possible that the alcohalxiglized in direct or as side-reaction which could

interfere and create a cascade of complex reactiwatscould result in the difficulty in the
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identification of their role in the formation ofdhoxidic nanoparticles. In the case of zirconia,
Garnweitneret al. have shown that zirconia nanoparticles were predwta an ether-elimination
pathway following a two-step mechanism. First by texchange of ligand between the
isopropoxide with the benzyl alcohol molecule ardasnd by the condensation of the alkoxide
species to form the metal-oxygen-metal bonds wighrelease of organic ethers [57] (see Figure
25).

Moreover, Cheemat al. has evidenced that the use of zirconium n-propoxicn-propanol and
benzyl alcohol in place to zirconium isopropoxidgepropanol adduct would lead to a mixture of
t-ZrO2 and m-ZrQ at 220°C and gradually to almost pure t-Zi9 increasing the temperature up
to 270°C as shown in Figure 26 and Table 4.

——Zr0,-220-sm —— Zr0,-250-sm ‘
—— Rietveld refinement

—— Rietveld refinement

25k

15k 4

Intensity (a.u.)
Intensity (a.u.)

20 30 40 50 60 70 8 90
20 (°) 20 (°)

(b)

¥4
— 1
50 nm 2l

(© (d)

Figure 26: XRD patterns of ZeOhanoparticles synthesized at 220°C (a) and 256y @t(small
scale along with its Rietveld refinement (red)hattom, TEM micrographs of Zeynthesized
at 220°C (c), 250°C (d) and 270°C (e).
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Table 4. Crystal properties of the Zr€ynthesized in small scale for 72 hours at differen
temperatures determined by PXRD and TEM (rounde¢ddmearest 5):

m-ZrO > Crystallite size GOF Tem particles
Sample fraction? m-ZrO 2 t-ZrO > size (nm)
(Wt%) (nm) (nm)
Zr0,-220-sm 45 3.5 3.7 1.28 4.4
Zr02-230-sm 40 3.4 4.4 1.99 -
Zr0z-240-sm 30 3.1 4.0 1.65 -
Zr02-250-sm 25 2.9 4.3 1.81 4.5
Zr0,-260-sm 15 3.4 4.7 1.87 -
Zr0,-270-sm <10 5.8 5.3 2.98 4.6

Recently, Keukeleeret al. has shown that it was possible to drastically cedine solvothermal
duration of the global treatment from 48 h to ofélig by monitoring the reaction in a microwave
reactor at 230°C. Several zirconium precursbes,zirconium propoxide, chloride, ethoxide or
acetate have been used and lead to different zac@mocrystals exhibiting pure t-Zr(Qpure m-

ZrOz or mixture of both polymorphs as shown in Figure 2

45



Figure 27: TEM and HRTEM micrographs of zirconiangs(A) zirconium propoxide, (B)
zirconium chloride, (C) zirconium ethoxide, and (@xconium acetate precursors according
to Keukeleerest al. [60].

Finally, Portalet al. evidenced that the presence of water producedhbydehydration of
isopropanol was detrimental to the phase purity-&fO-> nanocrystals. They have proposed to
remediate to this inconvenient by dissolving sodiaetal in benzyl alcohol before the addition of
zirconium isopropoxide-isopropanol adduct in orteipromote a strong base activation of the
global process. The pure as-produced nanopartzkeshown in Figure 28 and correspond to
t-ZrO.. Portal et al. postulated a NaOBn desiccatingceffmupled with a C-C coupling

Guerbet-like mechanism.
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Figure 28: TEM and HRTEM micrographs of zirconianoparticles obtained by a strong base
activation of the benzyl alcohol route initiallyvd#@oped by Garnweitner (according to Podgl
al.).
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1.3 Formation of a solid phase by chemical solution synthesis

In this section we will briefly discuss the clasdi@and non-classical nucleation and growth
mechanisms. The information that can be obtainech fan independent study of the nucleation
and growth mechanism will be invaluable in underdiag the nanomaterial’s texture and its
intrinsic properties. In dealing with soft-chemysexperiments, whether it is agueous or non-
aqueous chemistry, the problem of isolating theleaimn and growth mechanism is very
persistent where the nucleation step is coupleld eoarsening and agglomeration growth steps.
The main difficulty consists to find a connectiogtWween the crystal and its monomeric building
units, and especially, the intermediate structbete/een molecules and solids. The classical view
considers the different stages of crystallizatioproceed via attachment of the basic monomers,
which (depending on the crystal) can be atoms, a@msolecules and we will distinguish the case
of non-classical crystallization in which the burlg units of solids are no more atoms or ions but
possibly clusters and even nanoparticles themsdlveslution, there are three possible nucleation
models: classical nucleation, spinodal decompasdiod non-classical nucleation. In the classical
nucleation theory, homogeneous nucleation has & Ligrmodynamic energy barrier that
originates from the high surface-to-volume ratio tfe nucleus By contrast, spinodal
decomposition has practically no energy barriethla model, the surface energy of thecleiis
negligible compared with their bulk free energydgtspinodal decomposition can spontaneously
occur and a phase separation takes place all beemedium. The energetics of non-classical
nucleation are somewhere in between those tworaggef high energy barrier and no barrier at

all.

1.3.1 Classical nucleation

The most fundamental step in crystallization isleaton,i.e. the formation of the firstucleiin a
system that has become supersaturated. Controysthdtization, in principle, requires nucleation
control. Classical nucleation assumes that the eaéegy of a nascentcleusdrives nucleation,
where its structure is that of the macroscopic bun#¢erial. However, the generation of a phase
interface, and with it, of interfacial tension, ieges nucleus growth. The first important
assumption made in this simple model is to usarttezfacial tension of the bulk material at the

nanoscale. Because the total volume and surfacgies®f the native particle scale with the cube
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and the square of the radius of tméclei respectively, the bulk energy begins to balaee t

energetic cost due to the generation of a phasdace at the so-called critical size.

Mathematically and for spherically-shaped objectsmétant shape and inner structure ofihaei
identical to the final crystal), the stability dfetnucleior small clusters can be written as function
of the radius as shown in Equation (9) what® is the Gibbs free energy of the growmgeus
AGy is the free energy of phase formatipms the surface energy per unit area, and r isphere
radius of thenucleusor particle [61] [62].

4 9
AG=—§m‘3-AGv+4m‘2-y ®)

The Gibbs free energy (Equation (9)) is graphicakpresented in Figure 29 to aid the
understanding the classical nucleation theory. 8loutate the minimum size for a stablecleus

it is necessary to differentiate the Equation (#hwespect to r and setting it to zero. Result is
given in Equation (10) wherg;; is the critical size to balance the surface arldl éoergies.

2y (10)
rCTit = _AG
v

AG, is defined in Equation (11) and is dependent upertemperature, the Boltzmann’s constant
ks, the supersaturation s, and its molar volume V:

_ kgT -In(s) (11)

4G, =
v 4

To obtain the critical energy the critical sizerfara is substituted back to Equation (9) and obtain

Equation (12) wherd G2 is the critical energy for r .

.3
AGhomo — 16n 14

crit 3. AGS (12)
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Figure 29: Graphical representation of the Gibbs #nergy for homogeneous nucleation [62].

As observed in Figure 29, theirvalue corresponds to the minimum size at whiahueleus

survives in solution without being redissolved. Tdmange in free enthalpy for the formation of
precriticalnuclei (r < reit) is positive, hence, their formation is thermodyraatly improbable,

and can only occur through random density fluctration sub-microscopic lengthscales and
exhibits similarity with the notion of activatedroplexes in chemical kinetics. In consequence, for
a highly supersaturated system, classical preulpicstical nuclei are rather rare species and the
cluster size distribution is characterized by apamentially decaying function with an average of

size of monomers or dimers of the underlying mdkecunits.

A rate of nucleation of Mucleiduring time t can be described using an Arrhehyps-equation
where A is a pre-exponential factor representing the feeqgy of collides between monomers and
Ea the activation energy barrier related to the cleahtieaction giving birth to the monomeg(

oxolation, olation, alkoxolation) (Equation (13)):

E=A°'exp<‘ kT

In the presence of active centers (impurities, syddubbles, etc.) the barrier to overcome for

nucleation to occur is globally decreased. Unlikenbgeneous nucleation, thacleiare formed
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on the first surface of a foreign body. Germs nogkr have spherical shape but exhibit a contact
angle6 with the support as shown in Figure 30. The @itenergy for heterogeneous nucleation
is now obtained using Equation (14).

Jchetero _ (2 + cosO)(1 — cosh)? . g ghomo (14)

crit - 4 crit

Figure 30: lllustration of the contact an@léor the heterogeneous nucleation.

1.3.2 Non-classical nucleation

Recently, the classical nucleation theory has Wesvestigated due to an increasing number of
cases which do not fit to the model. Indeed, numestudies of solute solutions reported so-called
non-classical pathways of nucleation, which invothe aggregation of either pre-nucleation
clusters of monomers or primary particles. An ewnie for non-classical behavior brought a
clarifying insight in the case of magnetite. IndeBdumgartneet al.used cryogenic transmission

electron microscopy to visualize magnetite formatand found that nucleation proceeds by
aggregation of metastable primary particles, apprately 2 nm in size, consisting of an

amorphous iron oxide phase as shownRigure 31[63].
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Figure 31: Cryo-TEM images for the nucleation armingh process of co-precipitated magnetite.
Time series of the evolving primary particles aragmetite-nanoparticle aggregates after 2 min
(a), 6 min (b) and 82 min (c). Yellow arrows in (bjlicate the early formed crystalline magnetite
nanoparticles. Image of a magnetite nanopartigleliftage of non-crystalline primary particles
attaching to the surface of a magnetite nanoparf&). Scale bars, 10 nm.

Lately, research activities go to understand thpaich of prenucleation clusters and primary
particles on the rate equations of classical nticleadheory by developing a general analysis of
aggregation-based nucleation that preserves impartassical concepts. In doing so, they provide
a framework for predicting whether pathways of eatbn are direct or rather stepwise, and
whether they occur through monomer-by-monomer aiditor indirectly through cluster
aggregation whatever the level of supersaturatroeven sometimes in undersaturated solution.
The different possibilities that have been obseiwedarious systems belong to one the pathways
presented in Figure 32.
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Figure 32: Nucleation pathways from monomers tdothlk crystal. Both monomers and clusters
can nucleate the crystalline bulk phase eitherctlyga) and (c) or through an amorphous or
disordered precursor phase ((b) and (d).

1.3.2.1 Stepwise nucleation

A drastic factor resulting in a decrease of thessilzl nucleation energy barrier relates to the
structural variances, namely amorphism and polyimemp. Indeed, under low supersaturation
conditions, two-step nucleation through an amorghoucrystalline transition is energetically
favored over direct crystallization foreseen bysslaal nucleation. Such a phenomenon has been
observed from multi-scale and various systems, peoteins, metallic clusters, metal
chalcogenides, minerals like calcium carbonate;iwad phosphate, iron oxide and silica and is
perfectly illustrated by the optical microscopedstwf the crystallization of colloidal polystyrene

particles as shown in Figure 33.

In the first step, amorphousuclei are formed — their surface energy is lower that tf the
crystalline nuclei as a consequence of their de@d interfaces with the solution. In the second
step, an amorphous-to-crystalline transition tgkase in the middle of the amorphous phase; this
transition has to overcome a much lower free endrgyrier as compared to the direct
crystallization from solution. In other words, tamorphous phase can mediate the nucleation of

the crystalline phase by buffering the large entrdifference between solution and crystal.
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Figure 33: (a) optical microscopy study of colldigeolystyrene particles self-assemblies
according to Zhangt al and (b) energetic interpretation of the procégs$. |

Stepwise phase transitions in the crystallizatigmodymorphic solids can also induce non-classical
nucleation. Indeed, when the particle is ultra-$mt free energy is dominated by the surface
energy term and finally when the particle grows, tihermodynamic stability becomes more
dependent on the bulk free energy term. As a careseg, in the early stages, thecleustends to
have the structure with the lowest surface eneugystransformed to the structure with the lowest
bulk energy as it grows, as conjectured in the @ktwtep rule. For example, Zr@anoparticles

have a tetragonal structure, whereas bulk.Zs@onoclinic under ambient conditions. A stepwise

54



phase transition occurring because of the diffexdretween the surface and bulk energies of the

two phases is illustrated in Figure 34.

AG 4
Ytetra < Ymono
>
g |77 Tk
o K N
o > s . >
u [ % Particle radius (r)
(7] P 0..
3 N Ya, Taa, .
(G) N, |
N,
subcritical ~ t-ZrO, m-Zro,

Figure 34: Energetic interpretation of the 2-stejgleation process for metastable tetragonal
zirconia and size-dependdsatra-monophase transition.

1.3.2.2 Pre-nucleation clusters and aggregation principle

Nanoclusters with discrete sizes and structures fturing the subcritical period of the synthesis
of nanoparticles of various systems (metals, semdactors and metal oxides). The formation of
these nanoclusters reveals the presence of logdahm@miin the energy landscape, which can
effectively lower the energy barrier for nucleaticso that it can take place at a level of
supersaturation lower than that estimated by daksucleation theory. An example referring to
this prenucleation clusters is magic-sized metathasters whose stability is related to the

geometric full-shell and electronic superatom ogunfations.

Other nanoclusters could form transiently befor@aging into nanopatrticles due to non-constant
bulk and surface energy terms leading to local ménin the energy profile and giving rise to

metastable clusters or even stable prenucleatiostecs as shown in Figure 35. Compared to
monomers, those species are relatively favoralgethermodynamically unstable, intermediates

to crystal nucleation.

55



AG 4

metastable

/ cluster,

Average cluster
> size

Excess free energy

Figure 35: Excess free energy profile relativehte free ions in solution and normalized to the
bulk surface energy for metastable and stable jgfeation cluster as a function of the average
cluster size.

A new proposition for the crystal nucleation sequeevia prenucleation clusters would consist then

in two steps as it was confirmed for iron oxide4opdde by Baumgartnest al.[63]:

- (i) first, the agglomeration of prenucleation ckrstand formation of partially organized
structures comparable to a disordered mesocrystals,
- (i) and second, the ripening of the agglomeraté&s the final crystal structure.

As thermodynamic rationale, many authors suggesbtopare the classical nucleation and the
cluster energy profiles in order to exhibit an efiee lowering of the nucleation barriers.

Nucleation from particularly favorable clusters wbbe delayed or just impossible due to an
increase in the free energy barrier as comparel thig dispersed solute solution. The three
schemes using the superposition of the classiceleation energy profile and those proposed

previously for either metastable or stable cluséeesillustrated in Figure 36.
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Figure 36: Thermodynamical rational for (a) methltand subcritical prenucleation cluster as
relatively favorable intermediates to crystal natien, (b) small and stable cluster exhibiting a
considerable increase in the energy barrier fordbster-to-nucleus transition and favoring
nucleation from bulk solution, (c) large and stgimenucleation clusters as a favorable building

blocks to crystal formation.
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The three possible scenarios correspond to diffefegree of thermodynamic stability:

@) In the first case, metastable and subcritical prkation clusters may be interpreted as
relatively favorable intermediates to crystal natien and are thus well-suited as
building blocks to non-classical crystal nucleation

(b) In the case of clusters that are thermodynamigqaiiferred over solutions of dispersed
solutes, the picture is more complex. The exampall and stable clusters exhibits
a considerable increase in the energy barrierhferctuster-to-nucleus transition and
even larger than the barrier to nucleation fronktsalution. The nucleation will finally
take place from the bulk solution in coexistencéhwhe prenucleation clusters. The
stable clusters could then either dissociate topsarsate the abrupt decrease in solute
concentration arising from the onset of classical@ation or collide with an emerging
nucleusand merge into it.

(c) The example of large and stable prenucleation elsistiustrates a favorable case of
low effective barrier to crystal nucleation, thusdifying the clusters as building blocks
to crystal formation. This model represents a roegfimation of the transition barrier

which does not take into account the energy baarismg from cluster reorganization.
1.3.2.3 Aggregation principle

Another important nucleation pathway is aggregatiGompared to 2-step nucleation, which
involves thermodynamic stabilization via structudlange, the role of aggregation in the
nucleation process has a more kinetic origin. Stibarnucleiare supposed to be unstable and to
dissolve until the critical size is reached buthéir dissolution rate is much slower than their
collision rate, it is possible two or more subcatinucleibind together to form a stable postcritical
nucleud(r > r¢it). This phenomenon induces a large deviation francthssical nucleation theory.
It is important to recall that nucleation is a deffiting process because the formation of parsicle
lowers the supersaturation and, as the supersatutavel decreases, part of thecleidisappears
by a ripening process. Aggregation can stabilizenticlei under ripening by abruptly increasing
their size, which is equivalent to a “tunneling’fesft through the free energy barrier. More
interestingly, this effect can occur even at los@persaturation in which monomer-by-monomer,

or atom-by-atom, addition is not possible.
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Figure 37: Nucleation by aggregation of prenucteatlusters.
In many cases, stepwise nucleation and aggregatok together in a complementary way. Easy
formation of amorphous or disordered nanoparti@esls to a high concentration and to more
frequent collisions among them. Upon aggregatiahsardden size increase, the small disordered
nanoparticles reach the postcritical domain andatherphous- or disordered-to-crystalline phase
transition takes place. The Figure 37 depicts &siple combinations and pathways that have

been reviewed briefly in the previous paragraphs.

1.3.3 Growth mechanisms

After the formation ofiucleifrom the solution they then become larger by mdkecaddition from

the dissolved species or unreacted species. Thetlgnorocess continues as long as there are
available monomers. This growth is essentially depat on two mechanisms: the surface reaction
and the monomer’s diffusion to the surface. Thewinacan be modeled by the Fick’s first law of
diffusion where the driving force for the proces#he concentration gradient namely the difference
of concentration between the bulk solute solutind the nanoparticle surface. Equation (15) is
based on the r, J, D, and C parameters where @prggent respectively the particle radius, the
total flux of monomers passing through a spheftahe with radius x, the diffusion coefficient

and the concentration of monomers at the distaraikis shown in Figure 38.

dac
]:47Tx2'D'a (15)
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Figure 38: Schematic illustration of diffusion lay8) near the surface of a nanocrystal (left) and
plot of the monomer concentration as a functiothefdistance x (right) according Kwe al.
[65].

According to Thantet al. [66] the combination of both rate-determining meemkms leads to the

following Equation (16):

dr  D.V.(Cy—s) (16)

In that expression, D is the diffusion coefficiamd k the rate of surface reaction wheregaart
s are respectively the concentration of the bullkteasolution and the solubility of the particle.
Strictly speaking, the solubility of nanoparticlesot independent of particle’s size and according

to Gibbs-Thomson relation we could use the Equdti@h dedicated for a spherical shape patrticle:

2y.V ) a7)

B

1.3.3.1 La Mer mechanism

The first mechanism is the La Mer’'s model which tiesconceptual separation of the nucleation
and the growth as shown in Figure 39 [67]. The @ativided into three regions as indicated by

the roman numerals |l andlll:
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Figure 39: Diagrams of La Mer’s model. Schematialetion of the concentration of monomers
(a) and the number and size of the particles (bnduhe precipitation of the solid phase. (c)
Rates of nucleation and growth as a function otthrecentration of monomers. S represents the
solubility limit and Gt the minimal supersaturation allowing the nuclaatiate to increase
drastically [67].
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- Stagel corresponds to the subcritical region where nmédion ofnucleiis possible but a
large increase in the concentration of free monendere to continuous redissolution of
subcritical clusters.

- For the stagdl, the system is now largely supersaturated andottmeation of metastable
nuclei is promoted as long as the concentration of momenexceeds the critical
concentration allowing the classical nucleationc®thenucleiformed, growth occurs by
addition of monomers parallel to a continuous ratob®m event. The rate of nucleation is
proportional to the supersaturation level (effeslyvinfinite whenC > Cgit) and the
consumption of monomers in this “burst-nucleatigmitly to the growth of the formed
nucleiwill abruptly reduce the concentration of monomander the critical concentration
value inhibiting then the continuous nucleationgess.

- The stage lll represents the last region where growth is observed under the diffusion
of the monomers through the solution until the emi@tion reaches the solubility value
of the solid phase. Eventually, the concentratibrmonomers could be depleted or
insufficient and other mechanisms come into plathi& growth process such as Ostwald

ripening where larger nanoparticles grow at theeesp of smaller ones [68].

Both the number and the primary particles sizerelated to the relative rates of nucleation and
growth. To obtain a homogeneous dispersion of @ati size, it is necessary to clearly separate
the nucleation and growth events. Such a separgionly possible if the rate of nucleation is

quite larger than the rate giving birth to the mmeo - in that conditions, the burst-nucleation is

strong enough to effectively split from the growrtbchanism. Shown in Figure 40 is the schematic
representation of the (a) independent and (b) dbp@mucleation and growth mechanism. The
independent scheme shows an ideal condition ofyhthesis where there is a clear distinction of
the nucleation curve and growth curve. The paramdébat are typically involve in such synthesis

are the temperature, concentration and pH [62]. él@n in actual experiments the separation of
the nucleation and growth curves are not that apand sometimes it is indistinguishable and
the presence of large overlapping region existhwisuggests that the nucleation and growth
mechanism occur simultaneously which leads to poamtrol over the size distribution,

crystallinity and phase purity.
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Figure 40: Schematic representations of (a) indeépeinand (b) dependent nucleation and
growth mechanism [62].

1.3.3.2 Ostwald ripening

Ostwald ripening (OR) is a growth mechanism caubgdthe change in solubility of the
nanoparticles dependening on their size. Due tdhibker solubility and the surface energy of
smaller particles within the solution, the smallesystals or sol particles are dissolved and

redeposited onto larger crystals or sol partickeshown in Figure 41.

& ® o

Figure 41: Scheme for Ostwald ripening for nanapied (diameter ~10 nm).

A kinetic model for the OR mechanism was developgd.ifshitz, Slyozov and Wagner and is
known as the LSW model [69]. The LSW model predibtt the mean particle radigsshould
evolve as a function of time according to the foilog Equation (18) where n is dependent of the
type of limiting step to the growth:

63



=1t <t (18)

The power law coefficient n = 3 is obtained by adasng dilute conditions, where diffusion of
monomers in solution is the limiting step. In comcated conditionseg(g, solids, or nucleation in
melts), the coefficient may be equivalent to 2 pd€pending on the limiting step involved in the

interfacial reactionsi.g., dissolution or reprecipitation).

1.3.3.3 Growth by coalescence (aggregation and oriented attachment)

Classical growth and Ostwald ripening are somew#iat well-accepted mechanisms in explaining
the growth for systems in reactional equilibrium gmowth phenomenon occurring after the
reactants are consumed but dependent on diffusgera@meters and on the particles’ relative
mobility [62]. Nanoparticle growth can proceed woly by monomer-to-monomer addition, but
also by assembly and merging of smaller primarytigdas into larger ones. This concept
complements the classic theory by extending thaniieh of the building units from monomers

to clusters and nanoparticles.

If nanopatrticles are attached together to eachr dahietheir relative crystallographic orientations
are not perfectly aligned parallel to each othefedts such as grain boundaries, twinning, or misfi
dislocations are formed at the interface. Howewer,many nanostructures formed by the
attachment of primary particles, it was observed the primary particles are oriented so that they

share the same crystal lattice and constituteglesttomain.

This phenomenon has been observed for exampleassh Figure 42 in the case of titania 5 nm
nanoparticles under hydrothermal conditions (100225 15-40 bars), where rapid growth occurs
along [001], driven in part by the relatively higbrface energy of (001) and in part by a kinetic
effect involving a cyclic generation of highly réi@e adsorption sites. The second major
coarsening mechanism significantly reduces theasarénergy, especially under acidic conditions.
This mechanism involves topotactic attachment ohary particles at high energy surfaces (most

commonly (112), less commonly (001)) and can reau{ongated single crystals.
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Figure 42: TEM micrograph of titania particles hgtiirermally retreated in dionized water at
250°C for 2.2 h (a), 183 h (b), or hydrothermalbarsened in diluted hydrochloric acid (c) and
single crystal with magnified inset of the attacimniaterfaces (d).

Recently, the development iofsitu liquid-cell TEM has enabled the direct real-tineservation

of the aggregation of nanoparticles in solutiosta@wn in Figure 43 and Figure 44.

Figure 43: TEM images displaying the attachment i@edging process of PbSe quantum dots
(QDs). (a) Starting configuration: 2D array of 1 sized PbSe nanoclusters on a SiN substrate.
The array shows hexagonal ordering. (b,c) Uponlgeamrinealing at a temperature of 100 °C,
the QDs become mobile. Coalescence and initiattattant takes place. (d) In low-density areas,
strings of QDs are formed. (e) Isolated QDs tenddopt a truncated cubic morphology. (f,g)
Continued annealing at 130 and 150 °C leads tdatrysification. (f) Agglomeration of some
11 connected QDs. Dots no. 1 and no. 2 have fudgeditwo-dot single crystal. (g) The same
agglomeration 10 min later. Dots nos. 3-6 havedusgh dots nos. 1-2 into a six-dot single
crystal according van Hugt al.[70]
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Figure 44: Rotations followed by interface relaéssat imaged during heating of 10 nm sized
PbSe QDs at a temperature of 170 °C, increasir®p@°C, over a time span of 23 min. (a)
Triplet of attached quantum dots with interfacelse Two dots at the bottom fuse into a single
crystal. (b-g) Details of the bottom interface. ticg planes drawn from the images are shown
on the right-hand side. (b) The dots are not atigrie) The top QD has rotated, so that both
crystals now display the same line pattern withistithof ¢=13°. The interface is very sharp
and involves only a few atomic layers, in whichnierface dislocations can be identified
(displayed schematically on the right-hand sidéhefimage). (d) The mistilt has decreased to
¢=9° through a reduction of the number of interfdedocations to 4. Also the interface area
broadens as the dislocations evolve and produam stelds also in atomic layers further away
from the interface. (e,f) Further decrease of tiilnto 8 and 7° accompanied by a decrease of
the number of dislocations. (g) There are no datioas left; the crystals have fused into a single
crystal according van Huet al.[70].

Two underlying mechanisms are revealed in the dslyeand merging processes as shown in
Figure 45:

(2) If two nanoparticles are in close proximity befadlision, there is a strong interaction
between them favoring the alignment of their cilystgaphic orientations. The strength of
the interaction is large enough to help in thetroteal and translational motions required
to align the nanoparticles before collision. Onde talignment is complete, the
nanoparticles immediately merge together by ametitre force. For semiconductors, the
mutual alignment was proposed to be induced byaleldipole Keesom interaction. To
date, no rationale was found for other systems.

(2) Iftwo misaligned particles are attached, sportaseeconstruction of the imperfect lattice
takes place during the merging process to remavdéfects. Even after partial attachment,
the nanoparticles can undergo multiple rotationatioms to minimize the misalignment of

their lattices.
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Figure 45: Oriented attachment mechanisms (a) ltgp& and (b) type Il OA [62].

One has to keep in mind that the behaviors of #ipatrticles in their reaction medium are not
yet elucidated and specially, various effects as sblvent molecules, non-van der Waals
interactions and particles’ shape-dependent pailsritecome preponderant at the nanoscale.
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1.4 Zirconium dioxide

Zirconium oxide (ZrQ) or zirconia is a versatile refractory ceramichaiigh mechanical strength,
fracture toughness, hardness, resistance to wdahammal-shock. It is extensively used in many
applications including automobile engine, cuttirapls and abrasives [71]. Its low thermal
expansion coefficient, as well as excellent chehreaistance, makes it a good candidate for
thermal-barrier coatings in harsh environment. kenrhore, zirconia is a particularly good oxygen
ion conductor. Consequently, yttrium-stabilizeccamia (YSZ) has been chosen as the standard
solid electrolyte for sold-oxide fuel cell (SOFGR][73] and gas sensor [7#5].

New interests have also emerged in recent yeatiseolmminescent properties of rare-earth-doped
zirconia and on the catalytic behavior of zircofTi@] [77][78]. Indeed, zirconia has been studied
and employed as catalyst and support in many ocgaactions [79] [80]. On the zirconia surface,
zirconium atoms form the Lewis acid sites whereaggen atoms become Lewis base sites.
Consequently, the surface of zirconia can exhibihlkacidic and basic, as well as oxidizing and
reducing, properties [81] [82] [83]. In an aquears/ironment, the surface oxygen becomes
negatively charged hydroxyl, which serves alsor@Bted base. All of these sites may be catalytic
active in one or the other reaction. Furthermdrne, rhultifunctional surface of zirconia tends to
bind any available molecule that matches theses.sitberefore, zirconia is a very effective
chromatographic stationary phase for biotechnolpgyification [84]. For these reasons, the
surface properties in solvent, as well as theivdatffinity of different ligands, have been studlie
[85].

Finally, an important emerging application of zmé nanocrystals is the fabrication of
nanocomposite with high refractive index sincarnt$ market in a wide range of optic devices,
including, the coating of brightness enhancemeémt for LCD display (Olson D., B., US patent
US7547467, 2009), the encapsulation of LED [86]d dmlographic grating [57]. Such
nanocomposite is typically obtained by the incogbion of nanocrystals into a transparent resin
matrix. To maintain a certain level of transparertbg particles must be less than 10 nm in size
and non-agglomerated. These drastic specificatiodghe prospects for technological integration
have greatly stimulated the research on zirconromeaterials over the last two decades. The
intrinsic properties of zirconia are governed lsyatomic and bulk characteristics. In the following

section we will discuss some of the propertiesit@onia.
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1.4.1 Polymorphism of zirconia

ZrO2 has three known polymorphic phases at atmosppeggsure or 1 atm. When it is heated up
to 1270C, the zirconia exists as a monoclinic phase atemk as the baddeleyite [87]. It is in the
tetragonal phase when it is between 1270°C and°Z3[88] and finally, it crystallizes in a cubic
system at temperatures above 2370°C [89]. Alsbjgiter pressure, zirconia can exist into two
types of orthorhombic species: orthorhombic | [86# Il [91], appearing around 3 to 11 GPa and
9to 15 GPa, respectively. Except for orthorhontbill of the phases of zirconia exhibit a fluerit
derived structure. Shown in Figure 46 are the sirat models of the fluorite-derived structures.

In the following sections, we discuss various wiaystabilizing the tetragonal phase zirconia.
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Figure 46: Graphical representation of fluoriterded structures of zirconia.

1.4.2 Stabilization of bulk tetragonal phase zirconia particles

Stabilization of tetragonal phase zirconia for boilterial is popularly done via calcinations at
high temperatures in order to favor a higher cawmtion of zirconia over oxygen (for this case an
8 fold coordination) by forming oxygen ion vacarx[82] [93]. There are other ways to obtain

vacancies at lower temperatures such as alterm@sxlggen partial pressure by setting it in low
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oxygen condition [94]. Lastly, the presence of aygon vacancies can be achieved by doping
with trivalent, and/or pentavalent cations whiclowk the stabilization of bulk tetragonal phase
zirconia [95] [96] [97].

1.4.3 Stabilization of metastable tetragonal phase by various models

For the stabilization of nano-sized metastableagginal phase zirconia, various models exist
involving surface energy, strain energy, internat a&xternal hydrostatic pressure, structural
similarities, foreign surface oxides, water vapa@mionic impurities, and lattice defects (oxygen

ion vacancies). They will be briefly discussedhe following sections.

1.4.3.1 Stabilization of metastable tetragonal phase via surface energy

For very small particles with sizes less than 1080the surface properties tend to be more active
in the stabilization of a particle. In the work @ooy Garvie [98], he demonstrated that the specific
surface energy of nanocrystalline zirconia is eebkdnfor very small particles. He proposed a
theoretical model for the relation of the size apdcific surface area as expressed in Equation (19)
where S is the specific surface area of the parthdlis the molecular weighg,is the volumetric
mass density and D is the nanocrystallite size. fhieeretical variation of excess energy as a
function of crystallite size can be presented bydEigpn (20) wherelE is the excess energh,is

the Avogadro’s numbed, is diameter of the particl&, is the factor to convert ergs to kilocalories,

and y is the surface energy.

S = oM 19
=D (19)
AE = 12N(n — 1)?d?Kyn3 (20)

Garvie claimed that the stabilization of the methit phase is due to both the improved specific
surface area and excess energy [98]. The size befoieh the tetragonal phase zirconia is
maintained is called the critical size and for @gaited particles it is around 30 nm [98]. For non-
aggregated and strain free, the critical size @auad 10 nm on the basis of thermodynamic

consideration [99].

70



1.4.3.2 Stabilization of metastable tetragonal phase via strain energy

Surface energy imposes that the critical size shbalaround 10 nm for non-aggregated and 30
nm for aggregated metastable tetragonal phasen@.ddut in the work done by Mitsuhashi et al.,
they were able to produce tetragonal Zp@rticles larger than 30 nm and monoclinic paetiabf
zirconia smaller than 10 nm [100]. Similar resuitsre obtained by Wang and Lin [101] and
Ramamoorthyet al. [102]. Mitsuhashi et al. suggested to introdugaistenergy term in the
thermodynamic analysis of the monoclinic to tetragjophase transformation. Garvie later

modified the surface energy equation in order topensate for the strain energy [103].

1.4.3.3 Stabilization of metastable tetragonal phase via external and internal hydrostatic

pressure
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Figure 47: schematic representation of temperatgaenst pressure diagram for bulk zirconia;
(@) 1 atm at 2300°C,(b) 1 atm at 1175°C, (c) 2.2@P600°C ,(d) 4GPa at 25°C, (e) 13GPa at
25°C, and (f) 15 GPa at 25°C [104] (* hypothetighbse)

Figure 47 shows the schematic representation gbeemture versus pressure phase diagram for
bulk zirconia [104]. As observed the monoclinic pa@an be transformed to orthorhombic | and
Il at lower temperatures but with high pressuree Tble of external and internal hydrostatic
pressure can account for the stabilization of ntabdes tetragonal phase zirconia at lower
temperatures but brought about by the presencextefral pressure and internal hydrostatic

pressure for sizes greater than 30 nm and lessltham, respectively [105] [106] [107].
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1.4.3.4 Stabilization of metastable tetragonal phase via structural similarities

Another way of stabilizing the metastable tetragqgpi@ase zirconia is by understanding the
structural similarities of the amorphous phaseazira with the tetragonal or monoclinic phase
calcined zirconia [108] [109] [110] [111] [112] [B]L[114] [115]. Using electron density and
neutron diffraction measurements, Livage al. observed that the Zr-Zr distances have the
following values 0.22, 0.33, 0.37, 0.47, and 0.60. They are exactly the same as the Zr-Zr
interatomic distances of 0.33, 0.37 and 0.60 nthen(111j plane of the tetragonal phase zirconia
[108]. Therefore, due to structural similaritiestioé amorphous and tetragonal phase zirconia this
transformation is also favored. However, other 8mlggests that the similarities of monoclinic
phase zirconia and amorphous phase zirconia waldrfthe transformation process from
amorphous phase to monoclinic phase zirconia [{1P3] [114]. Both results suggest that the
transformation from the amorphous phase remaireniciasive and requires further analysis and
experimentations.

1.4.3.5 Stabilization of metastable tetragonal phase via the presence of water vapor

The atmospheric condition appears to alter thefaxt&al energies as observed by the works done
by Murase and Kato [116]. In this work, the pregeotmoisture during the synthesis was avoided
by using argon gas. The absence of moisture dutegball-milling process inhibited the

transformation from monoclinic to tetragonal phagech suggests that the presence of moisture

promotes the transformation of zirconia.

1.4.3.6 Stabilization of metastable tetragonal phase via the presence of anions

The presence of various anions such as[01¥][118], Cf [111] [119] [120], CHCOO [118]

[120] [121], CQ? [122], SO2 [119] [120] [121] [122]123][124], and PG [125] within or over

the surface of zirconia lattice appear to aid ia stabilization of the tetragonal phase at room
temperature. The anions appear to increase the temperature stability of tetragonal phase
zirconia by either trapping the lattice dislocasar avoiding the ingress of oxygen ions onto the
zirconia lattice. Thermodynamically, when theseoariare present on the particles’ surface, it is
able to promote the tetragonal phase stabilitynoyeiasing the interfacial difference between the
phases. In contrast, when these anions are priesentally, the stabilization of tetragonal phase

at room temperature may be due to the reductitimedieat of phase transformation or bulk crystals
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and/ or the generation of hydrostatic strains wmitihie tetragonal lattice. However, there appears
to be a limited understanding in the precise mesharfor the room temperature stabilization of

tetragonal phase zirconia [126].

1.4.3.7 Stabilization of metastable tetragonal phase via the presence of oxygen ion

vacancies

The presence of oxygen ion vacancies have beentosexlplain the stabilization of the bulk
tetragonal phase zirconia and are believed to bergéed at high temperature calcination, vacuum
condition, or by doping with a trivalent speciesr Ehe nano-sized zirconia, the presence of oxygen
ion vacancies are believed to be generated dusettnanoparticle size effect” which allows the
stabilization of metastable tetragonal phase ziecdn the works done by Igavet al.and similar
works by Chraskaet al., they were able to compare the lattice parametérthe nanosized
metastable tetragonal phase zirconia at room teatyrer with that of doped zirconia at room
temperature and undoped zirconia at high tempas{i27] [99]. The results show that they are
quite identical suggesting that similar phenomeabaxygen vacancy may be attributed to such
effect. This is further supported by the works dbge.iu et al, they were able to demonstrate the
“nanoparticle size effect” by electron spin resa®@(ESR) analysis of nanocrystalline zirconia
powder synthesized in the absence of any impuriiiestmosphere with low oxygen partial
pressure [128]. Their results show that the numlbexygen ion vacancies with trapped electrons
which is proportional to the F-center ESR signé&tmsity is observed to increase with decreasing
nanocrystallite size. Sizes that are quite smabeapng to favor the tetragonal or cubic phase

suggest a strong correlation of the presence ajexyon vacancy to tetragonal phase stability.
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2. Synthesis and Characterization

2.1. Introduction

In this section we will present the details of fyatheses and the characterization tools devoted to
the study of nano-sized zirconia particles. As adguthe flowchart of the synthesis and

characterization steps is shown in Figure 48.

The preparations were done in a glove box in dry
PREPARATION OF air content and using anhydrous precursors:
PRECURSORS zirconium source , solvent and alkali source

The solvothermal reaction was activated in an
SOLVOTHERMAL autoclave reactor at temperature of 80 to 210°C

REACTION with stirring

To separate the powders from the solvent we
applied centrifugation set at 10K RPM for 10min

SEPARATION with ethanol washing
The extracted powders were dispersed using
DRYING dichloromethane and allowed to dry in ambient

condition

The dried powders were characterized using:
CHARACTERIZATION TGA, ICP-MS, XPS, H-NMR, FTIR, TEM, XRD, and
TS

Calculated PDFs were generated from known
polymorphs of zirconia which were then
PDF ANALYSIS compared with the experimental PDFs

Figure 48: Experimental flowchart for the synthesmsl characterization of zirconia
nanoparticles using solvothermal method in a nashediytic sol-gel route.
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2.2. Sample preparation and synthesis

2.2.1. Preparation of precursors

Table 5: Chemical precursors for the synthesigrobmia nanoparticles via non-hydrolytic sol-

gel solvothermal treatment

Metallic precursors

Chemical compounc Chemical formula Brand Purity CAS No.
Zirconium isopropoxidt| Zr(OiPr)(HOIPr), STRENV 99.9% 1471°-56-7
with isopropanol adduct
Zirconium chloride ZrCla Alfa Aesar 99.5% 10026-11-6
Solvents
Benzyl alcohc CsHsCH-OH Sigma Aldrict | 99.8% 10C-51-6
Isopropyl alcohol (CH3).CHOH Sigma Aldrich| 99.7% 67-63-0
Ethanol CH:CH-OH Alfa Aesar 96% 64-17-5
Diisopropyl ether ((CHs)2.CH).O Sigma Aldrich| 99% 108-20-3
Dibenzyl ether (CsHsCH2)20 Sigma Aldrich| 98% 103-50-4
Anisole CH:0GCsHs Alfa Aesar 99% 100-66-3
Benzaldehyde CeHsCHO Alfa Aesar 99% 100-52-7
Acetone (CHs).CO Labogros 99% 67-64-1
Alkali sources
Sodium hydroxid NaOF Alfa Aesa 97% 131(¢-73-2
Lithium hydroxide LIOH Alfa Aesar 99.9% 1310-65-2
Potassium hydroxide | KOH Alfa Aesar 99.9% 1310-58-3
Sodium fluoride NaF Alfa Aesar 99.99% 7681-49-4
Sodium chloride NaCl Prolabo 99% 7647-14-5
Sodium bromide NaBr Alfa Aesar 7647-15-6
Sodium ethoxide NaOGHs Alfa Aesar 96% 141-52-6
Sodium methoxide NaOCH Alfa Aesar 98% 124-41-4
Sodium isopropoxide | NaOCH(CH): Alfa Aesar 683-60-3
Sodium Amide NaNH, Sigma Aldrich| 95% 7782-92-5
Tetra-butyl ammonium Cy7H3sNO Sigma Aldrich| 20%  in| 34851-41-7
methoxide methanol
Sodium nitrate NaNO; Interchim 99.999% | 7631-99-4
Sodium sulfate NaSO Alfa Aesar 99% 7757-82-6
Drying agents
Dichloromethan CH.Cl Alfa Aesa 99.5% 75-08-2
Oleic acid Ci8H340; Sigma Aldrich| 90% 112-80-1
Dissolving agents
Hydrofluoric acid HF Normapu 40% 7664-39-3
Sulfuric acid H.SOy Normapur 95% 7664-93-9
Nitric acid HNO; Sigma Aldrich| 70% 7697-37-2
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The syntheses of zirconia nanoparticles were padrusing different combination of reagents
which are categorized into three classes; (i)yhe of zirconium precursor, (ii) the type of solven
and (iii) the option of adding an alkali sourcested in Table 3 are the chemicals used for the
experimental work devoted to the synthesis andadharization of zirconia samples. Because of
the nature and the sensitivity of the sol-gel clstryj the experiments were conducted in the
absence of moisture and inside a glovebox undeménuous flow of dry-air. In addition, the
reagents utilized in the synthesis are all anhyslrou

Figure 49: (a) Teflon® insert and (b) Parr acidedigon bomb typically used for solvothermal
treatment of reaction mixture (upper pressure lohthe used equipment124 bar).

The selected reagents were added into a Teflesert shown in Figure 49 (a) together with the

reactor Figure 49 (b) and accessories used fauteelave thermal treatment. The capacity of this
type of insert is up to 25 mL. The content of tliffedent reagents vary depending on the desired
characteristics of zirconia particles but typicallye total volume of the suspension was

approximately around 15 mL. This amount of suspemsiould leave a vacant volume space in

the insert of about 10 mL. No additional pressues applied and all syntheses were carried out
under autogenous pressure, the pressure generated by the content of the laveoapon heating

in an airtight vessel. One can assume that thespresvill be primarily due to the evaporation of

the solvent used, even though the metal oxideamtien byproducts may also contribute to this
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pressure, especially in experiments where a highexration of reactants was used. Nevertheless,
a 60% filling of the reactor will not give rise tny critical autogenous pressure. After the
preparation of the reaction mixture, we proceedetthe solvothermal treatment for at least 3 days

with temperatures ranging from 80 to 2C0

2.2.2. Solvothermal reaction

The autoclave bomb (Figure 49 (b)) was placed ssighre-heated isothermal box on a hot plate
as shown in Figure 50. The temperature was theedaiver the boiling point of the solvent but
the autoclave bomb allows various reactions to oatuiquid solution due to the autogenous
pressure. It is very important to perform the ngdsblytic sol-gel route under solvothermal

conditions due to the lower reactivity of metalatldes in the absence of water.

Figure 50: Autoclave reactors placed inside a @a&tdd isothermal device on a hotplate

Figure 51: Synthesized suspension of zirconia afierothermal reaction.
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The synthesis temperature was adjusted (typicatiyrad 80 to 218 and depending on the type
of synthesis) and the magnetic stirrer placed en#i@ insert was set at 350 revolutions per minute.
Right after adding the reactor on the hotplate devone could notice a sudden temperature drop
of the isothermal box but within a couple of miraitee temperature was normalized back to the
selected temperature. The entire set-up was ksjatera chemical fume hood to help regulate the
changes in temperature due to outside environmeiriglthe 3 days solvothermal treatment. After
3 days, the synthesized suspensions were therctsalleThey would typically appear in various
colors (white to brown) but mostly they were whited have a turbid appearance as shown in
Figure 51. Finally, the collected suspensions vaeed inside a polypropylene centrifuge tube

for the separation of the solid and the supernataris.

2.2.3. Separation process of the synthesized suspension

The tubes containing the synthesized suspensioa placed inside a centrifuge to separate the
powder from the liquid part which contains mostijtial solvent and organic byproducts. Shown

in Figure 52 is the diagram for the separation @ssc

Centrifugation of the synthesized suspension at

10,000 revolutions per minute for 10 minutes

¢ Decantation of the suspension to separate the
synthesized powders from the liquid

— ¢ Washing of the powder with alcohol by the addition
H of 15 ml ethanol and vigorous shaking

Centrifugation at 10,000 revolutions per minute for 10
minutes

ﬁ¢ﬁ Decantation of the suspension to separate the
powders from the ethanol

M Isit If the decanted liquid is clear the drying process is
N cear " then followed otherwise wash again with ethanol
l Yes
| drying |

Figure 52: Flow chart for the separation process.
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After the first centrifugation the remaining powdeas washed with alcohol by adding 15mL of
ethanol and vigorously shaken to homogenize thehalec suspension. Centrifugation was then
applied to enhance the ethanol washing and aiderrémoval of synthesized organics that were
not removed in the initial centrifugation step. &fthe second centrifugation, the liquid was then
decanted from the washed powders and the turbadityarity of the liquid was inspected. When

the liquid remained turbid or not clear then furtBthanol washing was done. After a clear liquid
was obtained, the powders were dried.

2.2.4. Drying in ambient condition

For the drying process of the zirconia powders,nf0 of dichloromethane was added to the
centrifuge tube and shaken vigorously in ordeetaave the precipitate from the wall of the tube.
The samples appearance before and after dryinggsas shown in Figure 53. The drying process
was performed inside a fume hood which allowedeteporation of the liquid phase containing
mostly dichloromethane and traces of ethanol. Bmpde appeared to be white after the drying
process, although some samples appeared to belymryyellowish due to the presence of residual

organics.

(a) (b)

zireonialpanticleSE diiedpzircenia
infdichloremethane

Figure 53: Zirconia particles in (a) readily disged in dichloromethane and (b) finally recovered
after evaporation of dichloromethane.
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2.3. Chemical, morphological and structural characterization

The dried zirconia powders were then prepareddoous characterizations to extract information
regarding their chemical, morphological and strradtyproperties. The characterization tools,
described in the following sections, used here Wéermogravimetric analysis (TGA), Inductive
coupled plasma mass spectrometry (ICP-MS), X-raytg@#lectron spectroscopy (XPS), proton
nuclear magnetic resonance (H-NMR), Fourier tramsfonfrared spectroscopy (FTIR),
transmission electron microscopy (TEM), X-ray difftion (XRD), and total scattering and pair
distribution function (PDF) analysis.

2.3.1. Thermogravimetric (TGA) analysis

TGA is the analysis of the mass variations of aamwith respect to time or temperature in a
controlled atmosphere. The mass losses give saaérahations regarding the drying, desorption,
reduction or degradation processes with respettte@tmospheric condition. The mass gain are
linked to phenomenon such as wetting, oxidatioradsorption processes. Thermogravimetric
analyses using TGA NETZSCH STA 449 F3 Jupiter (Segire 54) were performed on the
synthesized powders placed in an alumina crucilitle avheating rate of 2 per minute over the

range of 30 to 100C in an argon environment with 20 ml/min flow ralde powders’ weight

were recorded during the heating and cooling siejetermine the weight lost.

N NErzsch O =

Figure 54: TGA device used for characterization AIEETZSCH STA 449 F3 Jupiter)
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2.3.2. Inductive coupled plasma with mass spectrometry (ICP-MS) analysis

Inductive coupled plasma mass spectrometry (ICP-i@&n analytic technique that determines
the elemental composition of a sample. ICP-MS cdswbe atoms of the dissolved samples into
ions that are then separated and detected by aspassometer that is coupled with the device
[129]. The principles of the measurement is represkin Figure 55.

00
g

el
‘ Argon

Copper coil for magnetic field

AC and DC voltages

Figure 55: Principles of the ICP-MS anaylsis
The ions are then analyzed by a mass spectrométereviney are separated by their mass-to-
charge ratio which allows the identification of flbas that composes the sample [129]. The most
commonly used type of mass spectrometer is thergpatt mass filter. This type of filter has 4
rods with an approximate size of 1 cm in diametet 85 to 20 cm in length. Alternating current
and direct current are supplied to opposite rotlrately and are synchronized with the radio
frequency field or magnetic field. This createstattrostatic filter that allows ions of single rsas
to-charge ratio to pass through the rods to theaotiet at any given time. By changing the setting,
this set-up allows the detection of specific masskarge ratio. Also, the supplied voltages on the
rods can be switched rapidly, thus enabling therfio separate up to 2,400 atomic mass unit per
second. The zirconia powder samples were mixedaiidts (nitric acid (HNG), hydrofluoric acid
(HF) and sulfuric acid (k5Qy)) and then dissolved in a microwave oven. Thegalied powders
were placed into the device. The advantages ofMiSRare low signal detection (ppm to ppt range),

a wide element coverage and a fast analysis.

2.3.3. X-ray photoelectron spectroscopy (XPS) analysis

The chemical composition of the powder was thetyaed via X-ray photoelectron spectroscopy
(XPS). XPS is a surface-sensitive analytical teghaiusing the kinetic energy of the low energy

electrons that are emitted in the sample due ferdifit excitation processes. The strong interaction
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between the sample and the low-energy electrormvsllnear surface electrons to escape
inelastically. The mechanism is initiated by thea@iption of X-rays which drives the emission of
electrons or photoelectrons as shown in Figur&'t6.Fermi levels for solid sample are the same
as for the spectrometer but their vacuum levelsshiged. This induces the incorporation of the
work function in the calculation of the binding egye by using Equation (21), which is based on
the works of Ernest Rutherford [129], the bindimgegy is then used to determine the composition
of the surface. The electrons ejected are analgydtie detector by measuring its kinetic energy
which provides information as to the type of eletagmesent on the sample. Note that the thickness
of penetration varies for different types of sarsiet typically for metals it is approximately 2.5

nm and for organic it is about 10 nm.

Sample Spectrometer

>-—-——-—-0

Photon energy Kinetic Energy

Vacuum level

X-rays for sample ceae ol ... Vacuum level

LLLLLL LU L NV I' for spectrometer

REEEEEEmEw ‘"lm‘T " Fermi level

Binding energy

o-0—'

Figure 56: Photoelectron generation for XPS

Epinging = Env — (Exinetic + @) (21)
WhereEpinding is the binding energy,
Envis the photon energy from X-ray,
ExineticiS the kinetic energy determined by the machine,

And ¢ is the work function for the spectrometer
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A tiny amount of the powder was placed inside taeick for spectroscopic analysis. The device
used for the XPS characterization was an AXIS UlltD spectrometer, Kratos Analytical Ltd,
with a monochromated X-ray Source k4l 1486.6 eV) and a spot size of 300 by @@ The
hemispherical analyzer was operated in CAE (Coh#taalyzer Energy) mode, with pass energy
of 160 eV and a step of 0.5 eV for the acquisitbsurveys spectra, and pass energy of 20 eV and

a step of 0.1 eV for the acquisition of high resiolu spectra.

2.3.4. Proton nuclear magnetic resonance spectroscopy (H-NMR) analysis

H-NMR analysis was done in order to obtain the doehtompounds present in the synthesized
solution. NMR is a technique used to identify cariyydrogen framework of an organic compound
by taking advantage of the magnetic properties@&tomic nucleus. A spinning charge generates
a magnetic field and the resulting spin producemgnetic moment that is proportional to the spin.
In the absence of external magnetic field, the earclspins are randomly oriented but align
themselves when an external magnetic field is agplseerigure 53. There are two alignments
with respect to the direction of the external maignield which are called: (+1/2) andp (-1/2)

spin state for protons that align and against trection of the external magnetic field.

Without external magnetic field  With external magnetic field (B,)
s+ Bor-1/2

Energy ( I B,

oor+1/2

Figure 57: Principles of nuclear magnetic resonapeetroscopy.

The energy difference between the two spin statefependent on the strength of the applied
magnetic field. Irradiation of the sample with étiequency energy equal to the energy difference
between spin states causes spin excitation mavistgite ang state. When the nuclei undergo

relaxation, they emit electromagnetic frequencieg tan be interpreted as the signature of the

compound. After the solvothermal treatment, 15Qor®) of the liquid sample were extracted and
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mixed with chloroform solvent. The mixed solutioen® poured into a tube (~1 cm diameter) until
it reached a height of about 5 cm. The NMR charaetgon where done at the NMR Faculty of
Pharmacy of the University of Limoges and the devimr characterization was Bruker Avance
DPX 400 MHz.

2.3.5. Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR analysis was carried out using a Thernstidti Nicolet 6700, shown in Figure 58, to
determine the infrared spectrum of the samples theewavelength range of 400 to 4000amith
a resolution of 4.0 crth A minute amount (about a pinch) of the zircoroavders were mixed with

some potassium bromide to mold pellets that weza filaced inside the machine.

. :
Ua

Figure 58: FTIR device used for characterizationgffmo Fischer Nicolet 6700)

The sample was irradiated by a broadband of IR cgo@and the resulting spectrum or the
transmitted spectrum was measured by an IR speetesras shown in Figure 59. The relation of

these intensities is given by the Bouguer-LambedBaw (see Equation (22)).

I
" (22)
I

WhereT is the transmittance,
| is the measured intensity,

And |, is the incident intensity.
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Reflected intensity

Incident intensity Measured intensity

thickness

Figure 59: IR transmission and signals observed

The absorbance of the sample can also be obtaiaedthe transmittance information given by
Equation (23).

1 I
A= logf = —logTo (23)

WhereA is the absorbance.

Infrared (IR) region is situated at wave numbeosfrl3000 cmt to 33 cm™. Infrared region can

be categorized into three parts which are callechérar, mid and far infrared regions. The region
that is most beneficial in terms of vibrational reedof a compound is the mid infrared region
ranging from 4000 cm to 400 cm'. When the IR radiation is absorbed by the sanipleill
produce a signal with its frequency matching aipaldr vibration that is inherent to a particular
atom to atom bond. These molecular vibrations eage from a simple coupled motion of two
atoms (diatomic) or a much larger network contgrgaveral atoms (polyatomic) and act as a large

polyfunctional molecule.
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2.3.6. Transmission electron microscopy (TEM)

The morphological characteristics of the samplesewanalyzed via TEM analysis. A high

resolution TEM was used (JEOL JEM 2100f shown guFe 60). The samples were prepared by
diluting first one drop of the washed suspensidn D mL of dichloromethane and 2 drops of
oleic acid and finally adding one drop of this tid solution onto an ultrathin carbon-A holey 400

mesh copper grid. The sample grid was then platgde the machine under vacuum condition.

Holey membrane

Copper frame
Figure 60: (a) TEM device used for characterizatiath the (b) ultrathin mesh copper grid
The TEM configuration is generally the same aséhafsa classic light microscope with similar
physical principles involve but at a much highesolation (see Figure 61). Instead of using a

visible light as a source, electrons are used whieh produced via thermionic emission and
accelerated using electromagnetic fields in vacaandition.
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(a) Light microscope (b) Transmission

electron microscope
|
Light source @ Electron source
|
|
|
4}

Collimator Condenser
Specimen | Thin specimen
Objective ||]ﬂﬂ]:! 7l Objective
—|—|+— Aperture
I
Projector | / Projector
(Eye piece)
I
Iy
I/ Image on
Image : T |fluorescent screen

Figure 61: Comparison of a (a) light microscope @)dransmission electron microscope

The wave-particle duality of electrons allows tlaécalation of their wavelength given by the de
Broglie equation (see Equation (24)). For electmmiosing at high speeds, a relativistic correction
is added to the de Broglie equation given in Eque{R5). By varying the supplied voltage, the
electron wavelength can be tuned to desired vAlnacceleration voltage of 1kV can then produce
a wavelength of 40 pm while 1MV can have a 0.9 p&9]. This allows the production of a huge

variety of wavelengths that can be used for anaty#te specimen.

h
L (24)
mv

Whereh is the Planck’s constant,
m is mass of the particle,

andv is the velocity of the particle.
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Wheremyis the mass of electron equal to 9.1%Ky),
cis the speed of light equal to 3¥1@/s,
eis the electronic charge equal to 1.6%40,

andV is the voltage applied.

The interaction between electron and matter praglaceariety of responses as shown in Figure
62. These responses can be used and analyzeddrgifcharacterization techniques but for this
work we will focus on the morphological informatiaich is obtained from the transmitted beam.

Incident electron beam
Visible photons Backscattered electrons

Secondary electrons
X-ray photons

Auger electrons

Elastically scattered

. electrons
Inelastically scattered

electrons Transmitted beam
(no interaction)

Figure 62: Main signals generated by an electr@mbepecimen interaction in TEM

There are two basic operating functions of TEM whare the diffraction and imaging. The
objective lens plays a vital role in both operasio'when the electrons propagate towards the image
plane of the objective lens, they recombine giamgal space image of the specimen which is its
two dimensional projection. The nature of patteabserved will depend on the structural

characteristics of the specimen. The electronsateatravelling along parallel trajectories emerge
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from the specimen or those electrons that areegedttfrom a set of crystalline planes at Bragg
condition with the beam produces diffraction patsewhich is inherent to the specimen and
observed in the focal plane of the objective Iéifss pattern represents the reciprocal space or
Fourier space representation. By fine tuning tleetebn beam into a finer probe, we can extract
the diffraction pattern for nanometer size particl€éhis mode is done through selected area
electron diffraction (SAED). For thin single cryistéhe diffraction pattern appears as an array of
spots, for nano or polycrystalline materials thétgya appears as a fine nested rings and for
amorphous materials it has a pattern of diffusestagerings. Also, for thicker single crystals, the

appearance of Kikuchi bands is observed [129].

2.3.7. X-ray diffraction analysis (XRD)

The average structure of the samples were chaizaddyy X-ray powders diffraction (XRD) using

a Bruker D8 Advance diffractometer equipped withyaxeye rapid detector. The wavelength of
the monochromated primary beam Vii@s«,1 = 1.5406 A and de angular measuring range was 10
to 11C@with step size of 0.0Zand an equivalent time step of 1567 seconds. Tied dowders were

placed on a silicon flat plate sample holder. Showfigure 63 is the X-ray diffractometer utilized.

Figure 63: Bruker D8 Advance X-ray diffractometer XRD characterization (a) source, (b)
detector and (c) mounted sample

XRD is a non-destructive method widely used to idgra crystalline material and determine its
structural and microstructural features, size, strain, crystallite size, preferred orieitatand
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defects. This method is also ideal forsitu characterization and can use both laboratory and

synchrotron X-ray sources, the latter being alealdor thin samples [130].
2.3.7.1.  Basics of XRD

2.3.7.1.1. Bragg’s law

Incident X-rays Diffracted X-rays

Figure 64: Diffraction of X-rays from a crystallimeaterial

Solids can be classified into two main categor@gstalline and amorphous solids. Crystalline
solids are composed of arrays of atoms arrangedtimee dimensional regular repetition while
amorphous solids are disordered [131]. The reBlectf the X-rays from the lattice planes
produces wave interferences that are either caststeuor destructive. Figure 64 represents a
crystalline material under X-ray beam. If the an@)eand the distancel) is positioned in such a
way that a constructive interference is formed thieimtensity can be measured. This constructive
interference condition is given by the Bragg’s I@&e Equation (26)).

Zdhleine = ni (26)

Where,h, kandl are the Miller indices of the observed plane,
dnu is the interplanar spacin@,s the incident angle,
nis an integer representing the order of reflection

and/ is the wavelength of the source.
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XRD pattern serves as a “fingerprint” of the matkaillowing the phase identification of its phase
by search and match method. This method is a siamuleapid way of comparing the experimental
data obtained to a known standard on databasesasuciernational Centre for Diffraction Data
(ICDD) [132] and Cambridge structural database (T[233].

2.3.7.1.2. Size effect

There are several factors that may affect the woéithe diffraction peaks: instrument, crystal size
microstrains, inhomogeneity, and temperature factionckily, the instrumental contribution can
be measured and the inhomogeneity and temperaturation can be controlled in an XRD
experiments. To measure the average size valuesrgstalline material, Scherrer’s equation (see
Equation (27)) relates the crystal size to the teeoing of the Bragg’'s peak [134]. This expression
shows that the peak width is inversely proporticdiwalhe size of the crystallites which suggests

that if they become smaller the peaks will beconuader.

(27)

B(20) = LcosO

Where,B is the peak width or line broadening at full widthhalf maximum
(FWHM),

K is the Scherrer’s constant, generally close ttyuni

Ais the X-ray wavelength,

L is a characteristic size of the crystallite,

andd is the Bragg angle.

Scherrer’s equation is best for measuring the fsora single peak’s width betwed@d) 3¢° and
50° where they are well pronounced, highly symmetrid amere the contribution of the strain
effects is low. It is interesting to note that Beherrer’s constart actually depends on crystallite
shape and Miller indices. The values typically ease to unity but can vary from 0.62 to 2.08
[135].

A more efficient way of characterizing the sizenfrohe diffraction peaks is via the use of the
integral breadthA) which is the ratio of the peak area to peak maxmThe apparent siz&)(of
the crystallite is related to the integral breaattidefined in Equation (28).
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(28)

B(26) = TcosO

Wherel is the X-ray wavelengthé is the Bragg angle, and
T is the apparent size of the crystallite.

The advantage of the use of the integral breadth thhe Scherrer’s formulation is that the apparent
size is perfectly defined with respect to crystalshape and size and there is no need to calculate
the value of the constaKt For example, when the crystallites have shapebarent size relates

to the particle diameter (D) through Equation (AB6]:

3D (29)
T=—
4
2.3.7.1.3. Strain effect
Without strain Homogeneous strain Inhomogeneous strain
N
@
[ ] ;\ '
\!/
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a b c

Figure 65: Homogenous and inhomogeneous strairctefflor macro and micro sizes; a)
unconstrained crystallite, b) homogenously straicydtallite leads to shifting of the position,
and c) inhomogenously strained crystallite lead®édbroadening of the position.

The next thing to consider in dealing with nanotalssis the strain effect. There are generally two
types of strains which are the macrostrains (icndgeneous strains) and the microstrains (i.e.
inhomogeneous strains). As shown in Figure 65, asi@ins shift the position of the peak (cell
parameter change) while microstrains broaden tlad péarren [137]. Both kind of strains can
occur simultaneously. When dealing with nanopaticlmicrostrains information are valuable
because they reflect the structural disorder with@particles. The effect of the microstrains on
the broadening is given by Equation (30).
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B(26) = ntan6 (30)
Where,B is peak broadening brought about by strain effect,

0 is the Bragg angle, anglis the apparent microstrains.

2.3.7.1.4. The Rietveld method

When there is an extensive overlapping of pealk®yidual peak analysis becomes less reliable.
Whole profile analysis offers an alternative tosthproblem which is very common for

nanomaterials. It is a way to simulate all the geakthe XRD diagram at once and extract the
needed information regarding their positions, istt@s and broadness. Examples of full profile
analysis are Le Bail, Pawley and Rietveld methodh wach having their own advantages and
disadvantages. In this work we will focus on thetRReld method for which peak intensities are
calculated thanks to a structural model, which reakenore efficient to obtain information from

very broad profiles.

The XRD diagrams obtained were analyzed using tieév&d method to obtain the structural
properties (average apparent size, apparent mianest and lattice parameters) of the samples.
The calculations were conducted by using FullPoidtesorogram version 3.00 which is a versatile
program designed for structural characterizati@8]1

The typical refinement procedure begun with theden of an appropriate model as close as
possible to the sample. The scale of the calculdiagram was then adjusted followed by the
background and cell parameters refinement. Oncgonedble values for these parameters were
obtained, the peak shapes were then refined tole&dcthe size and strain of the sample. Further
improvement on the refinement was done to include &atomic positions and thermal
displacements. Lastly, we inspected the R-factodstbe model generated and compared it to the
experimental data and assessed the goodnessfitf Tfiee refinement flowchart is summarized in
Figure 66.
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Selection of the type of phase
and starting parameters

Scale factor, background and
cell parameters adjustment

Peak shape refinement for size
and strain effects

Crystal structure refinement

Inspection of the R indices and
calculated model

Figure 66: Refinement flow chart

2.3.7.1.5. Principle of the Rietveld Method

The Rietveld method is based on the diminishindhefdifference between measured intensity and
the calculated intensity from a model. The clagdeast-squared criterion used in this method is

given in Equation (31) wherg, Should be minimized.
Sy = Z w; (Vi = Yei)® (31)
i

Where,S is the least-square residue,
w; = 1/yi is the weight for observation
yi observed intensity at thé step,

and y; is the calculated intensity at thestep.

The calculated intensity is then the main concérin® method and how it can be best obtained.
Classical intensity equation gives us a functioat twill serve as the basis for our calculated

intensity (see Equation (32)).
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Yei = SZ Ly |Fg|*®(26; — 20x)PA + vy, (32)
K

Where,sis the scale factor,

K'is the miller indices h, k, andl, for a brag reflection,

Lk contains the Lorentz, polarization, and multiglidactors,

@ is the reflection profile function,

Pk is the preferred orientation,

A'is the absorption factor,

Fx is the structure factor for th€" Bragg reflection,

And yviis the background intensity at tHestep.

The calculated intensity depends on the phase grepgnstrumental geometry characteristics and
sample condition. Though each of the parametersbearefined, some factors can be set to a
constant such as the absorption factor. Other$, asd orentz-polarization factor are dependent
on the diffractometer and are not refined. Absorpfactor A) depends on the type of instrument
geometry but it is usually taken to be a constamtrmhost XRD experiments with a typical
configuration of the sample lying flat while itsriace is maintained normal to the diffraction
vector. The wide array of parameters presentechbymodel allows the refinement of various
characteristics such as atomic position, thermglldcement, site-occupancy, background, lattice
parameters, instrumental geometrical-optical festur specimen aberrations, amorphous
components, and sample reflection-profile-broadgnagents such as crystallite size and
microstrain [139]. The following sections will dedxe the different refinable parameters of the

calculated intensity.

2.3.7.1.6. Background contribution

The measurement of an XRD displays the Braggs peté&lso a diffuse scattering which is often
referred as the background. In our case, the baakgris modeled with the polynomial function
of the 6" order. Equation (33) is the general formulation thee polynomial function used to

represent the background intensity.
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> (33)
Ybi = Z A (26,)™

m=0
Where,amis a refinable polynomial coefficient,
m is the order of polynomial,

and y;represents the background intensity function.

However, there are cases, especially when the @rakgery broad, when the background is very
difficult to tell from the reflections and an autatit refinement is not successful. This can be
rectified by carefully inspecting the XRD diagramdamanually setting the background profile.

2.3.7.1.7. Peak profile function

To represent the effects of both the instrumeralures and the specimen-caused broadening of
the reflection profiles, the reflection profile fttion ®(26; — 26 )Px is employed. There are
several profile shape functions which are mostlseldaon the Gaussian and Lorentzian functions.
In this work we utilized the modified Thompson-CHestings pseudo-Voigt (TCHZ) function
given in Equation (34) [139]. The linear combinatifunction enhances the fitting of the XRD
diagram and allows the refinement of peaks haviog pure Gaussian or non-pure Lorentzian
shapes.

TCHZ =nL — (1 —n)G (34)
Where Lis a Lorenztian function,
G is a Gaussian function,
n = 1.366030- 0.477190+0.1116¢,
q=1./T,
I'=(IF + ATAL, + BIRIR + CIRIR + DI, I+ 15),
A, B, CandD are constants,
I; = (Utan?@ +Vtan® + W + Zcos?6)*/? where {, V, Wand Z are
refineable parameters),

Andl; = X tanf + Y /cos® whereX andY are refineable parameters.
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2.3.7.1.8. The structure Factor

The structure factor represents and calculatesdhstructive interference created inside a crystal.
This factor is sensitive to the type and positibreach atom in the structure, with each of them
producing scattering of X-rays under the beam. Jthecture factor given by Equation (35) also
includes the thermal parameter. Though solids rerfairly stable, the atoms still experience
thermal motion in the form of vibration and rotatio

in’6 (35)
Fe= 3 etttz ore
j

Where,N; is equal to the site occupancy multiplier for fh@tom site,

fi is the scattering factor of th® atom,

X, yj andz, are the position parameters of jfietom in the unit cell,

And 1?[137]is the root-mean-square thermal displacement ofttraom

parallel to the diffraction vector.

2.3.7.1.9. Quality of the refinement

In Rietveld method, R-factors are used to analymedalculated model and they are weighted
pattern indexRp), pattern indexRuwp), expected indexRexp, and goodness of f{GofF) which are
based on the least-squared fit refinement (EqudBa) and are given by Equations (36), (37),
(38), and (39).

_ Xilyi — yeil (36)
P XiVi

Wherey; is observed intensity at thstep and

R

y.i is the calculated intensity at thé step.

(37)

R _\/ IiV=1Wi Vi — Yei)?
wp —

N 2
Zi:l w; Y;

Where w = 1/yi.
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e _ =P (38)
P Mawiyf

WhereN is the number of points,

And P is the number of refined parameters.

Rwp (39)

exp

GoF =

Among these factor&wp is probably the most important in a mathematicahipof view, since its
value does not depend on the absolute value dhtaesities but rather on the contribution from
all the peaks of the diagram. A good indicatiort tha fitting made is adequate is to look at the
GoFor also known as thg factor. If its value is close to 1.0 then it imsa@lered an adequate fit.
However, when its value is higher than 1.5 thas donsidered as an inadequate model or a false
minimum. HoweverRup can be reduced significantly if there is a highKamound contribution
fitted with a relatively crude background functidrhus,GoF factor should not be the only basis
in determining the quality of the refinement bgadjualitatively inspecting the fit and the acadire
data.

2.3.8. Pair distribution function analysis by total X-ray scattering

Total scattering (TS) and pair distribution funatigPDF) analysis were also performed to
determine the medium-range and short-range ordgreohanoparticle structure. Total scattering
experiments are very similar to that of XRD expenmts with the major difference is its ability to
measure precisely both Bragg and diffuse scattefRogdisordered structures, diffuse scattering
contains valuable information regarding the shod medium range order which is needed when
dealing with particles of nanometer size. Strucgtaee generally described using three ranges of
structural order which are the long-range ordex tfedium-range order and the short-range order.
Ultrasmall particles lack long-range order but heneddium- and short-range orders which makes
the measurement of diffuse scattering particulealyable.

For elastic scattering, the scattering vector @efined by the relationship between the initiaidk

and final (kna) wave vectors as shown in Figure 67 and Equadon (
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Surface (S)
Diffused wave

sample

4mtsinf (40)

ol = —;
Where/ is the wavelength of the beam,
And 29 is the angle between the incident and diffracteahhs.

Figure 67: Geometry of interaction in the total temdng measurement as defined by the
scattering vector

The measured scattered data is then correctedanthlized to get the structure function which
is then Fourier transformed to obtain the atomic giatribution functionG(r) given by Equation
(41). With this Fourier transformation, this teaume allows us to work directly in real-space
instead of the reciprocal-space [6].

(41)

() = 4mlp(r) ol = = [ Q15(@) ~ Tsin(@r)de
Wherep(r) is the microscopic pair density,
p0 is the average number density,

r is distance between two atoms,

And S(Q)is the structure function. (Note th&{Q)is not the same as the
crystallographic Fhi(Q), which represents the amplitude scattered by
crystalline unit cell)
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The PDFG(r) represents the probability to find a pair of atoseparated by a distancen the
structure. It is a one dimensional function whichgents peaks at thevalues corresponding to

interatomic distances. Figure 68 illustrates thestaction of such a function.

G(r)

1(A)

Figure 68: Scheme representing the pair distribuumction G(r).

Note that when the distances are smaller than amam r-value, the function is equal to zero.
This distance characterizes the shortest interataistance present in the structure. We can also
point out thaG(r) converges to 1 (oscillating around this value)diatr values. Thus each peak
of the PDF is directly associated with pairs ofnaégpresent in the material and the peak area is
proportional to the probability of the presencehef pair. The PDF is very intuitive and permits a

simple description of the short- and medium-rangkeoin studied materials.
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2.3.8.1.  Experimental details

The diffractometer used in this work was develope2l008 in SPCTS laboratory in collaboration
with Pierre Lecante from CEMES in Toulouse. Theipaise a molybdenum (Mo) source having
a wavelength of about 0.709 A, which gives a sdatjevector length up to 17 A It can be
compared with the conventional X-ray source whighhe copper K-alphalf,; = 1.5406 A)
which gives a much smaller scattering vector up £'. This difference translates to the detail of
information that can be obtained within the sharige order. The details of the experimental
apparatus are described elsewhere [45]. The zaqoowders were inserted into a 0.7 mm glass
capillary and then carefully sealed by meltingtthg opening with a torch. The filled capillary was
then placed on the goniometric head and adjustetich a way that it will remain fixed in the
center of the incident beam during its rotationt #as purpose we adjusted the angles and the
translations of the goniometric head with the loéla microscope. The acquisitions of the diagrams
were performed using the XTSScan software developdte laboratory [140]. The scattered
intensity of the sample was collected by a sodiodide scintillator type detector mounted on the
20 holder. The parameters of the experiment wersaéhat the magnitude of scattering vector
(Q) range from 0 to 17 A(20 = 0 to 147.29, the step waaQ = 0.02 Al, and counting time was
t=240s.

The fundamental parts of the diffractometer arexshim Figure 69. It consists of the following:

(1) a molybdenum sealed X-ray tube;

(2) a graphite monochromator cut along the planes (@0&) allows the selection of the
molybdenum doubletX(,;, K,,) wavelength Axq1 = Axaz= 0.7093 A);

(3) a goniometric head, which supports the capillanytaming the powder and which should
be adjusted so that the axis of the capillary ddmaowith the rotational axis of the
goniometer,

(4) a front collimator to define a quasi-parallel iremd beam;

(5) a back collimator to define the direction &; 2nd

(6) a scintillation detector to count the photons scatt by the sample.
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Figure 69: (a) Total scattering device used foratizrization and (b) goniometric head with a
mounted sample

The raw data obtained from the scattering experimegjuires corrections in order to extract only
the elastic scattering from the sample. Typicakexirons include Compton scattering, empty
capillary and air scattering, fluorescence and giigm. Corrections were performed using the
software pyReduWaxs developed in the laboratort|hd are described elsewhere [8]. In the
following section, we describe the choice of theilkary diameter for minimizing absorption
corrections.

The X-ray actually passes through different maker{ambient air and glass capillary) before
hitting the sample. To estimate the absorptiorefibhcident X-ray beam by the sample alone and
to minimize the absorption corrections, it is nseeg to determine the linear attenuation
coefficientsu for each component in order to foresee an adegagi#ary diameter. Therefore to
this end, we calculate the mass attenuation casftia/p for the sample following the Equation
(42). Xi represents the mass fraction ga); the mass attenuation coefficient of each element
The latter can be found in the international talibescrystallography. The densipyis calculated

considering that the compactness of the powdedértie capillary is about 40%.
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)

Whereu is the linear attenuation,

- Tal
— "\p

total i
p is the density of the sample,

(ulp)i is the mass attenuation coefficient for each elémen
andX;is the mass fraction of the element.

Typically, the radius of the capillanyis set so thair =~ 1. However, it is difficult to get a capillary
of the exact obtained value, so we chose a grdasareter than calculated one in order to avoid
practical difficulties when filling the capillarywhich can lead to a decrease of the local

compactness. In this work we used capillaries withameter of 0.7 mm for all the samples.
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Chapter 3: Synthesis of
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3 Synthesis of zirconia samples

3.1 Introduction

This chapter is devoted to the synthesis of zi@ominocrystals following a non-aqueous procedure
based on a solvent-controlled strategy. In the fiest of the chapter, we will show how the type
of zirconium (IV) precursors and the propertiedhad oxygen-donor solvent affect the nature of
the final oxide material. We propose to study tlelic conversion of two different zirconium
precursors, namely the zirconium (V) chloride dhd zirconium (IV) isopropoxide-isopropanol
adduct in the presence of various solvents: digogrether Pr0) and benzyl alcohol (BnOH)
for the former, then, BnOH or benzaldehyde withvdhout the presence of sodium hydroxide for

the latter.

The effect of the alkali addition on the formatmfithe zirconia nanocrystals will be illustrateaian
discussed in terms of phase purity and particle. sthe careful choice of the reagents and the
operating conditions plays a valuable role in abteg a pure and crystallized product; the study

will emphasize the detrimental role of some spediile reactions.

Once the best effective synthesis conditions detm@nand adjusted, we will present three
different strategies in order to promote a sizetimdled effect on the particle size. These prongsin
methodologies consist in balancing the thermalgnby an increase of the chemical reactivity of
the initial mixture, limiting the chemical pathwafnanoparticle formation by varying the benzyl
alcohol content and finally adding a second soleottal process with some altered synthesis

conditions.

Among the most promising results that we have abthionly some selected samples are subjected
to further analyses and various characterizatichrtigues specifically to TEM, FTIR, TG, ICP
and XPS. The selection process of these samptasy based on purity, crystallinity and size;
and those selected samples will be the objecteofitie structural analysis developed in chapter 4.

109



3.2 From zirconium (IV) precursors to zirconia dioxide material

Largely inspired by the extended study of titanidioxide TiG-based system [142] [55], we
decided first to explore the potentiality for oxddionversion of two families of zirconium source
that are frequently used in the synthesis areairobmum dioxide. The conversion process
generally follows a chemical reaction that can &ledle elimination and possibly ether elimination
[143] [144] [60]. The zirconium sources used instistudy are zirconium (IV) chloride and

zirconium (1V) isopropoxide-isopropanol adduct.

3.2.1 Zirconium (IV) chloride

In the early 1950’s the non-hydrolytic condensatiomlving an alkyl halide elimination from the
reaction between metal alkoxides and metal haligesintroduced in sol-gel chemistry by Gerrard
et al. and reinvestigated by Corrat al.in the 1990’s [145] [146] [147]. Generally, theoote of

a halide precursor coupled with a good oxygen-da@obrent allows a large conversion yield of
the precursor into metal oxide at moderate tempegatfrom room temperature up to 150°C. Such
a low processing temperatures permit to drastidatiy the grain growth and offers a perspective
of size control. In the work published by Arnel al, the effectiveness of halide precursor
conversion in terms of yield is demonstrated indimethesis of titanium oxide (TR The use of
titanium chloride precursor and diisopropyl ethBr.Q) as a solvent produced Ti@anocrystals

at a moderate temperatures with an excellent 98%d {142]. Also, when titanium chloride reacted
with another class of oxygen-donor solvents likezy alcohol, the sizes obtained ranged from 4
to 8 nm. The nanoparticles’ size appeared to lmagly influenced by the operating temperatures
as shown by Niederbergeat al. [148]. Indeed, the TiGito-solvent ratio and the reaction
temperature influenced the crystallite size anddtgistment of these parameters allowed the
tailoring of the size of the nanocrystals in snratrement. From the experimental works using a
halide source such as chloride, the reaction atotiggh of the metal oxide bridge in a non-

hydrolytic pathway is given by Equation (43).

M-CI + M-OR 2 M-O-M + R-Cl Alkyl halide elimination (43)

The alkoxide groups needed for the condensatioedar can be obtained by the direct reaction of

a metallic halide with an ether or an alcohol acoanied by the release of an alkyl halide or
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hydrochloric acid, respectively (see Equations @) (45)). Viowet al. underlined the catalytic
effect promoted by the presence of hydrochloria aci condensation and many side-reactions
[149].

M-Cl + ROR2 M-OR + R-CI Etherolysis (44)

M-Cl + ROH & M-OR + H-CI Alcoholysis (45)
Zirconium chloride is a white inorganic, corrosie@d high-melting point compound which
hydrolyzes rapidly with moisture. The compound adag polymeric structure which degrades
easily under the effect of a Lewis base. Theorkyicthe reaction between zirconium chloride and
diisopropy! ether or benzyl alcohol would procerdiisimilar manner that for titanium chloride

and result in a ligand exchange equilibrium as showEquations (46) and (47), respectively.

Zr-Cl +'PrO 2 Zr-OPr +'Pr-Cl Etherolysis (46)
Zr-Cl + BnOH2 Zr-OBn + H-CI Alcoholysis 47
After the formation of the zirconium chloro-alkogidthe reaction can then proceed towards the

formation of zirconium oxide bridges as shown inu&iipn (48).

Zr-Cl + Zr-OX 2 Zr-O-Zr + X-ClI Alkyl halide elimination (48)

where X is either an isopropyl or a benzyl group

3.2.2 Zirconium (IV) isopropoxide-isopropanol adduct

The reaction of metal halides with an oxygen-dasualvent almost always results in the formation
of metal oxide nanopatrticles with halide impuriti€s avoid this contamination, some researchers
have investigated the use of metalorganic precsiraemetal acetates, metal acetylacetonates or
metal alkoxides [150] [60]. The other type of zimaam precursor used in the study was the
zirconium isopropoxide-isopropanol adduct [ZR€u-(HO'Pr)l. This compound possesses an
oligomeric structure that partially stabilizes tinetallic center in an octahedral coordination but

this structure is rarely maintained in the solwgodn dissolution.

The absence of a halide consequently alters theagoaeous pathway. This was observed in the
work done by Garnweitneet al. and Keukeleereet al. where the authors proposed that the
formation of the zirconium oxide bridges was ir#ih by the partial ligand exchange of the
isopropoxide groups with the benzoxide ones, acemmag by an alcohol elimination as shown in
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Equation (49). The benzoxide-modified zirconium gqumsor could then proceed with the
condensation reaction forming the zirconium oxiddde accompanied by the release of various
ethers (diisopropylether, dibenzyl ether or mixgtee as shown in Equation (50) [55] [150] [60].

Zr-(O'Pr) + BnOHz Zr-OBn + HCPr Ligand exchange (49)
Zr-OR + R'O-Zr2 Zr-O-Zr + R-O-R’ Ether elimination (50)

where R and R’ represent isopropyl or benzyl group

3.2.3 Choice of solvents

In solvent-controlled synthesis the type of solvplatys a fundamental role in determining the

properties of the metal oxide such as phase pantysize distribution of the nanocrystals. It has
been observed how the solvent affects the routaridsvthe formation of the metal oxide bridge

when the solvent is also used as the source ofesxygeded during the condensation reaction
[149].

In this section, the choice of solvents were setder to follow a non-hydrolytic route and to aloi
problems that are brought about by agueous-basedromon hydrolytic routes. The solvents

studied here are diisopropyl ether, benzyl alceimal benzaldehyde:

- The justification for the use of diisopropyl etlaed benzyl alcohol with zirconium chloride
or zirconium isopropoxide-isopropanol adduct isspreed in the earlier paragraphs.

- The use of benzaldehyde is expected to offer arnative reaction pathway for the
formation of zirconium oxide bridges. In the casditania, for a synthesis performed at
room temperature, well-defined titanium oxo-clustavere obtained, whereas the
solvothermal treatment of Ti(Prk in ketones and aldehydes extended the size of the
products beyond clusters and led to the formationamocrystalline anatase in the size
range of 7 to 20 nm, depending on the solvent. Mkehanism would be initiated by a
Meerwein-Ponndorf-Verley-like (MPV) reaction aswhs determined and proposed by
Garnweitneret al. for TiO> nanocrystals synthesis [55]. The MPV-like reactainthe
titanium isopropoxide and benzaldehyde led to dnmétion of benzyl alcohol and acetone.
This reaction was then followed by two possiblectiem pathways. First, the benzyl

alcohol could react with the isopropoxide ligand trie C-C coupling reaction. And second,
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the aldol-addition of the acetone to the aldehyciored. Both reactions would then lead
towards the formation of the titanium oxide briddeg the potential stabilization of an

intermediate carbocation due to the mesomeric edfieihe phenyl ring mainly favored the

C-C coupling [55].

Finally, although that many research groups ingasti the catalytic effect of acidic medium onto
the formation mechanism of nanoparticles, we detideinvestigate the effect of an alkaline
catalyst, namely sodium hydroxide (NaOH), in ortdepursue the investigation based on the use
of sodium benzoxide studied by Poralal. during her PhD study [8].

Evidently, the alkaline conditions will alter therizaldehyde-based synthesis since the Cannizzaro
reaction,i.e. a disproportionation reaction of benzaldehydeilagl hydrogen atom in the alpha
position, will modify drastically the reaction mixe (see Figure 70). The products of the
disproportionation are benzyl alcohol and benzbate which are known to be a strong capping
ligand especially since it was reported for a feaction systems as®s, GOz, SmOs or WigOs9
[151]. The benzoate species in our case are expéetbind strongly to the growing inorganic
zirconia fulfilling several potential functions:lsetive capping of specific crystal faces leadiog t
anisotropic shape, stabilizers avoiding agglomenalimiting the final size of the particles and

possibly, assemble the nanocrystals into largeerstuctures forming a stable hybrid material.

Figure 70: Chemical equation for the dispropouwiton of benzaldehyde in alkaline medium
namely Cannizzaro reaction.

3.2.4 Synthesis details

The synthesis procedure is described in Chapterh?e whe details for concentrations and

parameters used in this work are given in TablEhk. manipulation of chemicals is carried out in

a dry-air glovebox to rule out the possibility obisture influence. In the first step, a volume of

solvents were measured and solid precursors weighae They were then transferred into an

autoclave which was sealed and heated at the opetamperature for at least 3 days. Note that
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some of the experiments were performed below thienggoint of the solvent and the reaction
actually took place under sub-solvothermal conddidl herefore, if the reaction was performed in
a non-pressurized vessel but in an open reactask fat the same temperature under ambient
pressure, only a white precipitate mainly amorphiousature would be obtained instead of the

expected crystalline metal oxide [55].

Table 6: Synthesis details for the chemical conaeat solvothermal treatment

Zirconium chloride

concentration solvent (100% volume) TempqC) | Time (days)
0.25 mol.L* benzyl alcohol 150 3.0
0.25 mol.L* diisopropyl ether 150 3.0

Zirconium isopropoxide - isopropanol adduct

concentration solvent (100% volume) TempqC) | Time (days)
0.3 mol.L* benzyl alcohol without NaOH 210 3.0
0.3 mol.L:* benzyl alcohol with 0.2 mol:LNaOH 210 3.0
0.3 mol.L:* benzaldehyde with 0.2 motiNaOH 210 3.0

The samples prepared using zirconium chloride veei@yzed by XRD and exhibit significant
differences from one another despite that bothesdbsact as oxygen donors as shown in the

powder diffractograms in Figure 71 (a).
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(a) Zirconium chloride at 150°C ¢ TetragonalPhase Zirconia ZrO,(00-050-1089)
© Monoclinic Phase Zirconia ZrO,(00-037-1484)
¢ @ Zirconium Oxide Chloride Hydrate ZrOCl,-8H,0(00-032-1498)
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Figure 71: XRD patterns of samples obtained ugi@j precursor (a) and [Zr(@r)-HOPr],

(b) under varied solvents coupled or not with trespnce of sodium hydroxide and solvothermal

technique for 3 days at 1%D (a) or 216C (b).

In the case of the precipitate prepared by reacti@nCls with benzyl alcohol (BnOH), the reaction
led to the formation of a single crystalline phagech coincides to monoclinic zirconia m-ZrO
(Figure 71 (&). Monoclinic phase is one of the known polymorphgirconia that has a fluorite-
derived structure. Size calculation of the crygtakize reveals that the average apparent size is
about 3.6 nm and measurements suggest that thelgmbave anisotropy. This can be seen if we
consider the first two most intense peaks at apprately D = 27.% and 31.8which corresponds

to the (-111) and (111) planes, respectively. Iddéeese peaks have a different broadening. This

anisotropic characteristic could be due to the gnowechanism of the crystals which favors one
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crystallographic direction over the others in saveasesi.e. intrinsic anisotropy of the unit cell,
oriented attachment of the crystals, Ostwald ripgnor preferential binding of organic molecules

on specific crystallographic faces.

An interesting fact emphasized by this sampleas tie zirconia crystal structure is not following
the grain size effect prediction of Garvie. Indebdlow the critical size value of 10 nm, the
metastable tetragonal phase is normally thermodigadiy favored over the monoclinic one due
to some surface energy considerations. Neverthateasnatter of fact, we observe in our case that
the precipitate adopts preferentially the monoclirdather than the metastable tetragonal phase
despite an apparent grain size of 3.6 nm. Twopnétations could be given to explain this atypical
result; (i) either the reaction pathway mediates the dirgecowth of monoclinic zirconia
nanocrystals from nuclei presenting the crystallggic feature of the monoclinic phase or (ii) the
room-temperature metastable tetragonal nanocrysfaleseen by Garvie undergo a phase

transformation during the ageing period of the stihermal processing.
This second option is mainly supported in the ditere by many authors but interpreted differently:

- Murase et al[116] evidenced the transformation of metastable tetnag@irconia into
monaoclinic one upon thermal treatment or contachwiater vapor.

- Such effect has also been evidenced by Li ¢1%2] upon methanothermal treatment of
zirconyl nitrate dihydrate where crystal water frdime precursor was suspected to be
responsible for the appearance of a small amoumbahoclinic crystals. Li et al. showed
that with the increasing addition of urea, the ¢aysvater was consumed in the hydrolysis
of urea shown in Equatigf®1) and consequently only the metastable tetragonaslvas
formed.

(NH2)2CO + HO = 2 NH: + CO Hydrolysis of urea (51)

- The formation of monoclinic phase zirconia is oftelated to the possible formation of in-
situ HCI. In the works conducted by Li et al., ¢ffect of HCI induced the etherification of
the alcohols which produced an ether and in-sittewéEquation $2)) [153]. The water
was thought to promote the formation of monoclptiase type zirconia via hydrolysis and
condensation as shown in EquatioB8)(and 64), respectivelyj154] [152]. Indeed, the
solubility of the formed zirconia precipitate ineed in presence of water which allowed

the dissolution and precipitation process leadinghe thermodynamically stable type of
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zirconia which is the monoclinic phafkEs2] [155] [156]. The monoclinic sizes observed
by Li, et al. was 9.1 nm and 12.0 nm for TaguchgleWe could argue that since these
values are close to the critical size defined byviga et al. they were most likely driven by

critical size effect.

Bn-OH + BnO-H=2 BnO + HO Etherification of alcohol (52)
Zr-Cl + H.O 2 Zr-(OH) + HCI Hydrolysis reaction (53)
Zr-Cl + Zr-OH 2 Zr-O-Zr + HCI Condensation reaction (54)

- Another explanation on the formation of monoclipitase zirconia was presented by
Keukeleere et al[60] where in-situ water was effectively detected affiter microwave
treatment of the chloride precursor but not dirgcticcused to be responsible for the
formation of monoclinic zirconia. According to theRD and GC-MS analyses, the
intentional addition of water did not led to therftation of monoclinic phase zirconia and
there was no evidence of hydrolysis of their zineonalkoxide whereas the addition of
trifluoroacetic acid, a strong acid like HCI, led the production of monoclinic zirconia.
Keukeleere et al. asserted that the release afoagtacid, such as HCI, from the reaction
of the chloride precursor, mediated the mechanisfmra the control over crystal phase

formation.

In most of the syntheses, scientists from diffeggntups have found at the same time the presence
of an aqueous phase and m-Zro consensus is clearly accepted and the expetatrerguments

are not relevant enough since the modificationrgd synthetic parametdre. the addition of an
ex-situorganic strong acid or the change in metallic prears, has several levels of impacts in
terms of chemical pathway, side-reaction, etc. queestion of the presence of m-Zr@hether due

to a phase conversion under the effect of watelirectly produced as a result of the choice of the

reagents and possible intermediate products iseadéd in the Chapter 5 of this dissertation.

Anyway, in order to avoid anyn-situ water production, a true non-hydrolytic strateggsw
proposed in the literature by Mutet al. in the form of reacting Zr@lwith diisopropyl ether
((Prx0), a polar aprotic solvent. In our case, the ieachppears to lead exclusively to the
formation of crystalline zirconium oxide chloridgdrate (Figure 71 &. The narrower peaks
indicate that the size of these particles are daitge. The chemical conversion yield of the initia
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precursor could then be evaluated to a 50%-raticesjust the zirconyl form is observed. Further
analysis of the sample was not pursued sinceytpesdf complex compound is not covered in this

work.

Changing the zirconium source from zirconium cliderto zirconium isopropoxide-isopropanol
adduct requires an increase of the synthesis tenyerup to 210°C to guaranty the production of
a crystalline compound with a good conversion ywelditever the type of selected solvent, namely
benzyl alcohol, NaOH-benzyl alcohol mixture or Na®éhzaldehyde.

According to the XRD patterns presented in the FgL(b), the three reactional mixtures led to
the formation of zirconia. The diffraction peaks aather broad in comparison with the case of the
more reactive chloride precursor. The peaks arfeqtéy identified to different polymorphs of
zirconia: a mixture of polymorphs, t-ZsgGand m-ZrQ, is detected in the case of pure benzyl
alcohol (Figure 71 (1)) whereas pure t-Zrfls observed in the presence of sodium hydroxide an
benzyl alcohol (Figure 71 £) and pure m-Zr@is detected in the presence of sodium hydroxide
and benzaldehyde (Figure 7X)jb The particle size was calculated from the XRidtgrns using

a Rietveld refinement methodology and summarizeterFigure 72. The refinement confirms the
limited apparent size of the nanoparticles whichakw 4 nm for all the cases and largely below
the critical size estimated by Garvie [157] [10B58].

Firstly, the alkoxide route seems to be more effedhan the chloride one in offering a crystalline
oxide compound with limited size and simultaneousknibiting a strong dependence on the
synthesis parameterise. solvent type and mixture alkalinity. Secondly, tmain effects can be
extracted from these initial experiments: the atikgl of the alcoholic medium favors the
metastable t-Zr@and permits the inhibition of the monoclinic prese that is detected in the
experiment (Figure 71 {}) whereas the alkalinity coupled with the use @ftaldehyde favors the
monoclinic polymorph over the metastable one belloevcritical size. These promising results
need to be investigated in detail in order to usiderd the reasons leading to such prominent
differences. In particular, we want to examine fine structural properties of the samples and

determine the relation between the synthesis backgrand the intimate structure of the particles.
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Figure 72: Average apparent size of the zircomdiges obtained using zirconium chloride
(ZrCls) precursor and zirconium isopropoxide-isopropaaaduct [Zr(OPru-HO'Pr] with or
without the presence of sodium hydroxide undereg¢agolvents prepared using solvothermal
technique at 15 and 216C for 3 days.

According to théH-NMR analyses of the three different supernataater was detected together
with organics in the case of Figure 71;)(and Figure 71 @). No water was detected in the case
of the metastable t-ZrOsample (Figure 71 £ prepared in 0.2 mol:L NaOH benzyl alcohol
medium.

Water was already detected in syntheses by Peirtal. in cases similar to Figure 71:jand
attributed to a dehydration of isopropanol occyramto the catalytic amphoteric surface of the
zirconia nanopatrticles. The result is more sumpgsh the third case (Figure 71 3 pdue to the
alkaline condition and must be interpreted cargfuil the case of aldehydes or ketones, the release
of oxygen generally involves an aldol condensatieaction under elimination of water and
formation ofa,B-unsaturated carbonyl compounds. Such aldol eliiwingrocesses are known to
be catalyzed by the metal oxide precursors. Theimdited water is then normally consumed for
the formation of the oxide, thus driving the eduilum to the side of the condensation products.
We know now that a second sourceirositu water production is possible and the Cannizzaro
disproportionation will disturb the reaction mix¢uny converting progressively benzaldehyde into
benzyl alcohol and benzoate species. The formadiod stabilization of monoclinic ZrO
nanoparticles in such case is probably due to akwemjugated effects like (i) isopropanol

dehydration and aldol-condensation producing wéiigrvater conversion of t-Zr@into m-ZrQ,
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(i) capping of the particles surface by benzaatbancing the steric hindrance and then a limiting
growth of the particles, and (iv) possibly paralielthe point (i) to (iii), a large decrease of the
surface energy of the monoclinic polymorph comparethe metastable one due to the strong
capping of benzoate species allowing the nucleadioth growth of the unusual polymorph of

zirconia,i.e. m-ZrQ; at the nanoscale largely below the critical siz&Gnm.

From the point of view of the oxidic conversiortled metallic precursor, the use of a metallic
alkoxide seems to be more beneficial in the caslkeotirconium system than the use of a halide
one since the former permits to form zirconia unther action of a large panel of solvents and
conditions. In addition, the use of halide sourtsancreases the risk of halide impurities inte th
final sample. The rest of the study will focustonuse of the zirconium isopropoxide-isopropanol
adduct and will investigate the causes for the phesdection revealed by the use of an alkaline

alcohol medium.

3.3 Study of the phase selection

The method developed by Garnweiteerl. which is based on the use of zirconium isopropexid
isopropanol adduct and benzyl alcohol as the soleas expected to produce metastable “cubic”
zirconia. In our case with only minor modificationterms of concentration and heating mode as
it was already shown by Portat al, the presence of the monoclinic phase zirconiaenthd
sample problematic for fine structural characterradue to phase impurity. However the problem
was addressed by adding an alkali source suchdasnsdydroxide to control the phase of the
zirconia. In this chapter we present the resultaiobd by varying the concentration of the alkali

source. The synthesis details for the chemicalh®gds are listed in Table 7.
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Table 7: Synthesis details for the chemical coraedtsolvothermal treatment “study of the effect
of the NaOH concentration”

NaOH Zirconium Solvent Solvothermal
content | concentration Benzyl alcohol treatment

(mol.L1) (mol.L?) (% volume) (T°Cl/days)
0.0 0.3 100% 210°C/3.0
0.05 0.3 100% 210°C/3.0
0.1 0.3 100% 210°C/3.0
0.2 0.3 100% 210°C/3.0
0.5 0.3 100% 210°C/3.0
1.0 0.3 100% 210°C/3.0
2.0 0.3 100% 210°C/3.0

According to Figure 73, the addition of sodium hydde (NaOH) led to various effects on the
phase purity of the sample depending on the inteduamount. Minimal content of sodium
hydroxide (below 0.1 mol.£) does not seem to influence the phase purity @fstmple which
retains its dual phases feature. However, incrgasia amount of sodium hydroxide beyond 1.0
mol.L led to the formation of sodium carbonate and fjn@ktra unidentified organic compounds.
The formation of sodium carbonate can be explaimethe reaction of residual sodium hydroxide
and carbon dioxide during the drying process ardtbaring of the powder in ambient atmospheric

condition (see Equation (55)).

2NaOH + CQ & N&CGOs + H0 carbonation (55)
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Figure 73: XRD patterns of samples obtained \8algothermal technique at 2D for 3 days
using [Zr(OPru-HO'Pr]z in benzyl alcohol with different amounts of NaOH.

Finally when we added sodium hydroxide from 0.1tai®.5 mol.L! the reaction mixture led to
the formation of a single phased tetragonal zir@drZrQ. These results show that there is a
specific narrow window in which the formation ohgle phase t-Zr@is possible. Moreover, the
addition of any amount of NaOH influenced the agerapparent size of both the monoclinic phase

and tetragonal phase zirconia as shown in Figurégithe single phased samples, the data clearly
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indicate an increase of the apparent size of 2.8 ilhnm to 3.5 nm for NaOH amount of
respectively 0.1 mol.£, 0.2 mol.L* and 0.5 mol.t.. Comparing the three t-Zgn terms of phase

purity and moderate grain growth, the sample pesbaith 0.2 mol.t*of NaOH appears to be the
best compromise to insure the inhibition of the owimic impurity while keeping its apparent size

lower than 4 nm.
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Figure 74: Average apparent size of the samplesirdd via a solvothermal technique at Z10
for 3 days using [Zr(®r)-HO'Pr}: in benzyl alcohol with different amounts of NaOH.

In her PhD work, Portadt al.defended the idea that the presence of mp#r@he sample prepared
using a protocol close to Garnweitner’s one wastd@ephase conversion process activated by the
detrimental presence wf-situ water [8]. The water phase detected in the supanhevas attributed

to the isopropanol dehydration mediated by thelgatgoroperties of the growing surface of the
nanocrystals of zirconia. The appearance of an@agughase is not surprising in non-agueous sol-
gel route when the solvent used for the reactionctur is a protic alcohol and such an aqueous
phase was detected at the end of the synthesigferfedt transition-metal niobate nanocrystals
[159] [160]. Only the reactions dealing with theewd a metal halide and organic ether or organic

anhydride are classified by Muteét al. as exclusively and strictly non-hydrolytic sol-geltes.

In the works done by Aramendia, et[8R] and Kostestkyy, et 483], they reinvestigated the acid-
base amphoteric nature of zirconia for dehydrata®hydrogenation of several alcohols like
propan-1-ol (HOPr) and propan-2-ol (H®r). The reaction mechanism for the conversion of
isopropanol has been reviewed by Aramendia, etral.some of the proposed mechanisms account

for both the dehydrogenation and dehydration preess
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- The B mechanism is a two-step process in which thedatermining step is ionization of
the substrate to a carbenium ion (by release @awvihg group such as Hthat rapidly
loses gs-proton. This mechanism normally operates withobase.

- In the E mechanism, both the leaving group and the protepad simultaneously, the
proton being pulled off by a base. The mechanisrs thkes place in a single step.

- In the third possibility, the proton leaves firsdathen followed by the leaving group. This
is a two-step process called the.&Emechanism. The intermediate is a negatively cltarge
species (the conjugate base of the substrate). Mesms k£ and Ecg take place over an

acid-base couple.

The three mentioned mechanisms show more simgiatitian differences. In each case there is a
leaving group that departs with its electron paivdaanother (usually hydrogen) that comes off
without it. The only difference is the order in aihithey leave. It is now generally accepted that
there is a spectrum of mechanisms ranging fromeoxtieme, in which the leaving group departs
well before the proton (pure to the other extreme, in which the proton cooféfirst and then,
after some time, the leaving group follows (puresfE The pure E mechanisms would be
somewhere in between, with both groups leaving llamepusly. However, most Eeactions do
not lie exactly in the middle of the two extreni&®pene could be formed from any of the three

mechanisms, but acetone (product of dehydrogenabioly with the k.

In summary, catalysts with a large number of adiessead predominantly to dehydration (which
takes place via ansHnechanism). However, dehydrogenation takes ptaeditited extent only
via an B mechanism. In solids with a large number of basdies, both dehydrogenation and
dehydration take place via andg mechanism, with the former predominating oveidtter. Over
solids of acid-base character like zirconia, théngldration may take place via a concertegd E
mechanism. The simultaneous interaction of an begk couple with the —OH group and the
proton of the carbon in propan-2-ol would causehbgtoups to be released and propene to be
produced. (However, dehydrogenation takes placawigs mechanism. The interaction between
a basic site and an alcohol molecule causes a prtidbe abstracted from the alcoholic group,
thus producing an adsorbed alkoxide species. Tlease, in a subsequent step, of a hydride from

the alkoxide carbon atom leads to the formatioaa#tone).

124



More recently[83], the Lewis-acid catalyzed dehydration of simpleohbls on various simple
metal oxide like Ti@ ZrO,, andy-Al>Os has been investigated by combining ab-initio calitons
with temperature programmed desorption (TPD) experits. Both theoretical and experimental
results demonstrate that the dehydration reactioouos through an Eelimination mechanism

involving surface oxide groups of the catalyst ascan see in the scheme of Bigure 75

{j H
v (‘
HCo 2 gic~Chs HyC” SCH, Hy,C” SCH, H
IUNAEN, 2 H 2 2 Co
L ¢H c: H H.C” SCH,
2 » HO™ 2 » HO” NC—=CH, —» . - )
= = [CI X OH lll OHm H H,0
M—O0 M—O0 M—O0 M—O0 ) M—O M—O0
(i) (i) (iii) (iv) V)

Figure 75: Schematic representation of the condeBe elimination dehydration reaction
involving surface oxygen (a) of the oxides. Thestare: alcohol adsorption on the Lewis acid
site M ((i)— (ii)), B-hydrogen transfer to a surface O (a (iii)), alkéorenation and desorption
(iv), water formation, desorption and catalyst regation (iv)— (v).

One remedy proposed by Portatlal.to eliminate any presence of water was to useusodnetal
in addition to the other reactants in order to adieaie the medium and to avoid the formation of
in-situ water. The sodium benzoxide produced by the religsolution of sodium metal in benzyl

alcohol was thought to react at high temperature:

- (i) with isopropanol to produce 4-phenyl-2-butaant sodium hydroxide likely to initiate
a non-hydrolytic hydroxylation and the condensabbthe alkoxide,
- (i) with zirconium isopropoxide-isopropanol adduot produce 4-phenyl-2-butanol and
zirconium hydroxide groups to initiate alcoxolatiand/or oxolation,
- (iii) finally a third possible acid-base reactioccars in the case of appearance of water:
BnONa + H,0 2 BnOH + NaOH

Among the three levels of interaction of benzoxsgecies, the reaction (i) consumes isopropanol
and reaction (iii) uses the formed water; bothftlitne risk to form an aqueous phase. Whereas the
reaction (ii) activates the condensation and chyziéion. The faceted nanoparticles obtained in
the alkaline conditions were pure and monodispe®&®. illustrating the strong entanglement

between inorganic and organic products appearingglsynthesis.

In this work, we have shown that it is possibleltain similar results in terms of phase purity and

apparent particle size without the use of sodiunezbride but with the use of sodium hydroxide.
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These experimental data complement the work ofalPattile highlighting new perspectives: the
disappearance of the agueous phase would not ke the consumption of isopropanol, as we get
the same effect without metallic sodium and no ofpmity to consider the Guerbet reaction.
Surely, the sodium hydroxide that we introduce um synthesis plays an important role in the
initiation and the propagation of the sol-gel pssxeHowever, we have to consider a new

perspective regarding the absence of water pramtucti

An alternative explanation appeared on reading fallyethe work from Kozlowskiet al.
[161]concerning the study of condensation mechasisishort chain alcohols catalyzed by
heterogeneous amphoteric oxides such as micromé&t@z or basic ones such as MgO. In
particular, the influences of adding sodium to a@ma on the acid-base properties of the surface
and on the catalytic conversion of ethanol andaeetwere investigated. They found that the
addition of 1.0 wt.% Na to Zr&)(by a wet impregnation process) decreased theofag¢hanol
dehydration by more than an order of magnitudeclviwas consistent with a neutralization of
acid sites evaluated by ammonia adsorption micooicaktry. Although the rate of ethanol
coupling was not increased by the addition of Ha,dverall selectivity of ethanol to butanol was
improved over the 1.0 wt.% Na/ZsGample because of the significant inhibition dfagtol
dehydration side-reaction. This important obseoratiould be the missing link in explaining the
secondary effective role of NaOH and more spedifithe N& cations as surface inhibitors of the
acidic surface site responsible for the dehydratadnisopropanol. Some complementary

experiments will be presented in Chapter 5 of tlaauscript.

We have shown that the phase control to obtainmapsa exclusively composed by tetragonal
nanocrystals was successfully obtained over a §pecintent of alkaline source. The use of NaOH
has been effective in inhibiting the productionnaiter and mediating the synthesis of a pure t-

ZrO2 samples.

In parallel, we have shown that the average appiasére was highly dependent on the chosen
concentration content of NaOH. In the followingtgats we will deal with influencing the size of
the zirconia particles by adjusting the synthesisperature, the alcohol content, and by splitting

the global solvothermal treatment in two separaégss.
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3.4 Size control

In this section we tackle on how to influence aadtwml the size of the zirconia particles. Here we

present three possible routes to fine tune thelsizsssentially varying the synthesis temperature,
alcohol content and adding a second solvotherragksn order to achieve the smallest crystalline
nanoparticles that it is possible to produce far fine structural study which is the heart of this

thesis.

3.4.1 Temperature and alkalinity interplay on average apparent size

We have seen previously that the presence of sodhiydnoxide inhibited the formation of
monoclinic crystals jointly with the tetragonal rastable ones, but it also promoted the grain
growth of the crystals. The goal of this sectiotoiglustrate how the chemical budget (the mixture
reactivity) can balance the decrease of the thebmdgjet and offer a control over the size of the
particle while ensuring a good reaction yield. BaBl shows the summary of the experiments
performed to illustrate this effect:

Table 8: Solvothermal synthesis details for thenabal treatment exhibiting the interplay of
NaOH content and temperature

NaOH Zirconium Benzyl alcohol | ageing period | Temperature

(mol.L) (mol.LY) (% volume) (days) (°C)
0.2 0.3 100% 3.0 210
0.2 0.3 100% 3.0 150
0.5 0.3 100% 3.0 210
0.5 0.3 100% 3.0 150
0.5 0.3 100% 3.0 125
0.5 0.3 100% 3.0 100
1.0 0.3 100% 3.0 210
1.0 0.3 100% 3.0 150
1.0 0.3 100% 3.0 125
1.0 0.3 100% 3.0 100
1.0 0.3 100% 3.0 80
1.0 0.3 100% 3.0 60
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The peaks of the XRD patterns presented in Figérarg all identified to coincide with the
tetragonal polymorph of zirconia whatever the sodihydroxide content or the operating
temperature used for the synthesis, except foXRP diagram with T = 21T (Figure 76 )
where extra-peaks are visible. A strong alkalineg alsohol medium at high temperature (210°C)
seem to promote extra organic and inorganic sidetiens whose crystalline products are no

longer observed below 150°C.

The first thing that we observed from these sewas the rapid limitation for decreasing the
operating temperature due to the absence of pta@mt the end of the solvothermal treatment.
Indeed, with the NaOH concentration at 0.2 md).lno precipitate was formed when the
temperature was decreased from 210°C to 150°Qebtiagly, the increase of sodium hydroxide
in the reaction mixture shifts this limiting facttar lower temperatures and we succeeded to form
precipitate at 150°C with a molar concentratioNaOH of 0.5 mol.t!* and even lower than 100°C
when the molar concentration of NaOH is raisedaif.®0 mol.X. Among the samples, only the
sample synthesized at 80°C with NaOH concentrattoh 0 mol.L! is drastically different from
the others. It exhibits a large broadening of tiffeatttion peaks at position®2= 30.3°, 49.9°, and
58.5° which corresponds to the main peaks of agetral zirconia (JCPDS 00-050-1089).

A Rietveld refinement method was conducted fottedIXRD patterns and the data are summarized
in Figure 77. The main effect in the concentratontent of NaOH on the apparent crystallite size
is clearly demonstrated for the higher operatimggerature namely 210°C. Generally, the decrease
in temperature induces a decrease in the appaenbfthe crystallites in accordance with the
classic results obtained with a thermoactivatethgyeowth mechanism.
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Figure 76: XRD patterns of samples obtained viaolathermal technique under varied
synthesis temperature for 3 days using [ZP(@HO'Pr], in benzyl alcohol with (a) 0.2, (b) 0.5
and (c) 1.0 mol.tt NaOH.
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Figure 77: Average apparent size of the samplésiredd via a solvothermal technique under
varied synthesis temperature for 3 days using [Bi(()@HO'Pr] in benzyl alcohol with (a) 0.2,
(b) 0.5 and (c) 1.0 mol:LNaOH.

Certainly the tunability of the apparent size whisthobserved in the case of a highly alkaline
synthesis is interesting in terms of technologieaameter to achieve a controlled grain size. Here
we observed that the decrease in size is not linearrelated with the decrease in temperature but
appears to behave in a step like manner with aesuddcrease at the lowest temperature. We note
that the highest concentration content (1 mé).ef NaOH was able to achieve sizes that are less
than 2.0 nm at lower temperatures. Indeed, the legpnppared in the richest alkaline environment
and with the lowest operating temperature showsaatid broadening of the Bragg diffraction
peaks, indicating an extremely small crystalliteesioughly estimated to 1.76 nm. This provokes

a sudden rupture in the global trend for diminighime crystallite size.

All these results illustrate perfectly the techmgi@l potential offered by the use of NaOH as a
phase selection agent and efficient chemical ensugyplier permitting to decrease the operating
temperature as low as 80°C while keeping a goodtrea yield and guaranteeing a crystalline

zirconia.

3.4.2 Influence of alcohol content on the average apparent size

The previous section suggests that lowering theabipg temperature and conjointly increasing
the alkalinity of the reaction mixture allows arfi@ént control on the size of the zirconia

crystallites. However, the abundant concentraticall@line species may pose a problem in terms
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of chemical purity and possible formation of othmpurities, like sodium carbonate. Hence in this
section we investigate the effects of lowering llleazyl alcohol content of the synthesis solution
while keeping constant the NaOH concentration 2tn@ol.Lt, 0.5 mol.L, 1.0 mol.L%, and 2.0
mol.L. The total volume is maintained at 15 mL by compating benzyl alcohol with a known
inert solvent which is anisole [149] in order tcekethe zirconium concentration at 0.3 mal.L
The experimental details of the syntheses for@izgrol via alcohol reduction are shown in Table
9.

According to the XRD diagrams shown in Figure 78 @alution of benzyl alcohol in anisole
keeping constant the NaOH concentration at 0.2Lmalloes not induce drastic changes in the
diffraction patterns from 100 vol.% to 13 vol.%BfOH. Nevertheless, below this dilution state,
i.e.for 10 vol.% of BnOH or also full absence of belradgohol, a drastic broadening comparable
to that was already seen in the previous sectiobserved. Moreover, one can note by comparing
the series with 0.2 mol:i(Figure 78 (a)) and 0.5 moli(Figure 78 (b)) NaOH concentration, that
the abrupt change or more precisely the bordesewarating the two types of broadening is
sensitive to the alkalinity of the mixture. Indeedarge increase in alkalinity from 0.2 mot.Lp

to 0.5 mol.L! leads in a slight but observable decrease of dthaeline toward the lowest values
of BnOH content.
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Table 9: Synthesis details for the chemical treatmath varied benzyl alcohol content

NaOH Zirconium Benzyl alcohol Solvothermal
content concentration | volume fraction | ageing period
(mol.L"Y) (mol.LY) (% volume) (days)

0.2 0.3 100% 3.0
0.2 0.3 50% 3.0
0.2 0.3 20% 3.0
0.2 0.3 15% 3.0
0.2 0.3 13% 3.0
0.2 0.3 10% 3.0
0.2 0.3 0% 3.0
0.5 0.3 100% 3.0
0.5 0.3 10% 3.0
0.5 0.3 0% 3.0
1.0 0.3 100% 3.0
1.0 0.3 0% 3.0
2.0 0.3 100% 3.0
2.0 0.3 0% 3.0
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Figure 78: XRD patterns of samples obtained \8alaothermal technique at ZIDfor 3 days
using [Zr(OPr}»HO'Pr], under varied amounts of benzyl alcohol with (&), @b) 0.5, (c) 1.0

and (d) 2.0 mol.tt NaOH.
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One interesting aspect lies in the fact that adl diagrams obtained for extremely low volume
content of BnOH exhibit the same state of broadgnimdeed, when the alkalinity is raised from
0.5 mol.L:* up to 1.0 mol.t* (Figure 78 (c)) and even more up to 2.0 mdkEigure 78 (d)), no
evolution of the sample is observed concerninglttead envelop whose maxima are exactly
located at the same positiong (20 = 30.3, 49.9 and 58.5) that those of the dominant peaks of
t-ZrO». The presence of extra phases that is observibe idiagram can be interpreted as possible
organic by-products or/and sodium carbonate imiesrit

The alkalinity of the solution which seemed to pdeyimportant role on the growth of the particles
in a BnOH-rich environment looks to be ineffectinethe present situation when the content of
BnOH was largely reduced below 10 vol.%. A seriesamples were prepared in anisole with
varied amounts of NaOH (0.0, 0.2, 0.5, and 1.0 imYladded into the reaction mixture. All the
samples appear to have broad peaks with the samighleut NaOH as the broadest as shown in
Figure 79. However, subtle difference is obsembdn NaOH is added as indicated by the slight
narrowing of the peaks.
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Figure 79: XRD patterns of samples obtained \8alaothermal technique at ZIDfor 3 days
using [Zr(OPry-HO'Prl, and anisole under varied amounts of NaOH (0.0, @2, and 1.0
mol.L?)
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Figure 80: Average apparent size of the sampl&sredal via a solvothermal technique atZ10
for 3 days using [Zr(®r}-HO'Pr]; and varied amounts of benzyl alcohol with 0.2 &l
mol.L of NaOH.

The quantitative refinements performed on the XR&yhms issued from the series (a) and (b)
are summarized in Figure 80. The size does notaagpealecrease monotonously but rather drops
immediately below a certain percentage of benzyblabl. This sudden drop in size also slightly
varies with the amount of alkali source. For a Brfdh environment, whatever the concentration
of sodium hydroxide used, the crystallite size seémn“saturate” at the same average value of
BnOH content for all the samples and depends exellyson the alkalinity of the reaction mixture:
an apparent size of about 2.7 to 3.0 nm for anlialgaof 0.2 mol.L'* and 3.4 to 3.5 nm for an
alkalinity of 0.5 mol.L!. For a BnOH-poor environment, the crystallite sieems to converge to
the same level of broadening (largely below thesgmity of the Rietveld method applied to such
a large broadened pattern) whatever the alkalamtyno progressive evolution between these two

extreme states seems to rule the abrupt transition.

In summary, by diluting the benzyl alcohol conteith an inert ether, we have shown that it was
necessary to apply at least a 1/10 dilution to obsea drastic effect on the final sample product.
The isolation of a crystalline sample characterizeg an extreme broadening of the Bragg
diffraction pattern was possible but further anaysare needed to attribute properly the
broadening to the presumed small crystallite skzeally, these series of experiment have shown

that the benzyl alcohol is directly involved in themation mechanism of the nanocrystals, i.e. the
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direct condensation of zirconium isopropoxide-isigganol adduct is largely limited in an alcohol-

poor medium.

3.4.3 Influence of dual stage solvothermal synthesis on the average apparent size

Based on the previous experiments, it appeardtitatthe temperature and alcohol content plays
a significant role in the phase selection and strol when combined with the alkali source
NaOH. Hence, in this section we introduce the dtae solvothermal synthesis where we exploit
the previous findings in order to orchestrate atafjite size control. The dual stage solvothermal
synthesis consists in applying to the product olethafter stage 1 a second solvothermal treatment
with a different operating temperature and reacti@dium, namely type of solvent and presence
of alkali precursor. The different synthesis prepians via dual stage solvothermal synthesis are
listed in Table 10.

Table 10: Synthesis details for the dual stage th@vmal synthesis strategy

NaOH Zirconium Benzyl Solvothermal | Temperature
content | concentration alcohol ageing (°C)
(mol.LY) (mol.LY) volume period
content (days)
(% volume)
Stage 1 0.2 0.3 100 3 210
Stage 2 0.0 0.0 100 210
0.2 0.0 100 210
Stage 1 0.2 0.3 0 3 210
Stage 2 0.0 0.0 100 210
0.0 0.0 100 150
0.2 0.0 100 150

Applying a second solvothermal step to a previodsiyned zirconia sample showed some
susceptibility to changes as observed in their Xptiterns (Figure 81). It also modifies their

crystallite apparent sizes as shown Figure 82. iam series of experiments were conducted in

136



this section: the first one is based on the ratmeat of a tetragonal zirconia sample obtained in
benzyl alcohol while the second one is based omdtieatment of a zirconia sample obtained in
anisole (both stagel-samples are obtained in thgepce of 0.2 mol:L NaOH). Two different
solvothermal second steps were proposed for th@leaimitially prepared in benzyl alcohol: a
solvothermal treatment either at 150°C or 210°C3Jadays more and the regeneration of the

supernatant with fresh benzyl alcohol with and with0.2 mol.L* concentration of NaOH.

No effect is visible in the absence of NaOH; indagbd sample ¢ remains tetragonal in nature
and the apparent crystallite size is still aboG631m after the second solvothermal step while it
was 3.03 nm after the first one. In order to indaahange in the sample, the reaction mixture of
the second step needs to include a regenerateémifra¢ NaOH; in that case, the diffraction peaks
of the sample (A appear to be narrower and the apparent size jupps 3.66 nm. The absence
of any change in the case of a second solvothesteplperformed in benzyl alcohol indicates the
robust feature of the synthesis achieved in thelrgolvothermal step whereas the joint presence
of benzyl alcohol and NaOH enhances the grain draftthe crystallites under the effect of a
powerful mineralizing mixture. Fortunately, sucheactional mixture does not allow the sample
to undergo a phase conversion from the tetragdatd 8 the monoclinic one.
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Figure 81: XRD patterns of samples prepared by stage synthesis using [Zr{@),-HOPr]
with 0.2 mol.. NaOH in (a) benzyl alcohol and (b) anisole atZlfbr 3 days for the first step
and then, secondly in benzyl alcohol with or with@12 mol.L:* NaOH for the second step.
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Figure 82: Average apparent size of the samplepaoed by dual stage synthesis using
[Zr(O'Pru-HOPr], with 0.2 mol.L.* NaOH in (a) benzyl alcohol and (b) anisole at°Zléor 3
days for the first step and then, secondly in bealzphol with or without 0.2 mol £ NaOH for
the second step. (Lines are only used as a guidadeyes)

The final samples ¢ and (B) using the anisole-based zirconia sample as rstantiaterial were
obtained by retreatment in pure regenerated berleghol at respectively 150°C and 210°C. The
strategy applied in such cases is beneficial taanggrowth allowing the expression of the
tetragonal polymorph of zirconia. The crystallifgoarent sizes are respectively about 1.7 nm and

2.3 nm when the solvothermal treatment was perfdiméenzyl alcohol at 150°C or at 210°C.

Similarly, the addition of sodium hydroxide in tlsecond stage improved greatly the size of
crystallites even at a much lower temperature. éddé¢he regeneration of a 0.2 mot.NaOH
anisole-based medium permitted to increase theadliys size from 1.2 nm up to 3.6 nm which is
bigger than the size obtained by the increasempégature from 150°C up to 210°C in the non-
alkaline medium. The alkaline parameter seemseduwgirover the temperature one in the case of
a sample initially prepared in 0.2 mof-INaOH anisole-based medium. This is probably dukeo
fine nature of the precipitate and the small plasisize which confers to the sample a large dgivin
force for ripening and growth mechanisms. Howetlds assumption needs to be confirmed for

selected samples by direct TEM observations.
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Two main characteristics emerged from this study:

- Samples synthesized from the alkaline benzyl alcobote are quite stable towards
retreatments at the same temperature. Howevenglgroechanism via Ostwald ripening
can still be activated if the operator regenerdtessamples in an alkaline reaction mixture
during the second solvothermal stage (alkaline Yealzohol combination seems to be an
effective mineralizing mixture),

- Samples issued from the alkaline anisole routdigidy sensitive towards any retreatment
even at lower temperatures as long as the regedenaixture is composed by benzyl

alcohol or alkaline benzyl alcohol.

The dual stage solvothermal synthesis highlightsettiects of temperature, benzyl alcohol, and
sodium hydroxide content on influencing the size enystallinity of the zirconia particles. An
improvement in crystallinity is clearly seen esp#ygifor the smallest zirconia samples. The
samples remained to be t-Zr@fter the second treatment probably due to thelued NaOH that

was not eliminated during the centrifugation of tinst stage powder.
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3.5 In-depth analysis of selected zirconia samples

Among the results presented until now, two samggxear to be interesting for the understanding
of the formation of nanoscale size zirconia pagsclin this section, further characterizations are
conducted on these samples by various analyticahtgues (TEM, FTIR, TGA, ICP and XPS).

The synthesis details of the selected samplessesl lin Table 11 and their XRD diagrams are

recalled in Figure 83.

Table 11: Experimental details for the synthesithefselected samples

) _ Solvothermal )
NaOH Zirconium Solvent _ _ _ ) App. | Diameter
_ ageing period | Zirconia _ _
content | concentration type size size
at 210°C polymorph
(mol.LY) (mol.LY) (nm) (nm)
(days)
Benzyl
0.2 0.3 3.0 Tetragonal 3.0 4.0
alcohol
_ Broad
0.2 0.3 Anisole 3.0 1.2 1.6
tetragonal

@ Tetragonal Phase Zirconia ZrO,(00-050-1089)

Benzyl alcohol

\'/\_/"\\A Anisole
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Figure 83: XRD diagrams of the samples obtainecasalvothermal technique at 200for 3
days using [Zr(@Pru-HO'Pr]> with 0.2 mol.:* NaOH in (a) benzyl alcohol and (b) anisole.
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Figure 84: TEM micrographs of the zirconia parsckynthesized at 230 for 3 days in (a)
anisole and (b) benzyl alcohol with 0.2 moldoncentration of NaOH. Size dispersion analysis
with (c) 49 data points for the anisole sample @)d0 data points for the benzyl alcohol sample.

Figure 84 (a) and (b) shows the TEM images of thmaia nanoparticles synthesized in anisole
or benzyl alcohol. Both samples appear to be masthyposed of isolated spherical- and oval-like
particles. Such shapes can be attributed to sfeetefhich suggests that if the surface energy is
overcomed by the volume free energy then belowcthieal size a spherical or near spherical
shape morphology will be favored [126]. For nantipkes covered with chemically-bonded

ligands the relative volume free energy can becoree pronounced than the stabilized surface

energy and a slight deviation of the shape carblerwed. The well-defined crystal lattice visible

142



on the particles confirms that the zirconia pagScare crystalline whatever the solvent used in the

synthesis.

Figure 84 (c) and (d) show the size distributioalgses of the samples using 49 particles and 70
particles data points for the anisole and benzgladl, respectively. Both results can be described
by a Gaussian-like distribution function as indezhtoy the solid black curve fittings. For the
anisole prepared sample, it reveals a very narrahadmost symmetrical distribution without tails
with an average diameter of 2 nm. The fitting & tlesults obtained for benzyl alcohol shows a
much broader shape but having the same symmaetigtabution with a bit of tails at the edges.

The average diameter of the particles in this sangphbout 3.2 nm.

The low aggregation state observed for both sangalekl be related to the presence of the alkoxy
groups that act as a capping ligand on the crystaiface hence reducing the formation of larger
crystals during solvothermal ageing and promotingtexric hindrance leading to a physical
aggregated sample after drying. The presence titlearlarger than 2 nm for the anisole sample
and 3.2 nm for the benzyl alcohol sample could be © the physical aggregation of smaller
particles and oriented attachment which favorsriquéar surface to adhere onto another surface
and lead to slight anisotropic growth effects [1@2]this could simply be an overlapping of smaller

crystals forming slightly larger particles as olvser on the microscope (see Figure 85).

Comparing the average diameter size of the sphepmdicles obtained via XRD and TEM
measurements for both types of samples (Table d Fgure 83), there is some difference between
the two measurements where the former is compataldgr. The reason for this difference is

tackled in detail in the following chapter (Chapfér
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Figure 85: Scheme for the larger particle sizesnmed attachment and overlapping.

The FTIR spectra of the dried zirconia samplessai@vn in Figure 86 for samples prepared in
benzyl alcohol (a) and anisole (b). There appede tho large difference between the two zirconia
samples. The large band from 2800ctm 3700 crt with the maximum positioned at 3416 €m
corresponds to the vibration of hydroxyl groupstsas adsorbed water and possible residual
hydroxylated group generated from the synthesi8][Ibhe two distinct peaks at 1574 and 1359
cntlie in the region for the carbonate species [164] possibly alkoxide groups, especially at
1364, 1455 and 2978 chfior the C-H vibrations and at 1041 ¢nfor the C-O vibration of the
residual isopropoxide groups [165].
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Figure 86: FTIR spectra of the zirconia particlesduced at 219 for three days in (a) benzyl
alcohol and (b) anisole with 0.2 mottbf NaOH

Finally, from 400 crt to 600 cm, the intense bands positioned at 466'@nd 583 cm are
related to the (sym) vibrations of the Zr-O bond Zoconia [166] [167]. These Zr-O bands are
more intense for the sample prepared in benzyhalcahich could be due to the large difference

in size and then, crystallite volume.

We recall that the crystalline sodium carbonatekzeaere only visible in the samples prepared
with a large content of sodium hydroxide superiorled mol.LX. The FTIR analysis is more
sensitive to impurities compared to XRD analysiBicW means it can detect small quantities of
carbonate species which are not easily detectedRp. These carbonate species are probably
lying just surrounding the particles in an indivellumanner which does not allow the sodium
carbonate to crystallize. We believe that the waglsitep using anhydrous ethanol does not fully
eliminate the sodium hydroxide solute from the pobdso that carbonation over the zirconia
particles can occur during the evaporation of tiaf rinsing solvent and contamination with

carbon dioxide from the ambient atmosphere.

When the amount of sodium hydroxide used in thiasis is quite small, the carbonation and the
precipitation of sodium carbonate are limited bl tacidic surface sites neutralized by the Na
ions (as it was proposed by Koslowski et al.) campleferential sites for a reaction with ¢@nd

the formation of surface carbonate groups.
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The presence of residual alkoxide ligands and cei@o species can be seen by a

thermogravimetric analysis (TGA) shown in Figure 87

TG /%
(a) benzyl alcohol
100 1+ adsorbed water
residual solvents (CH,Cl, or HO'Pr)
95 4
___Mass Change: -14.42 %

90 ligand decomposition
85 1 : 0

Mass Chang\e. §12.16 % decomposition of Na;CO3
80 -

Mass Change: -2.30 %
\\
75 - \\
N
70
100 200 300 400 500 600 700 800 900
100 1+ adsorbed water b -
residual solvents (CH,Cl, or HO'Pr) (b) anisole

95 Mass Change: -14.87 %
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Figure 87: TGA analyses of the zirconia samplesipced at 21T for three days in (a) 0.2
mol.L' NaOH alkaline benzyl alcohol and (b) 0.2 mdiNaOH alkaline anisole.
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The thermogravimetric curves indicate a total nlass of about 28.88% for the sample prepared
in benzyl alcohol and 31.21% for the sample prapareanisole. Since the global feature of the
curves involves three distinct mass losses, wegs®po study the thermal decomposition into
three temperature regions: 30-200200-600C and 600-100C:

- The first mass loss corresponds to residual sadvantl adsorbed water coming from the
post-synthesis operations used to collect the sa(mpass loss of 14.42% for the sample
prepared in benzyl alcohol and 14.87% for the samptpared in anisole).

- The second mass loss corresponds to the combwdtgirongly bonded organic (residual
organic and/or byproducts) like alkoxide groups ahdmical hydroxide groups that may
have enveloped the zirconia particles (mass loss2df6% for the sample prepared in
benzyl alcohol and 11.00% for the sample prepareuhisole).

- And lastly, the third mass loss over a quite highge of temperatures could be attributed
to the decomposition of sodium carbonate speciatwere formed during the drying
process of the sample (mass loss of 2.30% forah®ke prepared in benzyl alcohol and

5.34% for the sample prepared in anisole).

Comparing the three temperature regions for bothpsss, it seems that the most significant
difference in terms of mass loss is in the 600-200@&gion, i.e. the event associated with the
decomposition of sodium carbonate. Indeed, the Eaprppared in anisole exhibit almost a twice
larger mass loss than the sample prepared in bat@hol. If we take in account the particles size
that we have observed by TEM, the larger valugHeranisole-based sample could be due to the
larger specific surface area (SSA) that is largersmaller particles and would indicate that the
sodium is effectively largely deposited onto thetipkes surface which is roughly 1.6 times larger

in the case of particles measuring 2 nm rather hhamm (see Table 12).
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Table 12: Comparison of specific surface area efséiected samples

Benzyl alcohol-based synthesis  anisole-based syedis
Average diameter (nm) 3.2 2
Surface area (nfy 32.2 12.6
Volume (nn¥) 17.2 4.2
SSA (nm?) 1.9 3

These analyses suggest that the smaller partictgsaped in the absence of benzyl alcohol contain
a much largersodium-to-zirconiumNa/Zr) ratio as compared to the particles prepanedbenzyl
alcohol and that the sodium is mainly disperseddhe surface of the particles. The organic
content suggested by FTIR was confirmed by TGAismapected to play a role in the steric
hindrance and the poor aggregated state of theigas of the zirconia particles as observed by

many research groups.

The relative quantification of sodium in the sanspleas determined by (a) ICP and (b) XPS
analyses which are gathered in Figure 88. ICP aisatyows that both samples prepared in benzyl
alcohol and anisole contains sodium ions. It i allsserved that the sodium-to-zirconium molar
ratio is 1.56 times higher for the samples preparechisole which are significantly smaller in size
according their respective average apparent siaelafly, the XPS analysis confirms the presence
of sodium ions on the zirconia samples for botlesypf solvents and follows a similar increase in
the sodium-to-zirconium molar ratio when the seéecreased. The sodium-to-zirconium ratio is
also multiplied by 1.55 for samples prepared irsal@i. Interestingly, the increase in the sodium-
to-zirconium molar ratio is of the same order thiaam increase in the SSA estimated value when

the benzyl alcohol is replaced by anisole in thigaireaction mixture.

Both ICP and XPS give similar trend and the resuglisfirm the large proportion of sodium
surrounding the zirconia particles. Even if XPQifraditional surface analysis method, here in
the case of extremely small particles, it becomgkbal bulk method. Such results highlight the
features of the objects synthesized by the two roates developed in this work but do not indicate
the eventual presence of doping sodium insideitherza network. The only proven fact is that
the sodium is mainly distributed along the surfatéhe particles and the largest ratio observed
for the anisole-based sample is undoubtedly coteelao the size of the individual zirconia
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particles. Whereas Xei et al. claim that the sodians were found to play a crucial role in the
formation of the stable tetragonal phase zirconia ibcorporating into the internal crystal
structure of the zirconia during the hydrothermghthesig168], we think that such hypothesis is

not relevant in the light of the exposed resultd are propose complementary investigations that

will be presented in the last chapter of this work.
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Figure 88: (a) ICP and (b) XPS analyses of theoniac samples prepared with 0.2 mol f
NaOH for three days at 240 in benzyl alcohol or in anisole.
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3.6 Conclusion

The synthesis of zirconia was successfully achiexada non-aqueous procedure in a solvent-
controlled strategy. Comparing the two types otaiium precursor, zirconium isopropoxide-
isopropanol adduct was chosen over zirconium atidosince it was able to readily form zirconia
in various O-donor solvents like ether, alcohobhtstehyde. Such choice inhibits the presence of
halide impurities but implies the necessity to lbatreaction mixture to 210°C which is a higher

temperature than those generally needed in meideHaased synthesis.

The addition of an alkali metal in the form of s hydroxide proved to be beneficial in order to
promote the production of single phase zirconiaiftyibiting the dehydration side-reaction
presumably responsible for a partial phase conmetsZrC; to m-ZrG. Although the presence of
sodium hydroxide influenced the average appareet i the zirconia particles, the extent of its
effect is quite limited within the range of 0.1&& mol.L* with an operating temperature of 210°C.
Below or above this its use leads to the formatibphase or organic impurities, respectively. The
alkaline conditions generated by the use of 0.2lmfoNaOH have allowed to isolate at 210°C
three interesting zirconia samples composed of @4ranocrystals in benzaldehyde, t-2rO
nanocrystals in benzyl alcohol and finally extreynemall t-ZrQ nanocrystals in anisole and

presenting respectively an average diameter sidetafim, 4.0 nm and 1.6 nm.

Moreover, the presence of sodium hydroxide has deduan effective size control of the
crystallites, whereas the robust and simple bealrghol route is generally claimed by Pirgta
al. to offer a poor control over the size and shapdeparticles [169]. Indeed, the interplay of the
NaOH content, the synthesis temperature and théadil factor of benzyl alcohol allows to vary
the size of the zirconia nanopatrticles in the raBigenm and even below 2 nm if one achieaes

minimaa 1/10 dilution of benzyl alcohol in anisole:

- the main parameters seem to be both the NaOH damdrthe synthesis temperature since
the temperature can be largely decreased from 2i®400°C (even lower at 80°C) by
operating in a strongly alkaline (1 motINaOH) benzyl alcohol mediunmg. when the
thermal budget is then largely balanced by the atemne guaranteeing a good reaction
yield and a large size variability in the rangeQa0-210°Cvs.0.2-1.0 mol.t! in NaOH).

- benzyl alcohol-poor (below 10 vol.%) or benzyl d&obfree syntheses at 210°C in the

presence of at least 0.2 mot.NaOH led to zirconia samples characterized by#emely
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small crystallite size (inferior to 2.0 nm) duethe limited presence of alcohol which plays

a fundamental role in the reaction mechanism artddérgenesis of the nanoparticles.

The last strategy which has been successfully aetiien order to promote a size sampling of the
synthesized particles consists of adding a secahbthermal step to the zirconia samples
produced by a benzyl alcohol-based or an anisadebaynthesis. The parameters were able to act

on the apparent size of the nanopatrticles in twygswa

- the use of a regenerated alkaline benzyl alcohalivne for zirconia powder produced
initially in benzyl alcohol which permits to induce grain growth when the applied
temperature of the second step is 210°C,

- the single- or joint-use of a benzyl alcohol oatkaline benzyl alcohol medium for zirconia
powder produced initially in anisole which permtidssinduce a grain growth at moderate

temperature and usher in an effective size control.

Many others permutations and tests could be coresideut our goal was to propose innovative
technological visions in non-aqueous sol-gel rdotachieve a good control on the features of

metal oxide nanopatrticles.

Finally, two main samples were selected and furémalyses were carried out before to subject
such samples to total X-ray and to get an intinatsmic features of the nanocrystals. These
samples were prepared with 0.2 mdi.INaOH and 0.3 molt zirconium isopropoxide-
isopropanol adduct at 240 for three days either in benzyl alcohol or insafe. These selected
samples prepared in benzyl alcohol and anisole Aawaerage apparent sizes of about 4.0 nm and
1.6 nm, respectively. Both samples showed that dreyhighly crystalline according to their
morphological characteristics by TEM analysis. FldRd TGA have shown that the samples
contained a non-negligible fraction of organics aodium carbonate surrounding the zirconia
particles which may play a role in the stabilizataf these tiny particles. The Naresence, which
was claimed to be responsible for the inhibitionha&f surface-catalyzed dehydration side-reaction,
was quantified by XPS and ICP in both samples badargest content observed in the case of the
anisole-based sample was attributed to the lai$8st value achieved in the case of extremely

small nanoparticles.
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Chapter 4: Structural Analysis

of Selected Samples
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4 Structural analysis of selected samples

4.1. Introduction

In this chapter, we present the structural analysisrepresentative samples of zirconia
nanoparticles mainly using X-ray total scatterif§) and atomic pair distribution functions (PDF)
in order to gain insight into the medium-range shdrt-range regions of the nanopatrticles structure
which gives invaluable information in identifyinige kind of polymorph. Experimental diffraction
data are also analyzed using the Rietveld methoakrder to describe the structure in a more
conventional wayj.e. in terms of average structure. As mentioned earfieconia exhibits a
complex polymorphism with four fluorite-derivedsttures: the cubic, tetragonal, monoclinic and
orthorhombic I. In the following sections, we dissuthe structural differences of the different

polymorphs thanks to their PDF.
4.1.1 Cubic phase zirconia

The cubic phase has a perfect fluorite-type strecaind typically exists at high temperatures,
above 2370°C [89]. It is the most symmetric ofziitonia polymorphs, with space grom3m

(No. 225). Each zirconium cation is located in &gt oxide ions cube and therefore it has an 8
fold-coordination. The cubic unit cell and PDF presented in Figure 1. We observe various peaks
that are characteristics of Zr-O, Zr-Zr and O-@ratomic distances. For this discussion we focus
on the eight first peaks visible on the total Phices at higher positions the peaks begin to be
superimposed with large overlaps (Figure 89 (cTEh first peak (1) located at 2.21 A corresponds
to the Zr-O distances. It is intense because thiet &r-O distances are all of the same length and
contributes to the same peak. The second peako@dted at 2.55 A, corresponds to the O-O
distances and it is slightly visible next to thestfipeak. The peak intensity is less in comparison
zirconium since the oxygen has lesser scatterictgpfaThe third peak (I1l) is positioned at 3.61 A
and corresponds to the Zr-Zr distance. It is thestnmtense due to the higher scattering factor
contribution in comparison with the other combioatbf Zr and O atoms. These three peaks are
typically the characteristics of the short-ranggioe of a cubic phase zirconia. The next peak
position that belongs to the Zr-Zr distance is posed at (V) 5.10 A which is in the medium-
range region and it is related to the first Zr-Btance (I11) by 3.6 V2 A. The last Zr-Zr (VI) peak

that is covered within the analyzed region is leds8.31 A and it is related to the first and second
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peaks by/(3.6)2 + (5.1)2A. The fourth peak (IV) located at 4.3 A correspstwlZr-O correlation
and is defined as the distance between O atomghandsecond Zr neighbours. The next two Zr-
O distances are located (VI) 5.61A and (VIIl) 6&8espectively.
(a) (b)
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Figure 89: Structural model of the cubic zircondymorph: (a) balls representation, (b) structural
parameters [89], calculated total (c) and par{@sPDF.

4.1.2 Tetragonal phase zirconia

The tetragonal zirconia polymorph exists at temjoees between 1270°C and 2370°C [88]. It
crystallizes with space groupt, /nmc (No. 137), which is less symmetrical in comparigath

the cubic phase. It is also related to the flusitecture in such a way that each zirconium cation
is surrounded by 8 oxygen anions forming a distbcigbe. The tetragonal phase PDF is plotted in
Figure 2 (c-d). Again, we observed various peakssponding to Zr-O, Zr-Zr and O-O distances.
The two first peaks at (1) 2.04 A and (1) 2.43 Areesponds to the Zr-O bonds. Comparing this to
the cubic phase, the first Zr-O peak is split imto because of the slight shifts of the oxygen atom

along the c-axis. Similar effect is also observardtfie peaks that corresponds to the higher Zr-O
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distances which are observed at (IV) 3.98 A,(\MB4A, (V1) and 4.59 A (VII) at the medium-range
region. The peak that corresponds to O-O distah@6aA is not easily observed due to low
scattering contribution of oxygen atoms and thekpmeerlaps with the Zr-O (ll) peak. The most
intense peak which corresponds to the Zr-Zr digsiilocated around (I11) 3.60 A. In comparison
with the cubic phase first Zr-Zr peak, its positismuite similar but it is actually composed obtw
almost superimposed Zr-Zr peaks (lll-1, 111-2). T$@itting of the two Zr-Zr peaks is more subtle
compared with the splitting of the Zr-O peaks (tdl). Other Zr-Zr peaks are also observed at
higher distances around (VIII) 5.09 A and (1X) 5A8vithin the medium-range order domain.
(a) (b)
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Figure 90: Structural model of the tetragonal ptasmnia (a) balls and stick representation, (b)

parameter details of the phase [88], (c) PDF aimabfsthe phase and (d) interatomic distances of
the model.
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4.1.3 Monoclinic phase zirconia

The monoclinic phase or baddeleyite zirconia ocoatsirally in ambient condition and typically
exists at temperatures below 122(87]. It is the least symmetrical in comparisorthe other
phases mentioned earlier and has space gP@ypc (No. 14). Its structure and parameters are

shown in Figure 91 (a-b).

(b)
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Figure 91: Structural model of the monoclinic phaseonia (a) balls and stick representation, (b)
parameter details of the phase [87], (c) PDF armsmabfsthe phase and (d) interatomic distances of
the model.

Comparing the coordination number of the monoclitbevards the previously mentioned
polymorphs, each of its zirconium cation is arrahgesuch way that it is 7 fold coordinated with
respect to the oxygen anions, which is one less the other two polymorphs. This is brought
about by the large shift of oxygen atoms that distthe fluorite oxygen cube immensely and thus

reduces the Zr coordination number. Hence, thelesipgak observed at about 2.16 A actually
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represents 7 Zr-O distances ranging between (§ &.@ (Il) 2.27 A. The peak that corresponds
to the O-O distance is located around 2.54 A a8d@ A and also corresponds to multiple O-O
distances. The second and third intense peaksspomds to Zr-Zr distances at (l1l) 3.44 A and
3.93 A (IV) respectively. These Zr-Zr peaks aretguifferent in comparison to the cubic and
tetragonal phase which usually exists a single peatnd 3.60 A. Similarly, these two Zr-Zr peaks
represent 6 Zr-Zr distances ranging from 3.33 8.88 A.

4.1.4 Orthorhombic | phase zirconia

@ (b)

T Pbca
L& » a=10.0861 A
& ® b=5.2615 A

@ y c=5.001 A

atomic positions
Zr : 0.8843 0.0332 0.2558
0::0.07911 0.3713 0.131

"
= O2:0.9779 0.7477 0.4948
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Figure 92: Structural model of the orthorhombidape zirconia (a) balls and stick representation,
(b) parameter details of the phase [90], (c) PDddyais of the phase and (d) interatomic distances

of the model.
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The last fluorite-derived zirconia polymorph is thehorhombic | phase and typically exists at
high atmospheric condition about 3 to 11 GPa [9@] erystallizes with space grolbca (No.
61). The orthorhombic-1 phase PDF is plotted irureg92 (c-d). In comparison with the previously
mentioned polymorphs, it is less symmetric agaietsagonal but more symmetric in comparison
with monoclinic. Similar to the monoclinic phasehas a 7 fold coordinated zirconium cation with
respect to the surrounding oxygen anions due ttatige distortion of the ideal fluorite structure.
Hence, the single peak observed at 2.16 A actuafiyesents 7 Zr-O distances with positions
between (1) 2.06 A to (11) 2.21 A. The low lyingdad peaks corresponds to the O-O distances
which are located at 2.50 A and 3.1 A. The secontithird peaks that correspond to the Zr-Zr are
positioned at (111) 3.45 A and 3.78 A (1V), respeely. These Zr-Zr distances are also similar to
the monoclinic phase by having two peaks but with 29 peak slightly shifted towards the left.
These two Zr-Zr distances represent 7 Zr-Zr distammanging from 3.45 A to 3.78 A. The single
peak around 5.10 A which is identified as Zr-Zrtaige actually corresponds multiple Zr-Zr
distances positioned closely at (V) 5.04 A, (VOSA, and 5.26 (VII) A.

4.2.  Structural characterization of the sample prepared in alkaline benzyl alcohol

In the last parts of Chapter 3, we have selectedzittonia sample prepared in alkaline benzyl
alcohol media with some interesting features suwchawing a single tetragonal phase, reasonable
nanometer scale size (less than 5 nm) and appeérs free from organic or sodium carbonate
impurities. Specifically, we have chosen the zitfasample that was prepared in benzyl alcohol
with 0.2 mol.:* NaOH and 0.3 mol.£ Zr(OPrk(HO'Pr) at 210C for three days. We have decided
to investigate further this sample to determinesitsictural properties which is essential in this
work. We analyze the structural details of this genby Rietveld refinement and by total scattering

and pair distribution function analysis.

4.1.5 Rietveld refinement of sample prepared in benzyl alcohol with NaOH

The Rietveld analysis of the sample was done uiagrogram FullProf and the refinement is
shown in Figure 93. The peaks located at positdins 3(°, 3%, 5(¢°, and 60appears to conform
to the tetragonal or cubic phase of zirconia. Ndiynthe cubic and tetragonal phase zirconia can
be differentiated by the presence of the low intgri92 peak positioned ab2 43, which appears
with the tetragonal phase. Inspecting the diagraaws a negligible presence of this diffraction

peak which suggests that the sample favors a @htaise. However, the refinement using a cubic
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phase zirconia gives a larger difference betweenettperimental result and calculated model
Cubic = 2.488 anQ(terragonar = 1.476). In addition, the refinement done withteatgonal phase

gives a tetragonality rati®() = aLﬁ = 1.004 consistent with a tetragonal distortion of thefite

unit cell. Also, when we look at the internal tgiaality as indicated by the oxygen position)(O
it gives a value of 0.193 which is closer to theagonal phase (& 0.185) rather than that of the
cubic phase (P= 0.25). Both metrical R) and internal tetragonality ¢@Dlean towards the
tetragonal phase of zirconia. Note that the tetnality is however less than that of the perfect

tetragonal phase.

(a)
5,000
( Experimental
4,000 — Calculated
] Experimental - calculated
3,000 — Tetragonal phase zirconia

Intensity (a.u.)
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(b)
v2=1.476 /& 0.1929 a=Db=3.617(3)A
d)Ave. App.= 3.003(6) nm Cc= 5.136(6) A
Strainwe. max.= 0.978(2)% Rietragonality=R; = aL\/E = 1.004

Figure 93: (a) Rietveld refinement of the XRD degrand (b) calculation details of the zirconia
sample prepared in benzyl alcohol with 0.2 mdINaOH and 0.3 mol.£ Zr(OPru(HO'Pr) at
21C°C for three days.

The refined average apparent size and average sia@iound 3 nm and 0.98%, respectively. Based
on the TEM image, the samples are dominated byriggiidike particles. With this knowledge,

we can get the average crystallite diameter ostmple by using Wilson’s formula for spherical
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shaped objects [136]. Thus, for an average appaieatof 3.0 nm its equivalent crystallite
diameter size is around 4 nm. Comparing to the Taddsurements of the average diameter, 3.2
nm (see Table 3), the XRD crystallite diameter app& be 20% larger. This discrepancy suggests
that the refined model used in Rietveld method matybe accurate which could be due to several
factors such as the choice of structural modelrasicuctural model and background model. It is
sensible to think that this is more of a mathena&fcoblem rather than a physical problem since
the calculation proceeds without physical discriaion among the background fitting, strain, and
size contribution. In other words, it simply prodséo give the best fitting it can obtain regarsdles

of physical meaning.

4.1.6 Total scattering and PDF analysis of sample prepared in BnOH with NaOH

2 0: [\ M A pa A i
”\\\J\ U\}UVU\/UV Y,
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Radial distance (A)

Figure 94: Experimental PDF of the zirconia paesgbroduced at 220 for three days in benzyl
alcohol with 0.2 mol.t: NaOH.

Shown in Figure 94 is the experimental PDF of theage. It is characterized by some intense
peaks in the short-range order and a decrease qfetfik intensities at higher distances, which is
mainly due to the finite particle size and possistiguctural distortion within the particles. The
coherent domain size is measured to be about 3wnt & tabulated in Table 13.
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Table 13: Average crystallite diameter measuremfmtgirconia particles produced at 200
for three days in benzyl alcohol with 0.2 mot.NaOH

Method Average Diameter
TEM 3.2nm
XRD (refined) 4.0 nm
PDF 3.0 nm

We observe that both the TEM and PDF qualitativeasoeement for the crystallite size have
similar values. The slight difference between tive imeasurements could be due to a small
presence of structural distortion which would méke PDF appear shorter in comparison with
TEM measurement but in this case it is certainly ttuthe uncertainty of qualitative measurement
(estimated as at least 0.1 nm for the PDF measut@n#e then proceed to analyze the initial

peaks within the range of 1.5t0 5 A.

10+ ;
| '\ | Tetragonal phase
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Figure 95: Experimental PDF of the zirconia paesgbroduced at 220 for three days in benzyl
alcohol with 0.2 mol.t: NaOH compared with well crystallized zirconia tgwaal phase [88]
and monoclinic phase [87].

The single peak positioned around 2.15 A correspaadhe typical Zr-O bond length found in
zirconia polymorphs. However, it differs from tletragonal phase, since instead of a double peak
we only have a single peak shown in Figure 95. Whakly intense peak next to th& Zr-O
distance which is around 2.55 A could conform ® @O atomic distance. Thé%ntense peak

positioned at 3.52 A aligns to the typical Zr-Zstdinces found in zirconia polymorphs. When we
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compare with the Zr-Zr distances in the perfect outinic structure (3.44 A) and tetragonal
structure (3.6 A), it appears to lie in the midi#leoring neither phases clearly. The peaks located
at 3.98 A coincide with the peaks for the Zr-O béengths for the tetragonal phase but it is also
relatively close to the Zr-Zr distance for monoidiwhich is around 3.93A. We then proceed by
comparing the experimental PDF to the calculate& RBm the four polymorphs. The calculated
PDF of polymorphs were done by using the PDFfiZ0]lprogram where the cell parameters were
allowed to be refined. Two r-ranges were used, fawering the medium-range region (5-25 A)
and the other favoring the short-range region (§-Fhese comparisons are illustrated in Figure
96, Figure 97 and Figure 98 and the parameterfisted in Table 14, Table 15, Table 16, and
Table 17.
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Figure 96: Experimental PDF of the zirconia paescproduced at 220 for 3 days in benzyl
alcohol with 0.2 mol.Et NaOH with the (a) cubic model, (b) tetragonal mo¢el monoclinic
model, and (d) orthorhombic | model of zirconia.
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Table 14: Refined PDF parameters for sample inyexeohol with NaOH using cubic model

parameters Reference[89] Refined cubic
Range (A) NA 5-25
Rw NA 0.146
a(A) 5.10 5.11

Table 15: Refined PDF parameters for sample in yesdzohol with NaOH using tetragonal
model

parameters Reference[88] Refined tetragonal
Range (A) NA 5-25
Rw NA 0.142
a(A) 3.64 3.60
c(A) 5.27 5.13
C
R, = 7 1.023 1.008

Table 16: Refined PDF parameters for sample in ydeaizohol with NaOH using monoclinic
model (*fixed)

parameters Reference[87] Refined monoclinic
Range (A) NA 0-5
Rw NA 0.293
a(A) 5.15 5.06
b(A) 5.21 5.39
c(A) 5.32 5.36
B) 99.23 99.23*
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Table 17: Refined PDF parameters for sample inydeteohol with NaOH using ortho-1 model

parameters Reference[90] Refined Ortho-I
Range (A) NA 0-5
Rw NA 0.332
a(A) 10.0861 10.084
b(A) 5.2615 5.2579
c(h) 5.0910 5.2565
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Figure 97: Experimental PDF of the zirconia paesgbroduced at 220 for three days in benzyl
alcohol with 0.2 mol.t: NaOH compared with a refined tetragonal and cutndets within the
range of 5 to 25 A,

The cubic and tetragonal models appear to agrdemitblthe experimental PDF in the medium-
range order and “long-range order” regions as shiaviigure 96 (a & b). If we examine in detail
the PDF within the range of 5-25 A, we observe thattetragonal and cubic models are quite
similar but the former gives a slightly smallerfdience between the experimental and calculated
PDF as indicated by theirWRvalues (see Table 14, Table 15 and Figure 97). tétragonal
parameters a and c are slightly smaller compard¢hdetoeference standard, but nonetheless they
are within reasonable difference and thésRonsistent with a tetragonal distortion of thierite

unit cell.
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Figure 98: Experimental PDF of the zirconia paesgbroduced at 220 for three days in benzyl
alcohol with 0.2 mol.t! NaOH compared with a refined (a) cubic and tetratj@amd (b)
monoclinic and orthorhombic | models within thegarof 0 to 5 A.

Regarding the short-range region, we observe tigapeaks positioned at 2.15 A and 3.52 A does
not conform to the cubic or tetragonal models bligna better with the monoclinic and
orthorhombic models as shown in Figure 96 (c &lfdye look closer, the monoclinic model seems
to fit better as indicated by its lowe,Ralues (see Table 16, Table 17 and Figure 98 (3 &bhe
lattice parameters of the refined monoclinic maalel slightly altered such that a is smaller and

both b and c are bigger in comparison with theregfee values of the monoclinic phase.
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It is tempting to say that the sample may be aumnexbf tetragonal and monoclinic phase, but the
absence of peaks in both the short-range and medioge regions that would correspond to a
mixture of phases suggests the opposite. Rathemplies that the sample presents a structure with
a medium-range order similar to the tetragonal plaasl a local structure closer to the monoclinic
phase. The tetragonal characteristics at the medameh long-range order of the sample explain
why its XRD patterns looks like that of a tetragloplaase. However, the actual structure is clearly
neither tetragonal nor monoclinic. For conveniemee will call this sample as tetragonal-like

sample.

4.3.  Structural characterization of the sample prepared in alkaline benzaldehyde

The next zirconia sample that we decided to stsdyé sample prepared in benzaldehyde. The
sample has interesting features such as a singilecthioic phase, limited size (less than 5 nm) and
appears to be free of impurities. Specifically,amalyze the sample prepared in benzaldehyde with
0.2 mol..* NaOH and 0.3 mol:L Zr(OPr)(HO'Pr) at 210C for three days. Similarly, we look
into the structural details of the sample by Ritwefinement and by total scattering and PDF

analysis.

4.1.7 Rietveld refinement of sample prepared in benzaldehyde with NaOH

The Rietveld refinement of the sample using a mbmaocstructure model is shown in Figure 93.

The model appears to show good correlation witrekperimental diagram. The lattice parameters
(see Table 16) also compare well with the monociimconia [87]. However, there are some minor

discrepancies in the fitting particularly in thadibroadening which does not completely envelop
the experimental diagram as shown in Figure 10& @buld suggest that there may be some size
anisotropic effect as observed for other samplé wibnoclinic phase presented at later sections
of this chapter. However, when we utilized an ainggoc size model for this sample there appears
to have little improvement on the difference betwé#®e calculated and experimental diagrams.

Thus, these small discrepancies have probably anotigin.
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Figure 99: (a) Rietveld refinement of the XRD degrand (b) calculation details of the zirconia

sample prepared in benzaldehyde with 0.2 mbNaOH and 0.3 mol.£ Zr(OPr}(HO'Pr) at
21C°C for three days.

2,000 -

1 Experimental
1,500 — Calculated

1 Experimental-Calculated
Monoclinic phase zirconia

4
500—: il

0

-

o

=]

=]
1

Intensity (a.u.

500 éMW,MWMWWWmMMWW“W“MWMWWWWWW

1004

25 30 35 40 45 50 55 60
26

Figure 100: Rietveld refinement of the XRD diagraithe ZrQ sample examined at closer range.
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The refined microstructural parameters indicaté tha average apparent size of the sample is
around 2.7 nm with zero average strain. If we agstinat the particles have a spherical shape, then
its average crystallite diameter size is about 81¥, which is smaller (30%) compared to the
tetragonal-like sample prepared in benzyl alcohwte that we were not able to successfully
characterize the morphology of the sample via THM tb complications brought about by the
characteristics of the synthesized solution whi@s Wwighly organic and very difficult to wash.

Hence, we were not able to compare the diametes Sigtween TEM and XRD.

4.1.8 Total scattering and PDF analysis of sample prepared in benzaldehyde with NaOH

As shown in Figure 101, the PDF is characterizeddige intense peaks in the short-range region
and less intense peaks in the medium-range reg®eoherent domain size is measured to be
around 3.0 nm. We observe that the XRD’s averagsaltite diameter is 19% larger compared to
the PDF measurement (see Table 18). This may bedudeficiencies of the XRD Rietveld

refinement as explained earlier.
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Figure 101: Experimental PDF of the zirconia péeicproduced at 22CG for three days in
benzaldehyde with 0.2 moliNaOH.
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All the PDF peaks observed at 2.16 A, 3.44 A a8 A coincide with the monoclinic Zr-O, Zr-

Zr () and Zr-Zr (IV) lengths, respectively (séeégure 102). We then proceed to compare the
experimental PDF with the refined PDF from a momaclstructural model. This is shown in
Figure 103 (a & b).

Table 18: Average crystallite diameter measuremen®@rO; particles using benzaldehyde with
NaOH

Method Ave. Diameter
XRD (refined) 3.7nm
PDF 3.0nm

Monoclinic phase .
— Experimental

Tetragonal phase

i —
Zr—Zr(“U\/ Zr-Zr“"V \/

-6 —— L B e L A A
1.5 2 2.5 3 3.5 4 4.5 5
Radial distance (A)

Figure 102: Experimental PDF of the zirconia p#&scproduced at 22Q for three days in
benzaldehyde with 0.2 mofiNaOH compared with well crystallized zirconia tgwaal phase
[88] and monoclinic phase [87].
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Figure 103: Experimental PDF of the zirconia p#tcproduced at 22Q for three days in
benzaldehyde with 0.2 motiNaOH fitted with the monoclinic model zirconia vied in (a)
large scale and (b) local region.
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Table 19: Refined parameters for the sample in ddehyde with NaOH using monoclinic
model (* fixed)

Lattice Reference Refined XRD Refined PDF

parameters [87] (3.7 nm) (3 nm)
Range (A) NA NA 0-40
Rw NA NA 0.231

a (A) 5.15 5.17 5.14

b (A) 5.21 5.21 5.19
c(A) 5.32 5.34 5.32
B 99.23 99.20 99.28

The refinement is good and the refined structuashmeters listed in Table 19 conform well to the
monoclinic structure. This result further suppdahnisresult obtained from Rietveld refinement. The
lattice parameters are quite similar and withirsogeble difference with respect to the reference
values and the refined XRD values.

Note that we observe a small intensity peak arduBd A which does not correspond to atomic
pairs in zirconia but could correspond to C-C, @0GD-O bonds (ranging from 1.20 to 1.54 A)
due to organic compounds impurities in our sampleese impurities are certainly due to
ineffective washing process that failed to remowmgletely them from our sample. It is worth
noting that the color of this sample is not theidgpwhite feature but rather it is dark yellowish
which is consistent with residual organic compounddwever, the presence of the impurity does
not affect the structural integrity of our sampiece the peak corresponding to the impurity is
limited only within the short-range region from 121.54 A.

In summary, we can say that the sample is typit&he® monoclinic polymorph with very small
crystallite size. The implication of such smallesfar the monoclinic structure that is far below th

critical size (10 nm) was discussed in Chapter 2.
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4.4,  Structural characterization of the samples prepared in alkaline anisole

In this section we again selected an interestimgpsa with very broad peaks whose sizes are
estimated to be less than 2 nm. We call this sathpl@ltrasmall zirconia due to its inherent small
size. The synthesis specifications of the ultrabmadonia is that it was prepared in anisole with
0.2 mol.L:* NaOH and 0.3 mol.£ Zr(OPru(HO'Pr) at 210C for three days. As usual we analyzed
the structure of the sample via Rietveld refinermeemd by total scattering and pair distribution

function analysis.

4.1.9 Rietveld refinement of sample prepared in anisole with NaOH

So far, we have analyzed two kinds of samples lgagirtetragonal-like structure (prepared in
benzyl alcohol) and monoclinic structure (prepardoenzaldehyde). Here, we characterized using
the Rietveld method the XRD pattern of the ultrd$mparticles using the four fluorite-derived
zirconia polymorphs as shown in Figure 104. Theepatlacks any distinguishable features to
attribute to one particular polymorph. All modeleveg a reasonable difference between the
experimental and calculated diagrams, which makaifficult to determine what type of zirconia
phase is the sample. For this particular sampénthdelling of the line profile was mainly done
with Gaussian shape parameters for the size aach.sho Lorentzian contribution was found to

cause significant improvement.
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Figure 104: Experimental, calculated and differeplo¢s for the XRD Rietveld refinement of the
ultrasmall particles synthesized at 2&0for 3 days in anisole with 0.2 mof!IlNaOH using (a)
cubic, (b) tetragonal, (c) monoclinic, and (d) ortombic | models. (* fixed parameter).
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Figure 105: Strain and size calculation for ther foolymorphs models of zirconia with a fluorite-
derived structure.

We then compare, in Figure 105, the average appsianand strain obtained with each model.
We observe that as the model moves from the highdstvest symmetry, (Cubic - Tetragonal -
Orthorhombic-1 - Monoclinic) the size becomes dligharger and the strain clearly decreases. It
is clear that Rietveld refinement of such highlpdmt sample gives an inconclusive result in
determining what type of zirconia phase is presemiis, we cannot utilize any of the refined values
as the real ones. Instead, we determined theiageapparent size which is about 1.34 nm and in
turn gave an average crystallite diameter sizebotial.8 nm. The amount of microstrains varies
from ~3% to 8% which is considered to be large iafigct that the particles have large structural

distortions.
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4.1.10 Total scattering and PDF analysis of sample prepared in anisole with NaOH

The experimental PDF in Figure 106 reveals that dample have a very limited structural

coherency as indicated by the very rapid signalpiaga The estimated coherent domain size is of
about 1.1 nm. Clearly, this coherent size is munhlker than the XRD and TEM (see Table 20)
values, which suggests the presence of large stalaistortions and agrees with the large strain

values obtained from XRD analysis.
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Figure 106: Experimental PDF of the zirconia pétcproduced at 232G for three days in
anisole with 0.2 mol.t NaOH.

Table 20: Average crystallite diameter measuremémtsamples produced in anisole with
NaOH

Method Average Size
TEM 2nm
XRD (refined) 1.8 nm
PDF 1.1 nm

The low r-region of the experimental (see Figuré)XXxhibits two intense peaks out of four peaks.
The first peak positioned at 2.16 A appears to @onfto the typical Zr-O bond lengths but the
absence of a second Zr-O peak suggests that itdesnform to the tetragonal phase.
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The second peak observed at 2.59 A, that appesréniiense, is aligned with usual O-O distance.
The third intense peak and fourth peak positiond@ & and 3.98 A appears to favor the Zr-Zr
(1) and Zr-Zr (IV) lengths, respectively. The Zr-distances are quite similar with those of the
sample prepared in benzaldehyde and 0.2 mdNBOH having a monoclinic structure (Figure
102). These results suggests that the sample afigrsto the monoclinic phase in the short-range
region. We now compare the experimental data wiéhfour calculated PDF from the zirconia
polymorphs shown in Figure 108 and the refined ipatars are shown in Table 21, Table 22,
Table 23, and Table 24.

Monoclinic phase — Experimental

Tetragonal phase

Zr-Zr

-4 ] L S S E E B S S I B S S S H H LI A LA B
1.5 2 2.5 3 3.5 4 4.5 5
Radial distance (A)

Figure 107: Experimental PDF of the zirconia p#etcproduced at 22Q for three days in
anisole with 0.2 mol. NaOH compared with well crystallized zirconia tgwaal phase [88]
and monoclinic phase [87].
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Figure 108: (a) Experimental PDF of the zirconiaipkes produced at 22Q for three days in
i 1

anisole with 0.2 mol.£ NaOH compared with the unrefined (a) cubic mode), tétragonal
model, (c) monoclinic model, and (d) orthorhombiaddel of zirconia
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Table 21: Refined PDF parameters of sample in &isith NaOH using cubic model

parameters Reference[89] Refined cubic
Range (A) NA 0-5

Rw NA 0.278

a(Ah) 5.10 4.92

Table 22: Refined PDF parameters for sample ino#isith NaOH using tetragonal model

parameters Reference[88] Refined tetragonal
Range (A) NA 0-5

Rw NA 0.346

a(A) 3.64 3.94

c(A) 5.27 4.12

C
R, 7 1.023 0.74

Table 23: Refined PDF parameters for sample inoéaisith NaOH using monoclinic model

parameters Reference[87] Refined monoclinic
Range (A) NA 0-5
Rw NA 0.231
a(A) 5.15 5.10
b(A) 5.21 5.18
c(A) 5.32 5.32
B(°) 99.23 99.41

Table 24: Refined PDF parameters for sample iroéaissing with NaOH orthorhombic-1 model

parameters Reference[90] Refined Ortho-|
Range (A) NA 0-5
Rw NA 0.493
a(A) 10.0861 9.8144
b(A) 5.2615 4.9453
c(A) 5.001 4.9327
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The analysis reveals that the experimental PDF doesorrespond perfectly to any of the PDF
calculated from the four polymorphs. However it ems much closer to the monoclinic model in
the short-range region. This is also reflectedhenR, values where the monoclinic model gives
the smallest. The lattice parameters a, b, cpand also observed to be comparable to the referenc
monoclinic structure. If we focus on the mediumgaworder, it appears that the experimental PDF
exhibits much broader peaks, which mostly envet@pRDF peaks of the monoclinic model. This
large broadening of the experimental PDF peaks Wwiiththe rapid damping of the PDF suggest
that the particles lose structural coherency bexatifiigh atomic positional disorder. According
to TEM observation (see Chapter 3), particles apgpeéh resolved atomic planes thus they are
not amorphous. Consequently, these ultrasmallghestseems to have a local monoclinic structure

and a rapid loss of the medium-range order.
4.5.  Structural characterization of the samples prepared in anisole

In the previous section, we have selected sevarapkes prepared in alkaline media. Here, we
present a zirconia sample prepared in anisole al®pecifically, the synthesis specifications of
this sample is that it was prepared in anisole@Bdmol.L:* Zr(O'Pru(HO'Pr) at 216C for three
days.

4.1.11 XRD of the sample prepared in anisole

The XRD pattern of the sample is shown in Figur@. Ihere are three very broad peaks centered
on D = 30, 50 and 60 The two peaks at higher position are so overldgbpat it is quite difficult

to distinguish one peak from the other. In compmariso the ultrasmall sample, the structural
features are far less reliable to assign to anhefour polymorphs. Because of this, we did not
proceed to perform Rietveld calculations on thimge but proceeded directly to characterize its

interatomic distances using total scattering.
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Figure 109: XRD diagram and (b) calculation detaflthe zirconia sample prepared in anisole and
0.3 mol.L* Zr(OPru(HO'Pr) at 210C for three days.

4.1.12 Total scattering and PDF analysis of sample prepared in anisole

The experimental PDF of the sample prepared irobnis shown in Figure 110. It appears similar
to that of the ultrasmall sample but with peakhenmedium-range region far more damped, which
indicate a more rapid loss of structural cohereyamining the size of the coherent domain of

the sample, we estimate that the size is 0.8 nm.
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Figure 110: Experimental PDF of the zirconia p#etcproduced at 22Q for three days in
anisole.
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Figure 111: Experimental PDF of the zirconia pétcproduced at 22Q for three days in
anisole compared with well crystallized zirconi&ragonal phase [88] and monoclinic phase
[87].
We then examine the low r-region peaks (Figure 11t 19 clear that these peaks are quite similar
to the ultrasmall sample shown in Figure 107, satigg that the sample aligns more with the
monoclinic structure than with the tetragonal ste. We now then compare the experimental
PDF with the calculated PDF using the monoclinidelshown in Figure 112 and Table 25. Note
that there is no need to compare this sample Wwélother models because it is clearly more related

to the monoclinic phase.

— Experimental
— Monoclinic Calculated
Experimental-Calculated
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Figure 112: Experimental PDF of the zirconia pésgroduced at 220 for three days in anisole
with compared with the monoclinic model of zircania
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Table 25: Refined PDF parameters for the sampbmisole without NaOH using monoclinic
model

parameters Reference[87] Refined monoclinic
Range (A) NA 0-5
Rw NA 0.205
a(A) 5.15 5.11
b(A) 5.21 5.20
c(A) 5.32 5.31
B(°) 99.23 99.39

The lattice parameters a, b, ¢, ghdre observed to be within reasonable differendé e

reference and the ultrasmall sample see Table @5Tahle 23, respectively. It is clear that this
sample is similar with the ultrasmall sample in lieal region but with a much larger distortion in
the medium-range region suggesting that the straictlisorder is higher. Because of its unique

structural characteristics, we will call this saspk amorphous-like zirconia.

4.6. Influence of solvothermal ageing and presence of water on the samples prepared in

anisole with and without NaOH

In this section, we analyze how the how the ultrad$ zirconia and the amorphous-like zirconia
develop with ageing time. For this, we investigatestructure of the samples by varying the ageing
period from 3 to 24 days (3, 6, 12 and 24 day2)1éC.

In addition, we investigate the effects of the pree ofex-situwater in the reaction mixture on
the structure of particles, which was shown (in i26a3) to have a large effect on the tetragonal
to monoclinic transformation. The effect of wateanalyzed for samples with and without sodium
hydroxide. Specifically, the amount ex-situwater was varied from 0 to 5% (0, 0.3, 2, 4, at 5

volume content).

4.1.13 Influence of varied solvothermal ageing time for the samples prepared in anisole with and
without NaOH

The XRD diagrams of the samples prepared in anigtle and without NaOH with various

solvothermal ageing time are given in Figure 11.both type of samples, increasing the period

of solvothermal ageing up to 24 days improved tlystallinity. For the sample with NaOH, the
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evolution of the diagrams is progressive. Thisasthe case for the sample without NaOH, which
retains its amorphous-like features after 6 dayagefing and seems to start crystallizing, slightly
after 12 days and much more after 24 days. Thallerperimental XRD peaks are mainly centered
on those of the tetragonal or cubic polymorphsdég$rom these three peaks we can notice for the
sample without NaOH small intensity bumps é&t=224.4° and 28.2 which corresponds more to
those of monoclinic zirconia. In the following siects we look closer to the interatomic distances

of the two types of samples.

@ Tetragonal Phase Zirconia ZrO,(00-050-1089)
© Monoclinic Phase Zirconia ZrO,(00-037-1484)

24 days

12 days

6 days

3 days

10020 30 40 50 60 70 80 90 100 110

e B A

10 20 30 40 50 60 70 80 90 100 110
20

Figure 113: XRD patterns of the samples synthesated10C with different of thermally
assisted ageing times (a) with and (b) withoutrBd2.L-* NaOH.
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4.1.13.1 Total scattering and PDF analysis of the selected samples under varied solvothermal ageing

period with NaOH

l@ |
|f| ‘| 24 days
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Figure 114: Experimental PDF of the zirconia p&s@repared at 220 in anisole with 0.2 mol:L
1NaOH for varied solvothermal ageing period (3 d&ydays, 12 days and 24 days).
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Shown in Figure 114 are the experimental PDF okHrmaples prepared with varied ageing period
(3 days, 6 days, 12 days, and 24 days) &tQidanisole with NaOH. We observe that the samples
have varying structural characteristics. Measutitggcoherent domain sizes, they appear to have
increasing values with 1.1 nm for 3 days, 1.9 nn6fdays, 2.2 nm for 12 days, and 3 nm for 24

days.

3 days
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6:(3) Monoclinic phase

1 12 14 1.6 18 2 22 24 26 28 3 32 34 36 38 4 42
Radial distance (R)

2 e
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Figure 115: Experimental PDF of the zirconia pé&sdor varied solvothermal ageing prepared
at 210C in anisole with 0.2 mol.LNaOH compared with well crystallized zirconia moliic
phase [87].

We then examine the peaks located in the shorteraegion from 1 to 4 A as shown in Figure
115(a). For all the samples, the PDF appear tooconfo that of a monoclinic phase. The first (Zr-
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O bond length) and second peaks (O-O first disgnioeated about 2.15 A and 2.6 A do not
change with ageing process. On the contrary, ting fieak (Figure 115(b)) corresponding to Zr-
Zr distances (3.6 A) exhibits a shift towards thght for the samples aged 3, 6, 12 and 24 days.
Recall that the fourth peak represents a superposdf various atomic distances for both
tetragonal (Zr-O (IV) at 3.98 A) and monoclinic {Zr (1V) at 3.93 A) models. It seems that all
the fourth peaks remains unchanged except for tay8 which is slightly shifted towards the
right. Within the selected medium-range regiong(fé 116), the peaks evolved from a less intense
to well-defined peaks with increasing ageing tides early as 6 days we observe some
improvements of the peaks, which become more premirafter 12 days. The structural
improvement is most observed when the ageing p&sidd days. For this sample, the experimental
PDF compares well with the calculated from a teired model (see Figure 117 and Figure 118
(a)). The refined lattice parameters using theatgtnal model within the 5 to 25 A range (Table
26) appear to be slightly different with the refeze but identical with the tetragonal-like sample
(see Table 15). Thus, the structure of the sangslelves toward a tetragonal medium-range order
with ageing time. The comparison of the PDFs witl monoclinic model in the 0-5 A region
(Figure 118 (b) and Table 27) confirms that locbcure of the sample conforms to the
monoclinic structure.

: 3 days
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Figure 116: Experimental PDF for varied solvothdrageing period samples prepared at°210
in anisole with 0.2 mol.t NaOH examining the structural improvements at tbkecied
medium-range region.
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Figure 117: Experimental PDF for varied solvothdrageing period samples prepared at°210
in anisole with 0.2 mol.£NaOH compared with the tetragonal model.
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Figure 118: Detailed images of (a) Region A andReyion B for samples with NaOH under
varied ageing period.
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Table 26: Refined PDF parameters for sample withd@ys ageing and with NaOH using
tetragonal model

parameters Reference[88] Refined tetragonal
Range (A) NA 5-25
Ru NA 0.157
a(A) 3.64 3.61
c(A) 5.27 5.12*
C
Re 1.023 1.002

Table 27: Refined PDF parameters for sample witd&#4 ageing with NaOH using
monoclinic model

parameters Reference[87] Refined monoclinic
Range (A) NA 0-5
Rw NA 0.188
a(Ah) 5.15 5.00
b(A) 5.21 5.35
c(A) 5.32 5.29
B(°) 99.23 96.87

4.1.13.2 Total scattering and PDF analysis of the selected samples under varied solvothermal ageing

period without NaOH

Shown in Figure 119 are the experimental PDF okHrmaples prepared with varied ageing period
without the presence of NaOH. Similar to the prasieet of samples (with the presence of NaOH),
the samples appear to have some structural imprewveut not as fast and requires longer ageing
period in order to observe some distinguishabléedihce. Measuring the coherent sizes of the
sample gives an increasing value with 0.8 nm fdays, 1.1 nm for 6 days, 1.4nm for 12 days, and

3 nm for 24 days.
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Figure 119: Experimental PDF of the zirconia p&sgrepared at 220 in anisole without NaOH
for varied solvothermal ageing period (3 days, ¥s¢a2 days, and 24 days).
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Figure 120: Experimental PDF of the zirconia pg&tdor varied solvothermal ageing period
prepared at 2PC in anisole without NaOH compared with well criistad zirconia monoclinic
phase [87].

As we focus on the selected short-range region @LA) of the samples, we observe that the first
two peaks positioned at 2.15 A and 2.59 A coineidté the monoclinic phase, similarly to the
samples prepared with NaOH. Again, the peaks jposdbes not evolve with ageing time but we
can notice that they are broader for the 24 daypka We also observe a peak around 1.37 A that
could correspond to C-C, C-O or O-O bonds (randimogn 1.20 to 1.54 A) due to organic
compounds impurities in our sample (as alreadycedtin the sample prepared in benzaldehyde

with NaOH in section 4.3.2). Aside from the similigs of peak positions, the shifts around the
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Zr-Zr peak are also similar to those of the samplepared with NaOH but with its oldest aged

sample (24 days) shifted a bit farther to the rigtme last two peaks are positioned at 3.50 A and
4.0 A.

5 [\ 3 days
[ 'l 6 days
— 12 days
24 days

8 9 10 11 12
Radial distance (R)

Figure 121: Experimental PDF of samples with vasetizothermal ageing period prepared at
210°C in anisole without NaOH at the selected mediungearegion (5 to 12 A).

At the selected medium-range region shown in FiglPd, we observe some structural
improvements at positions 6.24, 8.09 and 9.55 Aomparison with the samples aged with NaOH,
similar trend is observed with respect to the Iengft ageing. Specifically, for the 3 and 6 days
samples they appear to be similar and less inseared to the 12 days sample. These structural
changes are improved significantly after 24 daysdisated by the narrow peaks. We then fit the
samples with tetragonal and monoclinic models asvehin Figure 122 and Figure 123 and their
refined PDF parameters in Table 28 and Table 29.
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Figure 122: Experimental PDF for varied solvothdrageing period samples prepared at°210
in anisole without NaOH compared with tetragonatielo
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Generally, the same observation is made from tperaxental PDF of the samples without NaOH
with the samples with NaOH when compared to the BLiRe tetragonal model (see Figure 122).
Again, only the sample aged at 24 days coinciddswitl a tetragonal model in comparison with

the other samples but limited mostly in the mediamge region as shown in Figure 123 (a).
Likewise, the peaks at the short-range region spoeds to the monoclinic phase shown in Figure

123 (b). The refined PDF parameters for the temaband monoclinic models are comparable to
the reference and samples with NaOH.
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Figure 123: Detailed images of (a) Region A andRbyion B for samples without NaOH under
varied ageing period.
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Table 28: Refined PDF parameters for sample withdays ageing without NaOH using

tetragonal model
parameters Reference[88] Refined tetragonal

Range (A) NA 5-25

Rw NA 0.200

a(A) 3.64 3.60

c(A) 5.27 5.13

C

R — 1.023 1.009

Table 29: Refined PDF parameters for sample withdags ageing without NaOH using

monoclinic model
parameters Reference[87] Refined monoclinic (3nm)
Range (A) NA 0.0365-5

Rw NA 0.285

a(A) 5.15 5.03

b(A) 5.21 5.40

c(A) 5.32 5.31
B(°) 99.23 97.46
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Figure 124: Experimental PDF of samples with 24sdsglvothermal ageing period prepared at
21CPC in anisole without NaOH at the selected mediungesregions (a) 5-12 A and (b) 5-7 A.

Examining further the sample aged for 24 days, bsepve a tiny peak positioned at around 5.8 A
and a slight deformation around 6.59 A which comi®rto the monoclinic phase zirconia (see
Figure 124). It appears that the local monoclieitéires has extended towards the medium-range
region mixing with the tetragonal peaks in that saggion. This result suggests that the tiny bumps
observed in the XRD pattern for the sample witldags ageing period in Figure 113 (b) could be
due to the extension of the monoclinic features eesdructuring of the tetragonal-like phase
zirconia.

199



However, we observe that along the selected redmmthe monoclinic peaks indicated by the
rectangular boxes, they seem to correlate witllévwelopment for both tetragonal and monoclinic
phases as shown in Figure 124 (b). Which sugdest$ite formation of monoclinic and tetragonal-
like phase could also occur together at an eastege. This correlation of peaks in these selected
regions seems to be exclusive for samples with@@mMl Hence, we can say that the effects-of
situwater may have influenced amorphous-like at anezastage.lt is also possible that the onset
of monoclinic phase occurs at an earlier time thartetragonal-like phase since at the local region
we always observe a monoclinic feature.

In summary, it is arguably difficult to isolate th#ects ofin-situ water on the structural evolution
of the zirconia samples without NaOH. But it isazléhat trend of restructuring is different for it

and without NaOH as indicated by the presence ofaolinic feature at the medium-range region.

4.1.13.3Comparison of the zirconia samples with varied agag period

In this section we compare in parallel the samplgghesized in various ageing periods with and
without 0.2 mol.IX NaOH. We briefly summarize the results for the gls with varied ageing
periods for both with and without NaOH.

If we examine the samples prepared at 3 days ageingd for both types of samples, we observe
that the addition of an alkali source promotes ariex restructuring (see Figure 125 (a)). The
structural changes are improved for samples prdparé, 12 and 24 days (see Figure 125 (b, ¢, &
d)). We also observe that the restructuring learatds the tetragonal-like from an amorphous-like
structure with a local monoclinic feature for a@hsples. Here we notice that the onset of tetragonal

like occurs earlier for samples with NaOH as shawhigure 125 (b & ¢).
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Figure 125: Experimental PDF of the zirconia p#&sgroduced at 220 in anisole with and
without 0.2 mol.IX NaOH for (a) 3 days ageing, (b) 6 days ageingl2cilays ageing, and (d)
24 days ageing assisted thermally.
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Figure 126: Comparison of coherent diameter sité¢lseosamples prepared with varied ageing
period for samples with and without NaOH.

The trends of the coherent size for both typesofdes are quite similar as shown in Figure 126.
However, the sizes obtained for the samples witBiMare much bigger except for the samples
prepared at 24 days where both types convergeetsaime size. It is clear that thermally assisted
ageing improved the structural features of allgheples from an amorphous-like structure and
the presence of NaOH is invaluable in inducing ahmetter and shorter crystallization with good
phase purity.

4.1.14 Influence of varied ex-situ water for samples synthesized in anisole with and without NaOH

Shown in Figure 127(a) are the XRD patterns oftmaples obtained with 0.2 moftINaOH with
varied amounts of water. The addition of water dhtreaction mixture drastically changed the
crystallinity and phase purity of the nanoparticl&s observed the sample without any water
transformed progressively into a narrow peakedagetnal phase with the addition of water
(volume percentage of 0.33% and 2%) suggesting@ease in the average size. Looking at the
sample with a water volume percentage of 2%, thepasuggests that the presence of sodium
hydroxide exhibits a shielding effect in the tramsfation of the tetragonal phase towards
monoclinic phase as indicated by the peaks tha¢spond solely to the tetragonal phase. However,

increasing the amount of water (volume percentdg&o and 5%) completely transformed the
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tetragonal phase into pure monoclinic phase contpokkarge crystallites. The transformation to

a monoclinic phase appears to be gradual as iediday the presence of an intermediate dual
phases of the sample at volume percentage of 4%.

(a) ° @ Tetragonal Phase Zirconia ZrO,(00-050-1089)
5 © Monoclinic Phase Zirconia ZrO,(00-037-1484)
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Figure 127: XRD patterns of the samples synthesaiz@d 0C for 3 days with varied volume ratio of anisole
and water (a) with and (b) without 0.2 mot.NaOH.

In the absence of NaOH shown in Figure 127 (b),aithéition of water (volume percentage of
0.33% and 2%) into the starting reagents improvesl drystallinity of the particles from
amorphous-like to crystalline as indicated by tire¢ broad accented peaks at positidrs 20.3,
49.9, and 58.5. A bigger addition of water (volume percentagel® and 5%) into the starting
reagents led to the crystallization of a mixtureeifagonal/cubic and monoclinic phases while
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favoring the former for the most intense peaksoAis these cases the peaks appear to be much
narrower as compared to the previous samples stiggiélsat the presence of water affects both
crystallization and growth processes. In this daisepossible that no phase selection occurred and
there is a strong possibility that the broad pahks were initially observed at lower amount of
water were actually an overlap of monoclinic arntdatgonal/cubic contributions from very small
particles.

Comparing the same samples (volume percentage pi¥oand without sodium hydroxide, the
former shows a quick transformation from a dualsghta single phase with very large crystallite
size. These results suggest that the addition ¢érwiaduces a significant improvement in its
crystallinity but is detrimental to the phase purit

4.1.14.1 Rietveld refinement of the selected sample under varied amounts of ex-situ water

Here we analyze some samples synthesized withdthigan of water via Rietveld refinement. The
samples’ selection process is based on the quaflitheir XRD diagram. This process simply
chooses samples with distinguishable peaks thataaily be assigned to a particular zirconia
phase. If we compare the samples in Figure 12With)varied water content, the samples with
NaOH and with water volume percentage of 2%, 4% %%dooks suitable for characterization.
Similarly, for the samples without NaOH and withteravolume percentage of 4% and 5% seems
reasonable for characterization (see Figure 127 (b)

The average apparent sizes, refined lattice pamgjettrain and relative weight fraction of phases
for the samples with 0.2 moliLNaOH are shown in Figure 128 (a), Table 30 (a) Bable 31
(a).The average apparent sizes of the samples alggnificant increase to 36.7 nm. Unlike the
sample without NaOH, the dual phase sample 6.5 or 4%) shows that the monoclinic phase is
larger (22.7 nm) than the tetragonal phase (5 8mjilarly, the samples are under structural strain
which eventually decreases when the size increases.

Shown in Figure 128 (b), Table 30 (b) and Tablg(l3lare the average apparent sizes, refined
lattice parameters, strain, and relative weighttfom of phases for the samples without NaOH.
The average apparent sizes of the monoclinic dhystaare systematically lower than the ones of
the tetragonal phase. Also, the strain seems hightre tetragonal phase particles than in the
monoclinic ones. As observed the structural stlacreases when the size of the particles increases
which allows the structure to be relieved.
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Figure 128: Average apparent sizes of the samplebesized at 2PC for 3 days with varied
volume ratio of anisole and water (a) with andwithout 0.2 mol.L* NaOH
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Table 30: Refined lattice parameters for samplesith and (b) without 0.2 mol:L NaOH

(a) Samples with NaOH

2% water 4% water 5% water
Tetragonal Tetragonal Monoclinic Monoclinic
e 1.361 1.718 6.010
a (nm) 3.614 3.610 5.179 5.177
b (nm) - - 5.203 5.205
¢ (nm) 5.147 5.155 5.345 5.344
B (©) - - 99.64 99.64
Rt 1.007 1.009 - -
O, 0.181 0.182 - -
(b) Samples without NaOH
4% water 5% water
Tetragonal Monoclinic Tetragonal Monoclinic
e 2.218 1.430
a (nm) 3.597 5.064 3.599 5.152
b (nm) - 5.203 - 5.211
¢ (nm) 5.173 5.415 5.183 5.320
B (©) - 101.05 - 99.36
Rt 1.02 - 1.02 -
O, 0.153 - 0.199 -
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Table 31: Strain and relative weight fraction fangples (a) with and (b) without 0.2 mol.L
NaOH synthesized at 2%0 for 3 days with varied volume ratio of anisolel avater (* too small

to calculate)

(a) Samples with NaOH

Molar ratio of watery Tetragonal | Monoclinic Strain| Tetragonal | Monoclinic phase
(W =" nH20/Nzr sourcy Strain (%) (%) phase (%) (%)

3.2 (2% water) 0.09 100 0

6.5 (4% water) * 0.13 64.10 35.90

8.1 (5% water) 0.07 0 100

(b) Samples without NaOH

Molar ratio of watery Tetragonal | Monoclinic Strain| Tetragonal | Monoclinic phase
(W= nH20/Nzr sourcy Strain (%) (%) phase (%) (%)

6.5 (4% water) 0.85 0.64 49.11 50.89

8.1 (5% water) 0.15 * 61.34 38.66
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4.1.14.2Total scattering and PDF analysis of the selecte@mples under varied amounts of
ex-situ water with NaOH
— 0% water

— 0.33% water
— 2% water

2% water
~4 nm
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Figure 129: Experimental PDF of the zirconia p&saovith varied amounts of water 0%, 0.33%,
and 2.0% volume, produced at 2C0or three days in anisole with 0.2 mot.NaOH.
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Shown in Figure 129 are the experimental PDF fa shmples with varied water volume
percentage of 0%, 0.33% and 2% prepared in anigtte0.2 mol.L.! NaOH at 216C. The effect

of ex-situwater is clearly evident as indicated by the stmattchanges. As small as 0.33% volume
content or approximately 1 drop of water is enotglinduce modifcations and becomes more
apparent when the water amount is increased tdr2%amparison to the aged samples with and
without NaOH, the presence of water seems to premahuch earlier crystallization. Measuring
the samples’ coherent domain lengths show differahtes with 1.1 nm for 0% water content, 1.4

nm for 0.33% water content and around 4 nm fo28tewater content.
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Figure 130: Experimental PDF of the zirconia p&saovith varied amounts of water produced
at 210C for three days in anisole with 0.2 mot.INaOH compared with well crystallized
zirconia monoclinic phase [87].
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Figure 131: Experimental PDF of the zirconia pétovith varied amounts of water produced at
210°C for three days in anisole with 0.2 mol.NaOH at the selected medium-range region

As we examine the peaks at the selected short-naggen (1-4.2 A), the peaks also conform to
the monoclinic model with a shift towards to thghti as the amount of added water increases.
These shifts seem to be the trend for all typesaaiples as the crystallization of progresses (see
Figure 130 (a) & (b)). Similarly, the peaks at $mected medium-range region (5-14 A) also
exhibits similar structural improvements and arestwisible at positions 6.27, 8.01, 9.55, and 13.0

A as seen in Figure 131.
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Figure 132: Experimental PDF of the zirconia p#ée8avith varied amounts of water produced
at 210C for three days in anisole with 0.2 mol.NaOH compared with tetragonal model.
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We then compare the samples with tetragonal andafioic models as shown in Figure 132 and
Figure 133 with its refined lattice parameterselisin Table 32 and Table 33. Similar observations
are seen with the samples’ structural charactesisti both the selected short-range and medium-
range region in comparison with the aged samplés avid without NaOH.

4 (a) Region A

0% water
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i (12):Reglon.B 0% water
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4_
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b o5 1 15 2 25 3 35 4 45 5
Radial distance (&)

Figure 133: Detailed images of (a) Region A andRé&gion B for samples with NaOH under varied
amounts of water.
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Table 32: Refined PDF parameters for sample withv2#er and with NaOH using tetragonal

model (* fixed)

parameters Reference[88] Refined tetragona
Range (A) NA 5-25
Rw NA 0.16:
a(h) 3.64 3.6(
c(R) 5.27 5.16*
R, — 1.023 1.014
a2

Table 33: Refined PDF parameters for sample witha@®er and with NaOH using monoclinic
model

parameters Reference[87] Refined monoclinic
Range (A NA 0.036%5
Rw NA 0.17¢
a(A) 5.1F 5.01
b(A) 5.21 5.3¢
c(A) 5.3: 5.27
B 99.27 96.6(

4.1.14.3 Total scattering and PDF analysis of the selected samples under varied amounts of ex-situ

water without NaOH

Shown in Figure 134 are the experimental PDF ofglmples for with varied water volume
percentage of 0%, 0.33%, and 2% prepared éiiDanisole without NaOH. In the absence of
NaOH, the samples’ structural development is noswdsstantial with that of the samples with
NaOH, but nonetheless its effect is still obsergabMeasuring the samples’ coherent domain
lengths show different values with 0.8 nm for 0%evacontent, 1.1 nm for 0.33% water content,
and 2.4 nm for 2% water content. The samples slesttort-range and medium-range regions also
shows similar structural trend as shown in Figu3é &nd Figure 136 with the samples prepared
with varied ageing periods. However, the differebetween the sample without water and with
0.33% water is comparably small and requires moatemwto effectively observe significant
changes. Clearly, the effectiveness of water ailem®t the same as the samples synthesized with
both water and NaOH.
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Figure 134: Experimental PDF of the zirconia p&Bavith varied amounts of water percentage
0%, 0.33%, and 2.0% volume, produced at°€lfor three days in anisole without NaOH.
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Figure 135: Experimental PDF of the zirconia p#&savith varied amounts of water produced

at 210C for three days in anisole without NaOH comparath wvell crystallized zirconia

monoclinic phase [87].
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Figure 136: Experimental PDF of the zirconia p#&savith varied amounts of water produced at
210°C for three days in anisole without NaOH at thesteld medium-range region.

Similarly, we compared the samples by fitting theuth the tetragonal and monoclinic PDF
models as shown in Figure 137 and Figure 138la@idefined lattice parameters in Table 34 and
Table 35. Similar observations can also be drawmfthe comparison of the experimental and
calculated PDF models. However, for the selectediune-range region, it appears that there are
some peaks (positioned at 5.8, 6.59 and 8.49 A)dhanot conform to tetragonal model but
conform more to the monoclinic model as shown guFeé 139. This suggests that the sample with
2% water volume content has some similar condiierthe samples aged for 24 days without
NaOH but with much larger monoclinic feature at thedium-range region.
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Figure 137: Experimental PDF of the zirconia p#éeBavith varied amounts of water produced
at 210C for three days in anisole without NaOH comparét tetragonal model.
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Figure 138: Detailed images of (a) Region A andRbyion B for samples without NaOH under
varied amounts of water.

Table 34: Refined PDF parameters for sample witm2&er and without NaOH using tetragonal

model

parameters Reference[88] Refined tetragonal
Range (A) NA 5-25
Rw NA 0.375
a(A) 3.64 3.59
c(h) 5.27 5.15
R, — 1.023 1.014
a2
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Table 35: Refined PDF parameters for sample with ®&bter and without NaOH using

monoclinic model

parameters Reference[87] Refined monoclinic
Range (A) NA 0-5

Ruw NA 0.178

a(A) 5.15 4.98

b(A) 5.21 5.37

c(A) 5.32 5.27

5) 99.23 97.47

— 2% water
-+ Tetragonal model
— Monoclinic model

_2 T T T T T T T T T T T 1
5 6 7 8 9 10 11 12 13 14 15
Radial distance (&)
1 (b) 0% water
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6.5

7

7.5

Radial distance (R)

Figure 139: Experimental PDF of samples with 2%ewablume content prepared at 200n
anisole without NaOH at the selected medium-raegens (a) 5to 15 A and (b) 5to 9 A.
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4.1.14.4 Comparison of the zirconia samples with varied amounts of ex-situ water

Shown in Figure 140 are all the samples with antiout the presence of sodium hydroxide. The
addition of minute amounts of water appears to hawesequential effects as indicated by the
structural improvements. Although all the samplagena monoclinic phase feature at the short-
range region, the structural changes appear to thedransformation towards the tetragonal phase
zirconia as shown in the medium-range region. Coimgahese samples with the aged samples as
shown in Figure 125, we observe that the presehem @lkali source promotes a much active
restructuring effect in comparison to the samplélaut and it is evidenced by the samples’ rapid

transformation from an amorphous-like phase.
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Figure 140: (a) Experimental PDF of the zirconigipkes produced at 22Q in anisole without
and with 0.2 mol.tt NaOH for (a) 0% water volume content, (b) 0.33%earablume content,
and (c) 2% water volume content.
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Shown in Figure 141, are the crystallite diametszsmeasured from XRD and PDF for both types
of samples with and without NaOH. With the cohemiatmeter size measurements obtained via
PDF, we are able to get a much better view of twedt of the crystallite sizes as the amount of
added water is increased. Both types of samples ahancreasing size and eventual formation of

large monoclinic crystallites.
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Figure 141: Average crystallite diameter sizeshef $amples synthesized at ZrGor 3 days
with varied volume percentage of water (a) with @mdwithout 0.2 mol.t! NaOH (* minute
presence of monoclinic phase)
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For the samples with the presence of NaOH showkigare 141 (a), the absence of monoclinic
phase within the average-range supports the iggahh presence of NaOH is able to inhibit the
formation of monoclinic phase but limited to a ical amount of water (2% volume content). In

contrast, the absence of NaOH showed in Figurgldgdromoted the expansion of the monoclinic
phase in the medium-range region with added watéova as 2% volume content. This suggests
that the broad peaks at 2% water volume conterntwiae observed in XRD are evidence of
monoclinic feature expanding towards the mediungearegion and restructuring the tetragonal-

like phase to accommodate the formation of the rakomo phase.
4.7.  Conclusion

Structural characterization via Rietveld and PDRh# selected zirconia samples prepared in
benzyl alcohol, benzaldehyde and anisole with 2Lt NaOH at 218C provided an important
insight into their structural properties. Rietvalthlysis of the zirconia powders prepared in benzyl
alcohol that appears to have a tetragonal or qutase appearance, reveals that it is closely celate
to the former despite the ambiguous presence dfQBgeak. However, experimental PDF reveals
that the sample has monoclinic feature at the glaoige region while a tetragonal-like structure at
the medium-range region. This kind of phase maymé&dd only to nano-sized zirconia with
diameter size around 5 nm.

The sample prepared in benzaldehyde with NaOH ndircoed to have a monoclinic structure
according to its Rietveld and PDF results. Theitkgtaanalysis on the atomic structure by PDF
reveal that its crystallite diameter size is ldsantthe critical size as defined by Garvie. The
implications of such case is discussed in the presschapter (see Chapter 3).

Considering ultrasmall zirconia prepared in aniseith broad XRD peaks, it does not seem to
conform to any of the known polymorphs of zircon&ving a fluorite-derived structure. However,
the PDF shows that the sample has a monoclinicreat the short-range region and a large
structural disorder in the medium-range region. Wie samples were given a substantial amount
of time to age under thermal condition the samfrlassformed into a familiar phase that is similar
to the sample prepared in benzyl alcohol havingt@gonal-like structure at the medium-range
region. This suggests that the sample may be ametdiate phase between an amorphous-like

and tetragonal-like zirconia.
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Thermally assisted ageing of the zirconia samplagsowt the presence of NaOH induced the
expansion of the monoclinic feature in the mediamge region. This result supports the idea that
the presence of-situ water that was formed via the dehydration of thg amounts of ispropanol

is able to promote the formation of monoclinic phasconia. The addition of minute amounts of
water induced phase transformation as shown by KfeD and PDF results. It is clear that for
both types of sample, with and without the preseatéNaOH, the presence of water has
consequential effects even if it is only in minataounts (0.33% and 2% water volume content).
The inhibition of formation of monoclinic phase observed for samples with the presence of
NaOH but limited to about 2% volume conteniresitu water and higher than this amount leads

to the formation of large particles with monoclipicase.
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Chapter 5: Discussion on the Factors

Governing the Formation of Zirconia NPs
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5 Discussion on the factors governing the formation of zirconia NPs

5.1 Chemistry of the phase selection

An alkaline-catalyzed non-aqueous route to the &bion of zirconia nanoparticles has been
presented and detailed in chapter 3. Pure tetrageétr®. or monoclinic m-Zr@ nanoparticles
have successfully been achieved by the additian lefist 0.2 mol.£ NaOH respectively in benzyl
alcohol or in benzaldehyde. We have seen thatlkadirdty of the alcoholic medium allowed the
activation of the sol-gel condensation. Indeedhsacpathway insured the formation of pure
nanoparticles with desired average crystallite sihereas no trace of water was detected in the
alcoholic supernatant. Conversely, the absencea@HNin the case of benzyl alcohol medium lead
to the formation of biphasic samples beside thegiree of an aqueous phase. The presence of m-
ZrO2 nanocrystals in the samples prepared in pure bahayhol or in alkalinized benzaldehyde
was related to the generation of this aqueous phadeed, the low temperature degradation (LTD)
of doped or undoped t-Zels well-known and seems to be active even at Emwperature when
the presence of a liquid or gaseous water phasesisred. The appearance of water in the benzyl
alcohol route was attributed to the dehydratiotd@fPr mediated by the growing surface of the
zirconia nanoparticle acting like a catalyst wheneathe benzaldehyde route, such a presence was
mainly attributed to the mechanism pathway itse# tb the generation of hydroxide group during
the aldol-condensation of organic molecules.

In the same chapter, relative sodium-to-zirconiumlamratios measured by ICP or XPS have
shown a similar trend insuring that the majorityNaf lied on the surface of the particles inhibiting
the possible dehydration of H@ and limiting consequently the risk of water proibn.
Moreover, we strongly believe that the presenceaioute amount of sodium could not dope and
stabilize the tetragonal phase of zirconia. Hem@epropose to investigate in this chapter the use
of different alkali sources, namely sodium saltd aarious other alkaline salts, in order to precise
whether the stabilization of the metastable phashe NaOH-based alcohol route finds or not its
origin in a doping mechanism involving the subsitta for Zr** by Na and the creation of oxygen
vacancies or rather in the surface disruption afikeacid-base sites of the growing nanocrystals
inhibiting isopropanol dehydration jointly to thedhsted acid-base neutralization of any trace of

water.
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5.1.1 Effect of alkali cation-type on the formation of tetragonal zirconia nanoparticles

In order to investigate the ability for other aikedtions to direct the phase selection by doping
zirconia network or by inhibiting the Lewis catatysites responsible for alcohol dehydration and
LTD-like phase conversion, we decided to use diffienlkali hydroxides in replacement of NaOH.

The XRD patterns of the samples produced in the ob&iOH, NaOH and KOH are presented in
Figure 142.

@ Tetragonal Phase Zirconia ZrO,(00-050-1089)

o ° 0.20 M LiOH

/

\

0.20 M KOH
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Figure 142: XRD patterns of samples obtained ugIn@'Prl-HO'Pr]. in benzyl alcohol under
varied types of alkali hydroxidesa solvothermal technique at 2{Dfor 3 days.

The samples are exclusively composed of toZn@noparticles and the phase selection process
seems to be effective not only in the case of hiat also with Lf or K*. We cannot give a
preference to one or another mechanism responfbliie phase selection, namely doping or
inhibiting processes. Nevertheless, we can noticBable 36 that the refined cell parameters are
approximately the same whatever the type of cateon such feature does not fit well with a
doping mechanism in a large extent. Indeed, thie i@dius of Z#* is 0.072 nm close to 0.076 nm
the radius of L, but N& and K are clearly larger with ionic radius of respediyv@ 102 and 0.138

nm (K* is almost twice bigger than 2} and such substitution in a large extent shouigr dhe
average cell parameters to adapt the dissolutisudi alkali cations into the network. Evidently,

this is not a direct proof for a non-doping meckansince the solubility of alkali cations into the
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zirconia network can be rather small but allowsveany an effective phase stabilization due to the
large generation of oxygen vacancidsf, + %VO“).

If we consider the different apparent crystalliiees which are reported in Table 37, we clearly see
that the crystallites size is influenced by theetyyd alkali cation. The trend for the crystalline
growth is monotonous and the larger crystallitescdotained in the case of the alkali with the large
atomic period. The main difference among the IAifgrgroup can be gathered in their ionic
potential which represents the charge densityetdtionj.e.the global charge of the ion divided
by its radius. lonic potential gives a sense of Btvangly or weakly the ion will be electrostatigal
attracted to ions of opposite charge. This scalery useful in understanding the behavior of
relatively hard cations like alkali cation*l.iNa’, K* or even Zt* following the HSAB principle
(hard-soft acid-base).

By calculating the ionic potential for the catiafghe 1A group using ionic radius in nm {Ei13.2;
Na'=9.8; K'=7.2), we can see that the'l[gossesses the largest potential among the alains.

If we consider the ability for the alkali cationlband onto the surface, the largest interactior wil
be obtained in the case of*land this could be the reason why the average eppaize is the
smallest in the LiOH-system compared to the KOH-dfrem the point of view of the sol-gel
condensation, the addition of a new monomerhighly nucleophile zirconate group (R{2)-O

, requires the displacement of the cation whick asta terminal blocking agent. The displacement
will be much easier than the electrostatic intéosicbetween the cation and the zirconia network
is weaker. In other words, the growth of the péetieill be promoted in the case of the cation

exhibiting the weakest interaction with the paegchnd then the lowest ionic potential.
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Table 36: Refined parameters for the differentacetifrom group IA

Reference
parameter LiOH NaOH KOH
[88]

a 3.64 A 3.611(3) A 3.617(3) A 3.613(1)
e 5.27 A 5.144(6) A 5.136(6) A 5.161(3)

R, = 1.024 1.007 1.004 1.011
a2
O, 0.185 0.1931 0.1929 0.1969
2 NA 2.035 1.476 1.976

Table 37: lonic radius of cations from group IA

Crystallite apparent
Cation lonic radius (nm) size of ZrO, (nm)
Lithium (Li*) 0.076 2.73
Sodium (N4) 0.102 3.03
Potassium (K) 0.138 3.74

The results of this section have shown that thectieh process is not exclusively restricted to the
use of NaOH and could be extended to other alkalrdéxide. The origin for the phase selection is
not unambiguously solved but another argument ler @lkali cations to inhibit isopropanol
dehydration has been evidenced by the signifiaaerease of the crystallite size by varying the
alkali source from LiOH to NaOH and finally KOH. Amterpretation of this fact was done using

the ionic potential of the alkali cation in elecstatic interaction with the growing nanoparticle.

5.1.2 Effect of the nature of different bases on the formation of zirconia nanoparticles

So far, we have only used NaOH or other alkali bydtes for the synthesis of zirconia
nanoparticles. Nevertheless, Podghl. has shown that the use of sodium metal generstidigim
benzoxide base was also effective in the phasets®ieprocess. In this section, we have used

distinct type of base precursors and observed #fécts on the phase purity of the zirconia
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samples. The XRD patterns of the samples prepareenzyl alcohol using different types of base
are gathered in Figure 143. All samples are rougdtimated to be composed of t-Z2rO
nanoparticles. Comparing Figure 143 (a) and (lgppears that NaOMe is as effective as NaOH
in avoiding the presence of m-Zr@anocrystals into the samples since the XRD pettexhibit
similar features specifically a comparable broadr#ghe peaks. When Naation is replaced by
tetra-n-butylammonium (TBAXkeeping jointly the methoxide group as shown indbmparison

of Figure 143 (b) and (c), we observe that the $arappears to be also composed by t«ZrO
nanocrystals in the absence of'Na&his implies that the proposition for a Na+ dapiof the
zirconia networks not the reason for the phase selection to ostwe voluminous tetra-n-
butylammonium (TBA) cations could not substitute for’Zinside the oxidic network. The large
broadness of the XRD peaks observed for the saftjpt®uld be explained by the steric hindrance
effect induced by the (TBA)cations capping onto the surface. Such a capgfagtés known to

be responsible for limited growth of nanopartidleshe case of a surfactant-controlled synthesis
route and we can expect that the t-Znmanocrystals of sample (c) are comparably smaikérthe

ones prepared with sodium-based alkaline precufapmend (b).

@ Tetragonal Phase Zirconia ZrO,(00-050-1089)
V Impurities

(€) 0.2 M N(CH;)s0CH;

(b) 0.2 M NaOCH;

(a) 0.2 M NaOH
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Figure 143: XRD patterns of samples prepared waleothermal technique at ZIDfor 3 days
using [Zr(OPr)-HOPr]z in benzyl alcohol with 0.2 mol:L (a) NaOH, (b) NaOCkand (c)
N(C4Hg)aOCHs or TBAOMe (tetra-n-butylammonium methoxide solat@0% in methanol).

By analyzing these three samples we can now asthanthe presence of (TBAgations would

act like in the case of N&y capping the acidic sites of Zr@anocrystals and then inhibiting the
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dehydration of H@r. It is interesting to note that such a largeioatcan effectively confer more

steric hindrance to the surrounding of the nanopées surface and then reduce the size of the
particle by limiting effectively the growth. Thdeet of TBAOMe base will be investigated in the
near future in our group especially the imagingtbé obtained nanoparticles by cryo-TEM.

Finally, the possibility of using either NaOH or Q&le raises the question whether the role of
NaOH is attributed to a direct interaction betwede Lewis acid-base sites of the nanoparticles
at the surface or to a the desiccation of the rimacitmedium due to the Brgnsted acid-base
neutralization between NaOR (issued from the beaialysis of the non-aqueous sol-gel route)

and traces HO regenerating NaOH reagent or simply to a comborabf both strategies.

5.1.3 Effect of sodium counter-ions on the formation of zirconia nanoparticles

In this section we investigate whether the presesfcthe phase selection towards tetragonal
polymorph of zirconia is exclusively limited to thee of sodium base namely whether the counter-
ions type is playing a role in the selection precdhe different sodium salts used in this stuay ar
listed in Table 3.

Table 38: Sodium salts used in the synthesis ofifieddoenzyl alcohol route (0.2 mol)

(a) Halides (b) Nitrate & (c) sulfate (d) Alkoxides (e) amide
sodium fluoride (NaF) sodium nitrate (NaNg) sodium methoxide sodium
sodium chloride sodium sulfate (NaOCH) amide
(NaCl) (NaeSQw) sodium ethoxide (NaOEls) | (NaNH,)
sodium bromide sodium isopropoxide
(NaBr) (NaOCH(CH)2)

The XRD patterns for the halide-based precurscesgathered in Figure 144:{ag). Sodium
halides (aand a) except for sodium fluoride §pexhibited no effect on the phase selection of the
ZrO2 nanopatrticles. We also observe in the pattertiseodamples (@nd &) the presence of extra
thin diffraction peaks which are undoubtedly atitérl to some remaining sodium halide
precursors. These impurities could be due to aonptete washing process. Considering the bi-
phasic samples, the appearance of monoclinic phaggests thanh-situ water was formed and
able to promote the tetragonal to monoclinic tramsftionvia LTD process. Sodium fluoride is
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definitively an exception to this trend since a gEhaelection process is clearly promoted in this
specific case. Indeed, the XRD pattern of sampleogaly exhibits the diffraction peaks of t-ZxO

nanoparticles together with those of a remainiagtfon of sodium fluoride.
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(a) Halides @ Tetragonal Phase Zirconia ZrO,(00-050-1089)
x © Monoclinic Phase Zirconia ZrO,(00-037-1484)
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Figure 144: XRD patterns of samples obtained waleothermal technique at 210°C for 3 days
using [Zr(OPr}+HO'Pr]z in benzyl alcohol and varied Na sources:& halides, (b) nitrate, (c)
sulfate, (d-ds) alkoxides, and (e) amide.
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This fact is not surprising since fluoride anioraifighly active reagent in sol-gel routes and its
action is as comparable to the effect of 1 Corriuet al. has evidenced in his work [171]. The
F which is about the same size of ORas the ability to increase the coordination nactivate
the metal center as shown in Figure 145. Moredueride ion is a weak Brgnsted base in water
and alcohols and fluoride salts are well-known éoslome excellent mineralizers in hydro- or
solvothermal treatments. For all these reasons amereasonably think that NaF has the same

behavior and effective power than NaOH in the plsaection process.

F. (')R OR
RO— Si—OR ——> F--eee Sli ----- OR

| AN

OR RO OR J

Figure 145: Fast reversible formation of a pentaviaintermediate by the presence dflF1].

For the sodium nitrate and sodium sulfate caseqhase selection was promoted as shown in
Figure 144 (b & c). This suggests that the usengfsodium-based salt in the reaction mixture is
not enough to prevail the LTD conversion processdeur. At first view, the sodium presence
seems to be accompanied with a Brgnsted base isudgbumption is not totally relevant since

chloride ion reveals a basic activity in alcoholess dissociative solvent than water.

Like in the cases of the sodium halide sampleapfears that the samples also contain some
remaining traces of sodium salt which were notfuimoved during the washing process but the

procedure can easily be improved.

For all the sodium alkoxide-based samples, the XRBRerns exhibit a t-ZrOsingle phase as
shown in Figure 144 (d &). This suggests that the action of the alkoxidesomparable to the
hydroxides. This fact completes the idea of Paetadl. that the non-aqueous sol-gel route was
promoted by a larger metal-ligand exchange of isppxide groups by benzoxide ones and a
benzoxide-activated ether-elimination. Indeed, axdy benzoxide species are needed to operate
the phase selection of the t-Zn@anoparticles. We have evidenced up to now th&btineation of

pure t-ZrQ samples could be achieved using alternativelyeeigodium hydroxide, sodium
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alkoxides or sodium fluoride. We have to noticet tine length and the ramification of the alkyl
seems to play a role on the apparent crystalligesachieved in each cases since the broadness of

the diffraction peaks are not systematically thees@n the cited samples.

The last type of sodium source which has been iss#te sodium amide and the obtained XRD
pattern of the sample is shown in Figure 144 (g} dbserved that the pattern exhibits a single t-
ZrO; feature similar to that obtained with the usehaf various sodium alkoxides. We wanted to
investigate with this last compound the effectieneof a stronger base than alkoxides.
Nevertheless, we have to keep in mind that amide @an finally acting like alkoxide groups by

deprotonating protic hydrogen of alcohol, metalkcprsor, or even water to generate respectively
alkoxide, highly nucleophilic zirconate function sodium hydroxide together with anhydrous

ammonia, a basic catalyst frequently used in sbpigeessing (see Equations (56), (57) and (58)).
So finally this last situation due to these aciddsike reactions goes back to the cases of asodiu

alkoxide-catalyzed system.

NaNH; + ROH2 NaOR + NH (56)
NaNH; + Zr-OH 2 Zr-ONa + Nhi (57)
NaNH; + H.O 2 NaOH + NH (58)

The average apparent sizes of the nanoparticlethesimed with various sodium sources are
plotted in Figure 146.

Because of the presence of sodium salts impustese of the results are less reliable compared
to the others but for the sake of this discussiencansider their approximate values with same
reliability as the refined ones.

0] The crystallites sizes of the bi-phasic sodiumdekamples are comparably smaller
with respect to the average size measured in tieisofluoride sample as shown in
Figure 146 (halides). However, both bi-phasic ledichave similar sizes of their
tetragonal and monoclinic particles.

(i) For the nitrate and sulfate samples, the lattee Harger apparent size in comparison
with the former as shown in Figure 146 (nitrate antfate). But both are within the

same range as the other bi-phasic samples prepsirggilsodium halides.
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For the samples prepared with sodium alkoxidesufeidl46 (alkoxides)), we have
found an important effect of the length and ranatificn of the alkyl chain on the final
apparent size. The rationalization of the effeatifcult to extract since the inductive
effects and the steric effects depend on the reatifin degree of the chain, they are
not necessary equivalent and can sometimes beaaiséig. For the ethoxide groups,
we could say that the catalytic power and nucldagtyiare moderated whereas for the
isopropoxide groups, we observe a good catalytregpdout finally a poor steric effect
since the apparent size of the nanoparticles getar

Lastly, for the sample prepared with sodium amitke,size appears to be larger
compared to the samples prepared using sodiumidié®®and this could be attributed
to the generation of ammonia during the acid-baseralization of the amide ion since

ammonia is an effective simultaneous Brgnsted avdd.base.

5 ? §
0 Tetragonal Phase Zirconia ZrO,(00-050-1089)

© Monoclinic Phase Zirconia Zr0O,(00-037-1484)
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Figure 146: Phases and crystallites sizes for tfiereint cases of sodium precursors. * low

reliability

due to remaining sodium salt.

If we examine the results obtained in the diffecastes of sodium precursors in terms of hard and

soft Lewis acid and base (HSAB) concept, only hamlis bases seem to promote effectively the

phase selection process. Indeed, final bi-phasimpas are obtained in the case of sodium
borderline base (Cl Br, NOs, and SG@) salts. The disruption of the Lewis acid-basessie
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zirconia seems to be limited to the cases wherd heidity and hard basicity are conjugated and
only the interplay of both features is effectivéhia selection phase process. The Figure 147 show

the comparison of properties of the different cewmdns used in this study.

Br¢::ttaeldslzase e ¢ Alkoxides (MeO, EtO", Pr0)
@RVt Nitrate (No,)  Marees (BRI -
T sulfate(S0.2) L pn ey Amide il

D — Hydroxide (HO")

P a5 Alkoxides (MeO, EtO", PPr0)

e gHalldes (CI,, Br) :
- \'~—‘,‘,‘,"9f‘ide (r) : Nitrate (NOy) :  Hydroxide (HO) Amide (NH,)
Lewis HSAB o
classification 000 e N

Fluoride (F)

Soft base Borderline base Hard base

Figure 147: Classification of the sodium countarsiused in the study: first scale respecting the
Brgnsted acid-base tendency, second scale regpeetivis acid-base tendency and hard-soft acid-
base principle (HSAB).

5.1.4 Conclusion on the phase selection process

The investigation of this first part based on tise of different types of alkali-salts provided an
insight regarding the stabilization of the nanodingetastable t-Zr@and the absence of m-ZrO
By replacing the NaOH with an organic base or o#flieaili bases, we have ruled out the possibility

of the doping process as the mechanism in theligetion of the tetragonal phase.

The different types of result obtained using défarvarieties of sodium sources suggests that the
governing rule for an acid-base salt to be abj@éonote a phase selection process is related to the
HSAB principle. Regarding the absence of water, passible scenarios schematically represented

in the Figure 148 could explain why in the finapstnatant there is no presence of water:
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- First, the presence of the hard*Nalso other alkali cations or even tetrabutylamimon
cation) caps the surface of the growing particles disrupts the Lewis acid-base surface
sites which are necessary for the low thermal dedtiyah of isopropanol.

- Second, the water is simply neutralized by itsraxtéon with the alkoxides acting like a
desiccating side-reaction.

- Also, we cannot dismiss the possibility that botpes of reactions occurred during the

synthesis in order to effectively prevent the actdin-situ water.

(OH),(OR), 27 _ Dehydration Disruption of Lewis
cHC(H)=cH, Of HO'Pr acid-base surface sites
+
& H-O-H
HO K. - i
OH ' T 1 1 T °
| | | I [ I | 1 / == Zr(OH),(OR),,,
e T i
i Tl i riiie
-0 — —O) — —O — — — — w— — w— —C —
| | | | | | | | | | | | |
t-2r0, NP

Figure 148: Schematic representation of the twesygf inhibition or neutralization of water.

Finally, we propose a new lecture of the phasectele process in the presence or not of an

effective hard-hard acid-base salt:

- The only way to reconcile the effects of both lemnid N& and hard base As to consider
that the surface interaction of sodium on the nambgle is not sufficient to completely
inhibit the dehydration of isopropanol. However thard base generates reactive species
capable of neutralizing traces of water during g@-gel process and avoids any risk of
LTD-like mechanism for the metastable t-Zr@anocrystals.

- Inthe case of the borderline bases which haveyanerated some alkoxide groups able to
neutralize water, the dehydration of the isoprodaisoonly partially inhibited and the
appearance of water ends up inducing strong strattmodifications on the nanoparticles.

It is legitimate to consider that the released watél first hydrolyze the surface Naons
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and release more and more active Lewis surface saghat the dehydration of the alcohol
intensifies. During the ageing of the reaction mig{ the agueous phase thus produced
will not only be sufficient to leach the surfacetbé particles but will also cause a
hydrolysis of the zirconia network initiating th&[D-like process and lead to the formation

of m-ZrQ nanocrystals.

The effectiveness of the sodium hydroxide additias been shown to be the key for the production
of zirconia NPs sample in either an alcohol-rictanralcohol-limited environment. By allowing a
phase selection process to occur and jointly bynptong the condensation of the sol-gel process,
NaOH has exhibited to play two fundamental rolethaformation of pure and well-crystallized
nanopatrticles. In the case of an alcohol-limitegirmmment, NaOH was essential to insure the
base-catalyzed condensation supplanting the coiowvahtether-elimination mechanism. The
second and last part of the chapter 5 will deathwifect of the reaction medium in the ageing of

the nanoparticles.

5.2 Restructuring effect

5.2.1 Introduction

Firstly, we have to recall the possible chemicatt®mns involved during the synthesis as supported
by the experimental results and analysis from Givap® and 4 (Table 39). Three main samples
were selected and obtained by using zirconium gmpxide-isopropanol adduct as the zirconium
source and either benzyl alcohol with or witho@ fol.L* sodium hydroxide or anisole with 0.2
mol.L? sodium hydroxide as solvent. The principal reatiare summarized in the Figure 149

and discussed briefly.
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Table 40: Different possible reactions involvedidgrthe non-aqueous sol-gel route synthesis

DIRECT REACTION REVERSE REACTION

G Zr —OR+R'O—Zr 2 Zr — 0 — Zr + ROR’ .
Ether elimination R.R' = Bnor iPr Etherolysis

Non-hydrolytic hydroxylation NaOH + RO —Zr 2 Zr — OH + NaOR Esterification

Base-activation of hydroxide group Zr —OH + NaOR 2 Zr — ONa + ROH Protonation of oxide group

_ _ _ e - et
Baselcatalized conensation Zr —ONa+ X0 —Z2r 2 Zr — 0 —Zr + Na0OX Alkaline depolymerization of

X =RorH the oxidic network
Olation Zr —OH +Zr < (ROH) 2 Zr — O(H) — Zr + ROH | pu,-OH, 2u,-OH, 3u,-OH or p;-OH
Oxolation Zr —OH+HO—Zr 2 Zr —0—Zr + H,0 Hydrolysis of the oxidic network
Water neutralization H;0 + NaOR 2 NaOH + ROH Alcohol dehydration

Alcoholysis of the oxidic

Alcoxolation Zr—OH+ RO —Zr 2 Zr —0—Zr + ROH
network
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BnOH + [Zr(O'Pr),-HO'Pr],
ﬁ Condensation by ether elimination \

Dehydration of HO'Pr liberating in-situ water
= Hydrolytic HSG:
* Hydrolysis
* Olation
* Oxolation
* Alcoxolation

BnOH + NaOH + [Zr(O'Pr),-HO'Pr],

( Condensation by ether elimination \

= NH-hydroxylation by NaOH
* Olation
* Oxolation
* Alcoxolation
= Base-catalyzed condensation
= Inhibition of HO'Pr dehydration

= LTD* under water effect: t-ZrO, - m-ZrO,
* low thermal degradation mechanism /

Anisole + NaOH + [Zr(O'Pr),-HO'Pr],

( NH-hydroxylation by NaOH
* Olation
* Alcoxolation
* Oxolation
= Base-catalyzed condensation
= Acid-base neutralization of water

& Acid-base neutralization of water j

! Unfavorable & limited ether elimination j

Preponderance of base-catalyzed hydroxylation & condensation

Preponderance of condensation by ether elimination

Figure 149: Schematic summary of the three maitesys based on the permutation of solvent and sobydroxide.



For the sample prepared without the presence afisolydroxide, the resulting product was a bi-
phasic (tetragonal-like and monoclinic phase zil@pwhereas for the sample prepared with NaOH

the resulting product was essentially pure tetragibke zirconia.

(1) Under benzyl alcohol without NaOH, the major reaas$i towards the formation of the
metal oxide bonds are the ether elimination andhyfuigolytic sol-gel reactions. Indeed, the
dehydration of isopropanol produdassitu water accompanied with propene and promotes
hydrolytic sol-gel reactions such as olation, okola and alcoxolation. Aside from
promoting hydrolytic sol-gel reactions, the presemf in-situ water also induces the
tetragonal to monoclinic transformation which giveason to the bi-phasic characteristic
of the zirconia samples prepared in benzyl alcahtiiout NaOH.

(2) Considering the zirconia samples prepared usingyezlcohol with the presence of
sodium hydroxide. As what we have discussed in @n&) the dominant reaction remains
to be ether elimination but with the presence oélkali source it is accompanied by other
reactions such as base-activated non-hydrolytiacdxydation and condensation. Other
minor reactions such as olation, oxolation, andxatation are also possible. The absence
of m-ZrQ, nanoparticles could be brought about by the inloibiof the dehydration of
isopropanol jointly to the acid-base neutralizabany traces of water by sodium alkoxide
and then the prevention of any LTD-like process.

(3) For the sample with sodium hydroxide but withoet pnesence of abundant benzyl alcohol,
the dominant reactions are now the base-catalyz&ctions which are the base-activated
non-hydrolytic hydroxylation and condensation. Etleer elimination is still possible but
as a minor reaction due to the limited presendsagropanol and benzyl alcohol.

The crystallization process involves the good piser of the forward and reverse reactions
allowing an effective restructuring process. If e@mpare the samples with alkalinized benzyl
alcohol or anisole, we note that the zirconia sangoepared in benzyl alcohol exhibits a much
better crystallization according to its XRD, TEMpca PDF analyses. This suggests that the
etherolysis for the sample prepared in abundardr&tnisole) is less efficient compared to the
alcoholysis for the sample prepared in abundardhalc(benzyl alcohol) in achieving a larger

ordering of the oxidic network. In the followingct®ns, we will guide the discussion on the effects

of restructuration occurring during the formatiordahe thermal ageing of the nanoparticles.
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5.2.2 Restructuring effect under varied ageing periods

In Chapter 4, we have studied finely the samplepaed with or without NaOH and aged for
various durations. We have observed that in arhaledeficient environment the building and the
restructuring of the oxidic network required a lenggeing period in order to observe any
significant changes. The catalytic role of NaOH hasn clearly evidenced but the capability for
the nanoparticles to undergo a progressive changgdngly limited by the reaction medium due
to the progressive release of various active orgaralecule occurring throughout the process and
finally the classic dissolution-reprecipitation pess currently involved in Ostwald ripening.
Indeed, over time the presence of active ethersmpitopanol becomes step by step more abundant,
possibly due to alcoxolation or ether eliminatiorer the non-hydrolytic hydroxylation, which
supports the restructuring effect. Indeed, thetectesf become more observable after 12 and 24
days ageing period for the non-alkaline systemadrehdy after 3 days of solvothermal treatment
for the alkaline-catalyzed system. It was cleariasischematically represented in Figure 150 that
thermally-assisted ageing improved the structwgatures of all the samples from an amorphous-
like structure to a tetragonal-like structure wahly minor reminiscence of local monoclinic
distortion and the presence of NaOH is invalualeinducing a much better and shorter

crystallization with good phase purity.

0cohert—:nt &
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restruct. degree tetra-like with minor
mono distortion
nanoparticle

Non-catalyzed

Ultrasmall nanoparticle
process

with important local
monoclinic distortion

@

L4
< »

i >
Ageing time

Figure 150: Schematic representation of the twesyqf restructuring and Ostwald ripening
under alkaline or non-alkaline medium from amoribke to tetragonal-like zirconia
nanoparticles.
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5.2.3 Restructuring effect under varied solvents
In this section we have decided to investigate idrahe restructuring effect is exclusively limited
to benzyl alcohol route. The details for the syséiseperformed with 0.2 motiNaOH and 3 days

of solvothermal treatment at 210°C for varied typesolvent are given in Table 9.

Table 41: Synthesis details for the chemical treatmvith varied solvent content

NaOH (mol.LY) | Zirconium (mol.LY) | Type of solvent| Ageing time (days)
Anisole
0.2 0.3 oi I 3.0
iisopro
0.2 0.3 Propy 3.0
ether
0.2 0.3 _ 3.0
Dibenzyl ether
0.2 0.3 3.0
Ethanol
0.2 0.3 3.0
Isopropanol
0.2 0.3 3.0
Benzyl alcohol

The XRD patterns corresponding to the differenvaiols are shown in Figure 151. Ignoring the
presence of some inorganic impurities, the sammiegared under various types of alcohol were
composed of t-Zr@ nanoparticles. This suggests that the restrugueifiect is not limited to
benzyl alcohol or alcohols having an aromatic arich@ry alcohol class but also works well with
aliphatic or ramified primary and secondary alcshol

For the samples prepared under varied ethers, werad only some minor differences in their
characteristic peaks but remain to have a largadmaing of the peaks profile. Only the sample
prepared in dibenzyl ether seems to be more ewlshce the profile expresses more distinctly
the feature of t-Zr@with large peak broadening. Compared to alcolebigers are definitively less
effective and lead to a lowest degree of restrumugiving the idea that alcoholysis is more
competitive than etherolysis in the process. Hnalle can distinguish some slight difference in
the efficiency of the ether. Anisole is ineffectit@epromote restructuring since etherolysis is not
possible. Only diisopropyl ether and dibenzyl ettear cleave and promote etherolysis and it seems
that dibenzyl ether is more effective than diisgtaether probably due to the strong mesomeric

effect promoted by the aromatic ring.
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Figure 151: XRD patterns of zirconia samples pregpaia a solvothermal technique at 210
for 3 days using [Zr(®ru-HO'Pr], and 0.2 mol.t: NaOH under various solvents.
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If we use the sample prepared in anisole (contgirahleast 1 equivalent of isopropanol for 1
equivalent of zirconium precursor) as a standardoae establish the relative scale of efficiency
for the restructuring process promoted by the rigactmedium as it is schematically represented
in Figure 152.

reaction anisole (‘Pr),0, Bn,O HO'Pr, BnOH
medium*  (inert ether) (reactive ethers) (reactive alcohols)
retro- limited ether-

etherolysis alcoholysis

reaction: & alcoholysis

Restructuring ef

* 1 eq. of HO'Pr for each eq. of Zr is present for all experiments

Figure 152: Restructuring efficiency for selectémbhols and ethers.

As what we have discovered with the ageing expatsni@ Chapter 4, the restructuring can
eventually transform the ultrasmall zirconia havilagge structural distortion towards a more
crystallized zirconia having a tetragonal-like pleasith a local monoclinic distortion. The usage
of other types of alcohols and ethers suggeststtieagffects brought about by the benzyl alcohol
is not exclusive. This provides the possibilitgltdrnative precursors for the synthesis of zireoni

nanoparticles.

5.2.4 Restructuring effect under single or dual phase with the presence of ex-situ water

In Chapter 4, the direct addition ex-situwater for the zirconia synthesis prepared using@ai
with and without presence of NaOH showed some asterg behavior. The presenceeofsitu
water and sodium hydroxide showed a more effeaatructuring effect leading towards the
formation of a tetragonal-like phase with minordbenonoclinic distortion. In this section we
pursue a similar methodology with the addition ater but at the secondary stage. The dual stage

experiments with addition @x-situwater onto the second stage are gathered in A&ble
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Table 42: Dual stage syntheses details for studyimgg effects of water onto the samples
restructuration.

NaOH | Zirconia Solvent (% Solvothermal
o Temperature
Stages | (mol.L- | source volume) ageing time C)
D) (mol.LY) | Anisole | water (days)
Stage 1 0.2 0.3 100 0 3.0 210
0.0 0.0 95 5 3.0 210
Stage 2
@) 0.0 0.0 80 20 3.0 210
a
0.0 0.0 50 50 3.0 210
Stage 2 0.2 0.0 100 0 3.0 210
(b) 0.2 0.0 95 5 3.0 210

The XRD patterns of the zirconia samples synthdsiza dual-stage strategy using the zirconia
sample prepared in anisole with 0.2 mdINaOH at 210°C for 3 days are shown in Figure 183. |
the second stage, we investigate the effects ofpteeence okx-situ water and/or sodium
hydroxide by adding them in the mixture before $keond solvothermal stage. For the samples
without NaOH in the second stage, we detect sometatal improvements with the presence of
monoclinic phase together with the tetragonal plzasenia for 5% water volume. The proportion
of monoclinic phase continues to increase whiletéteagonal phase fraction diminishes as the
amount of water increases. In contrast, with thditemh of sodium hydroxide and water onto the
second stage some drastic structural improvemeatg\adenced. With only 5% water volume
content and 0.2 mol:LNaOH, the ultrasmall nanoparticles appear to haaenktransformed
completely into monoclinic m-Zr9 In summary, the restructuring process occurgiefitly for

the samples prepared with sodium hydroxide exdituwater in the second stage by including

parallel to the grain growth a drastic LTD-like glkaconversion.
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Figure 153: XRD patterns of zirconia samples pregpaia dual-stage strategy at 200or (3+3)
days using [Zr(@Pr)HOPr] (a) without and (b) with 0.2 molLNaOH in anisole prepared
using solvothermal technique with varied amountwater.
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5.2.5 Crystallization towards tetragonal-like and monoclinic zirconia

The schemes for the formation of the tetragona-&kd monoclinic phase zirconia under various
solvents are represented in Figure 154 (a) andl{i®.scale of the pyramid is set such that at the
top you have samples composed by well-crystall@ezbnia particles jointly to a well-coherent
structure due to the use of the high reactivitysefected medium. For the formation of a
well-crystallized tetragonal-like zirconia, we $thom the formation of an amorphous-like phase.
With the addition of NaOH, we initiate the formatiof ultrasmall zirconia which eventually leads
into the formation of a tetragonal-like phase wiaged for a long period. The ageing process to
form the tetragonal-like phase can be shortenesirhply adding some minute amounts of water
together with the presence of NaOH.

(a) Well crystallized tetragonal-like (b) Well crystallized monoclinic
Alcohols + NaOH Ethers + ex-situ water > 5%+ /
NaOH /

Ethers + ex-situ water < /
2%+ NaOH . /
Ethers + ex-situ water ~ /
> 2% (bi-phasic)

Ethers+ NaOH /
M\\Eth \Ethers /
ers/
Khel 4 -/
Amorphous-like Amorphous-like

Figure 154: Formation of (a) tetragonal-like anfirftonoclinic zirconia nanoparticles using the
restructuring effect of the various proposed reacthedium.

We note that for the samples prepared witksituwater, we only consider the samples up to 2%
water volume content where there is some shielelifggt brought about by the presence of sodium
hydroxide which effectively inhibits the formatiaf monoclinic m-ZrQ nanoparticles. Finally
with alkalinized benzyl alcohol, the restructuribgwards the formation of well-crystallized
tetragonal-like phase zirconia is most active.

For the formation the monoclinic phase zirconia,imgate again with the amorphous-like phase
under an ether. Rough restructuring of the amorgltika can be achieved by allowing the reaction
mixture to thermally age longer. This ageing predesiuces the formation of the tetragonal-like
phase with some possible presence of monoclinisgt&imilarly, the process of restructuring can

be hastened by the additione{-situwater which promotes the formation of a bi-phasimple.
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Finally, in order to promote the crystallization afsingle monoclinic phase, the combination of

NaOH and at least 5% volume percentage of wateeesled but lead also to a large grain growth.

5.3 Conclusion

The respective roles of the solvent/reaction medameh alkali source are eminently important in
the crystallization of the zirconia nanoparticlégasned by a non-aqueous sol-gel route. From the
experiments using various types of base precurseeshave been able to conclude that the
stabilization of the tetragonal-like phase is noé do a doping process of the sodium cations but
rather it more driven by the inhibition of the apgpan of in-situ water. However, it is not yet clear
which of the two possible reaction mechanism leadise absence of water on the final synthesized
solution since inhibition and acid-base neutralrabf water can occur simultaneously. On the
second part of this work, we have found out thatube of alcohol is not necessarily restricted to
alcohols having an aromatic ring and primary lesiete similar samples have been produced using
ethanol or isopropanol. Finally, the effectivenesfs the reaction medium governing the
restructuring effect has shown to possess a hiembocder which is based on how well the reverse

sol-gel reactions, namely etherolysis, alcoholyaigl hydrolysis, are implemented.
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General conclusion

The synthesis and characterization (chemical, naggfical and structural) of nano-sized zirconia
particles with adjustable phase and tunable size weesented in this manuscript. The production
and study of such particles (size less than 5 nm)easential for the understanding of their
formation and structure. The syntheses were cordugia non-hydrolytic solvothermal and
kinetically-controlled strategy in an adapted eoniment. X-ray total scattering was used for the
fine structural analysis of the disorder in thesgynsmall particles.

The presentation of this work was divided into ¢hparts:

1. The synthesis of Zrnanoparticles with adjustable phase and tunabée si

2. The in-depth structural characterization by pastribution function analysis of selected
samples;

3. The presentation of potential roles of the sohamd alkali sources in the formation of the

zirconia nanoparticles.

First, the synthesis of zirconia nanoparticles staxessfully achieved via non-aqueous procedures
in a solvent-controlled strategy. The experimensing two types of zirconium precursor
(zirconium chloride and zirconium isopropoxide-isgpanol adduct) led us to conclude that a
zirconium alkoxide source is far more beneficiaterms of chemical reactivity and avoidance of
halide impurity coming from the zirconium chlorid®oreover it is able to form zirconia
polymorphs under various solvents (aldehydes, alsadnd ethers).

The addition of NaOH as the alkali source promdiesformation of a single phase zirconia by
inhibiting the dehydration side-reaction presumatdgponsible for a partial phase conversion
t-ZrO; to m-ZrQ. Aside from the phase control, the role of NaOsbatxtends towards the fine
tuning of the size. However, the extent of its efie quite limited within the range from 0.1 t&0.
mol.L of NaOH with an operating temperature of 210°Ctsidle of this range unwarranted phase
or inorganic impurities are formed. Interestinghye have obtained three peculiar types of single
phased zirconia samples under a fixed amount ofHNED2 mol.L.! NaOH) at 210°C by using

different solvents. These are: m-Zr@anocrystals in benzaldehyde, t-Zn@nocrystals in benzyl

253



alcohol and finally extremely small t-ZgQhanocrystals in anisole. They present respectively
average crystallite diameters of 3.7 nm, 4.0 nm=a6dm.

The fine tuning of the size was addressed by cenisig an orchestrated interplay of the precursors.
We formulated three ways to influence the size ba@ banoparticles: first by varying the
temperature and amount of alkali source, secordkbyeasing the amount of benzyl alcohol while
maintaining an alkali environment and third by audpa second solvothermal step with regenerated
alcohol, with or without the addition of an alkaburce. In all cases it is clear that the preseiice
sodium hydroxide warranties the ability to condetigeprecursor whereas these three strategies
have induced an effective size reduction of thatafliites and allowed it to vary from 3-5 nm and
even reach below 2 nm if one achieeeminimaof 1/10 dilution of benzyl alcohol in anisole,
although the robust and simple benzyl alcohol raaigeenerally claimed by Pinret al. to offer a
poor control over the size and shape of the pa#if169].

Out of the previous zirconia particles we have enosvo samples that were prepared with 0.2
mol.L"t NaOH and 0.3 mol L zirconium isopropoxide-isopropanol adduct at®lfbr three days,
synthesized either in benzyl alcohol or in anisdleese selected samples have an average diameter
sizes of about 4.0 nm and 1.6 nm, respectively.nBsamples exhibit highly crystalline
characteristics according to their TEM analysistiBiheir FTIR and TGA have shown that the
samples contain a non-negligible fraction of organand sodium carbonate surrounding the
zirconia particles which may play a role in thebgtaation of these tiny particles. The Na
presence, which was claimed to be responsible Her ihhibition of the surface-catalyzed
dehydration side-reaction, was quantified by XP& I&P in both samples and the largest content
observed in the case of the anisole-based samp@eelated to the largest specific surface area

characteristic of extremely small nanopatrticles.

The second part of the work presents the in-dejptictsiral characterization of selected samples
by Rietveld refinement and atomic pair distributidanction (PDF) analysis. Structural
characterization of the zirconia samples prepardeenzyl alcohol, benzaldehyde and anisole with
0.2 mol..: NaOH at 216C provided an important insight into their struelysroperties.

» Experimental PDF of the sample prepared in benkghml that appears tetragonal by

conventional X-ray diffraction reveals a monoclidgature at the short-range region while a
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exhibiting a tetragonal feature at the medium-rareggon. The measured coherent size of the
particle is 3 nm.

» The sample synthesized using benzaldehyde with Na@bhfirmed to have a monoclinic
structure with a coherent size of 3 nm which is li&n the critical size as defined by Garvie. This
implies that the stabilization of the monoclinicagke in this system is not directly governed by size
effect.

» For the ultrasmall zirconia sample prepared in@aignd NaOH, and characterized by
three broad accented peaks in XRD, it does not se@mnform to any of the known polymorphs
of zirconia having a fluorite-derived structure. wtver, the PDF shows that the sample has a
monoclinic feature at the short-range region amar@e structural disorder in the medium-range

region. Its coherent size is 1.1 nm.

When the ultrasmall sample was subjected to théyraakisted ageing, it transformed into a phase
similar to the one prepared in benzyl alcoh@, a monoclinic feature at the short-range region
and a tetragonal feature at the medium-range dms.sliggests that the original sample may be an
intermediate phase between an amorphous and teabljce zirconia.

To confirm this assumption we prepared a samplé wimilar synthesis conditions to the
ultrasmall preparation except the presence of Na@tHlabeled it as the amorphous-like sample.
This sample appeared to have a monoclinic featutieealocal-range region with a much higher
distorted medium-range region compared to thesrtiedl sample and a very small coherent size
of 0.8 nm. Thermally-assisted ageing of this amouyshlike sample induced the expansion of the
monoclinic distorted zone in the medium-range regithis last result supports the idea that the
presence oin-situ water formed by partial dehydration of isopropawals able to promote the
formation of monoclinic phase zirconia possiblysbpw-thermal degradation-like (LTD) process
in the presence of traces of an agueous phaseaddigon of minute amounts @Xx-situwater
induced a similar phase transformation. It is entdbat for both types of samples the presence of
water has consequential effects even at very loaauts (0.33% and 2% water volume content).
The introduction of more than 2% volume of wated ® the formation of larger particles

dominated by a monoclinic structure rather thasteagonal one.
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Finally, the third part of the work deals with thespective roles of the alkali sources, the solvent
or reaction medium and on the synthesis of nanigpest It is evident that the roles of these
reagents are vital to the kinetically-driven forioatof zirconia particles with tunable size and
phase. The use of various types of base precuiebrss to conclude that the stabilization of the
tetragonal-like phase was not caused by a sodidionsadoping in the structure, but was rather
driven by its ability to inhibit the formation af-situ water which can promote the LTD-like phase
transformation. By varying the class and naturthefsolvent, we found out that its effectiveness
was not limited to the benzyl alcohol since simgamples have been produced using ethanol or
isopropanol.

Finally, the effectiveness of the reaction mediuavegning the restructuring effect has been
observed. It shows a hierarchical reactivity ongarch is based on how well the reverse sol-gel

reactions (etherolysis, alcoholysis, and hydro)yare implemented.

As a recommendation for future studies relatedhi® work, the chemical characterization of the
supernatant would provide additional insights te @lvsence dh-situ water. Indeed, it is not yet
clear which of the two possible reaction mechaniteass to the absence of water on the final
synthesized solution since inhibition and acid-baseutralization of water can occur
simultaneously. Since we are able to influencesike of the particles at very low temperatures,
we also recommend dn-situ structural characterization of the evolution ofcaphous-like or
ultrasmall zirconia by thermally-assisted ageingotmiain a more detailed description of the
transformation from a highly disordered to a waedfided structure. Finally, construction of
theoretical models would provide an invaluable ghsiregarding the formation of these tiny

zirconia particles.
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Titre : Synthése non-hydrolytique et structure de nanoparticules de ZrO;

Les matériaux nanocristallins sont devenus la pierre angulaire de plusieurs avancées
technologiques en raison de leurs propriétés intrinséques qui sont différentes par rapport a leurs
homologues micrométriques classiques. Ces propriétés sont principalement causées par des
effets de confinement quantiques provoqués par la réduction de la taille des particules, qui sont
largement étudiés et relativement bien compris.

La taille des particules a également un fort effet sur leur structure inhabituelle qui n'est pas
identique a la structure monocristalline dite parfaite. En outre, la compréhension des propriétés
de ces matériaux est assez limitée en raison de la complexité actuelle dans la synthese et la
caractérisation des objets stables qui sont inférieurs a 5 nm.

Ce travail est donc consacré a la détermination d'une maniére reproductible de synthétiser des
nanoparticules a phase sélectionnable et taille réglable. Ensuite, aprés avoir contrdlé ces
parameétres, nous avons étudié leurs caractéristiques structurales par rapport a leur échelle, ce
qui est conséquent pour une meilleure compréhension de ces matériaux, y compris leurs
propriétés.

Une des procédures typiques utilisées pour synthétiser des particules de taille nanométrique
appartient aux voies de solution chimique. En effet, ces itinéraires offrent une maniere
polyvalente de former des particules en suivant une approche "ascendante". En principe, ce type
d'approche élimine la limite inférieure de taille qui peut étre formée. Cependant, la stabilisation
de ces petites particules avec une cristallinité et une pureté chimique acceptables nécessite une
compréhension plus compléte du comportement chimique des précurseurs individuels pendant
la synthése. En général, ces itinéraires peuvent étre divisés en deux catégories: les processus
hydrolytique et non hydrolytique. Chaque processus offre la possibilité de former des particules
de taille nano avec une grande variété de propriétés désignables mais aussi avec ses limitations
correspondantes. Par exemple, on peut citer la synthese hydrolytique sol-gel de ZrO2 qui est
capable de produire des nanoparticules de tailles inférieures a 2 nm. Malheureusement, ils
possedent une distribution de grande taille et présentent a leur surface de grandes quantités
d'impuretés carbonées. En revanche, la synthése sol-gel non hydrolytique de ZrO2 réalisée par
des voies solvothermales a également produit des particules de taille nanométrique mais avec
des caractéristiques plus satisfaisantes en termes de distribution de taille et d'absence
d'impuretés. Il est clair que pour ce travail particulier la décision de suivre une procédure non
hydrolytique offre une meilleure stratégie pour obtenir des objets de taille minuscule.

Le choix du ZrO2 comme matériau a étudier a été dicté par ses propriétés intrinseques
remarquables et son potentiel pour un grand progres technologique, comme dans la catalyse, la
détection des gaz, la technologie des piles a combustible, et les céramiques. De plus, il présente
un polymorphisme complexe et a la particularité d'étre stabilisé a I'échelle nanométrique sous
des formes cristallines qui ne sont pas stables a la pression normale et a la température ambiante.



Dans ce travail, la stratégie solvothermale a été utilisée et a servi de base expérimentale pour la
syntheése des nanoparticules de zircone. Les principaux réactifs choisis sont I'adduit
d'isopropoxyde de zirconium-isopropanol, I'alcool benzylique et I'hydroxyde de sodium comme
le zirconium, le solvant et les sources alcalines, respectivement. Les préparations pour toutes les
synthéses ont été réalisées a l'intérieur d'une boite a gants contenant de I'air sec pour assurer
une exposition minimale a I'humidité.

Pour les caractérisations chimiques, morphologiques et structurales, nous avons combiné
différentes techniques afin d'obtenir une meilleure compréhension de la nature de ces particules.
La caractérisation structurale a regu une attention particuliere et a été réalisée en utilisant la
diffusion totale des rayons X (TS) et I'analyse de la fonction de distribution des paires atomiques
(PDF). Cet outil se spécialise dans I'analyse des régions a moyenne et a courte portée de la
structure nanoparticules qui donne des informations précieuses pour identifier le type de
polymorphe. Des échantillons sélectionnés présentant des caractéristiques structurelles
particulieres ont été étudiés et ont permis une meilleure compréhension de la nature de sa
cristallisation et de sa stabilisation.

Le manuscrit est divisé en cing chapitres.

Dans le premier chapitre qui est I'état de la technique, nous discutons brievement les travaux
pertinents réalisés dans la synthése et la caractérisation des nanocristaux. Ici, nous abordons plus
sur les questions actuelles liées a la stabilisation de I'oxyde métallique en utilisant une voie non-
hydrolytique sol-gel.

Les caractéristiques des techniques de synthése et de caractérisation sont présentées dans le
chapitre 2. Les caractéristiques sont classées en trois types: chimique (analyse
thermogravimétrique, spectrométrie de masse a plasma inductif, spectroscopie de
photoélectrons aux rayons X, spectroscopie de résonance magnétique nucléaire de protons ,
Spectroscopie infrarouge a transformée de Fourier), morphologiques (microscopie électronique
a transmission) et structuraux (diffraction des rayons X et diffusion totale des rayons X). Dans
cette section, nous discutons brievement les principes et les mécanismes derriére les outils de
caractérisation mentionnés.

Le chapitre 3 présente les résultats initiaux sur la synthese de zircone nanométrique dans une
voie sol-gel non hydrolytique utilisant deux types de précurseurs de zirconium. De produire avec
succeés des nanoparticules de zircone, nous démontrons alors le réglage fin de la taille des
particules et la pureté de phase en faisant varier sa température de fonctionnement, la quantité
de contenu d'alcool et la synthése a deux étages. Nous avons sélectionné ici quelques échantillons
présentant des caractéristiques intéressantes pour une caractérisation approfondie qui s'est
avérée indispensable pour comprendre leurs caractéristiques structurelles.

Dans le chapitre 4, nous nous sommes concentrés plus sur les propriétés structurales des
échantillons présentant des caractéristiques structurales intéressantes et les avons comparés aux
guatre polymorphes de zircone ayant une structure dérivée de fluorite. Cela a été fait en générant



des modeles théoriques de ces polymorphes et en les comparant avec les résultats
expérimentaux. Parmi ces échantillons choisis de zircone, nous avons choisi I'un d'entre eux ayant
une taille finie inférieure a 2 nm et une bonne cristallinité et mené deux types d'expériences: le
premier était I'étude des effets du vieillissement assisté thermiquement et le second était le Effets
de I'eau ex-situ sur les caractéristiques structurelles de I'échantillon.

Enfin, dans le cinquiéme et dernier chapitre, nous avons effectué des expériences
complémentaires pour étudier les effets des contraintes cationiques et anioniques de I'hydroxyde
de sodium et d'autres sels inertes ou acides et du type solvant en substituant I'alcool benzylique
par d'autres alcools ou éthers. Combinés aux résultats obtenus a partir d'autres chapitres, nous
avons proposé des schémas qui décrivent la formation de divers types de nanoparticules de
zircone et les recommandations futures dérivées des travaux expérimentaux.

La synthese et la caractérisation (chimique, morphologique et structurelle) des particules de
zircone de taille nanométrique a phase réglable et taille réglable ont été présentées dans ce
manuscrit. La production et I'étude de ces particules (taille inférieure a 5 nm) sont essentielles
pour comprendre leur formation et leur structure. Les syntheses ont été réalisées via une
stratégie non hydrolytique solvothermale et cinétiguement contrélée dans un environnement
adapté. La diffusion totale des rayons X a été utilisée pour I'analyse structurale fine du trouble
dans ces tres petites particules. Les conclusions apportées par ce travail concernent les trois
points suivants:

1. La synthese de nanoparticules de ZrO2 a phase ajustable et taille accordable;

2. La caractérisation structurale approfondie par analyse de la fonction de répartition des paires
d'échantillons sélectionnés;

3. La présentation des roles potentiels du solvant et des sources alcalines dans la formation des
nanoparticules de zircone.

Premiérement, la synthése des nanoparticules de zircone a été réalisée avec succés par des
procédures non aqueuses dans une stratégie contrélée par solvant. Les expériences utilisant deux
types de précurseurs de zirconium (chlorure de zirconium et adduit d'isopropoxyde de zirconium-
isopropanol) nous ont amené a conclure qu'une source d'alcoxyde de zirconium est beaucoup
plus bénéfique en termes de réactivité chimique et d'évitement de l'impureté d'halogénure
provenant du chlorure de zirconium. En outre, il est capable de former des polymorphes de
zircone sous divers solvants (aldéhydes, alcools et éthers).

L'addition de NaOH en tant que source alcaline favorise la formation d'une zircone monophasique
en inhibant la réaction secondaire de déshydratation vraisemblablement responsable d'une
conversion de phase partielle t ZrO2 en m-ZrO2. Mis a part le controle de phase, le role de NaOH
s'étend également vers le réglage fin de la taille. Cependant, I'étendue de son effet est trés limitée
dans la plage de 0,1 a 0,5 mol.L-1 de NaOH avec une température de fonctionnement de 210 ° C.
En dehors de cette plage, on forme une phase non justifiée ou des impuretés inorganiques. De



facon intéressante, nous avons obtenu trois types particuliers d'échantillons de zircone a phase
unigue sous une quantité fixe de NaOH (NaOH 0,2 mol.L-1) a 210 ° C en utilisant différents
solvants. Ce sont: les nanocristaux m-ZrO2 dans le benzaldéhyde, les nanocristaux t-ZrO2 dans
I'alcool benzylique et enfin les nanocristaux t-ZrO2 extrémement petits dans I'anisole. lls
présentent respectivement des diametres de cristallites moyens de 3,7 nm, 4,0 nm et 1,6 nm.

Le réglage fin de la taille a été abordé en considérant un jeu orchestré des précurseurs. Nous
avons formulé trois facons d'influencer la taille des nanoparticules: d'abord en faisant varier la
température et la quantité de source alcaline, d'autre part en diminuant la quantité d'alcool
benzylique tout en maintenant un environnement alcalin et en ajoutant une deuxieme étape
solvothermale avec de I'alcool régénéré avec ou Sans ajout d'une source alcaline. Dans tous les
cas, il est clair que la présence d'hydroxyde de sodium garantit la capacité de condenser le
précurseur, alors que ces trois stratégies ont induit une réduction de taille efficace des cristallites
et lui ont permis de varier de 3 3 5 nm et méme d'atteindre moins de 2 nm si une Atteint un
minimum de dilution 1/10 d'alcool benzylique dans I'anisole, bien que la voie robuste et simple
d'alcool benzylique soit généralement revendiquée par Pinna et al. Pour offrir un mauvais
contréle sur la taille et la forme des particules.

Sur les particules de zircone précédentes, nous avons choisi deux échantillons qui ont été
préparés avec 0,2 mol.L-1 NaOH et 0,3 mol.L 1 d'isopropoxyde de zirconium-isopropanol adduct
a 210 ° C pendant trois jours, synthétisés soit dans I'alcool benzylique soit dans |'anisole. Ces
échantillons choisis ont des diamétres de diametre moyen d'environ 4,0 nm et 1,6 nm,
respectivement. Les deux échantillons présentent des caractéristiques tres cristallines selon leur
analyse TEM. Tant leur FTIR que leur TGA ont montré que les échantillons contiennent une
fraction non négligeable d'organiques et de carbonate de sodium entourant les particules de
zircone qui peuvent jouer un role dans la stabilisation de ces minuscules particules. La présence
de Na +, qui était revendiquée responsable de l'inhibition de la réaction secondaire de
déshydratation catalysée en surface, a été quantifiée par XPS et ICP dans les deux échantillons et
la plus grande teneur observée dans le cas de I'échantillon a base d'anisole était liée a la La plus
grande surface spécifique spécifiqgue des nanoparticules extrémement petites.

La deuxiéme partie du travail présente la caractérisation structurale en profondeur des
échantillons sélectionnés par I'analyse du raffinement de Rietveld et de la fonction de distribution
de paires atomiques (PDF). La caractérisation structurale des échantillons de zircone préparés
dans l'alcool benzylique, le benzaldéhyde et |'anisole avec 0,2 mol.L-1 de NaOH a 210 ° C a fourni
un apercu important de leurs propriétés structurales.

Le PDF expérimental de I'échantillon préparé dans de I'alcool benzylique qui apparait tetragonal
par diffraction de rayons X conventionnelle révéle une caractéristique monoclinique dans la
région a courte distance alors que présente une caractéristique tétragonale dans la région a
moyenne portée. La taille cohérente mesurée de la particule est de 3 nm.



L'échantillon synthétisé a I'aide de benzaldéhyde avec NaOH est confirmé avoir une structure
monoclinique avec une taille cohérente de 3 nm qui est inférieure a la taille critique telle que
définie par Garvie. Ceci implique que la stabilisation de la phase monoclinique dans ce systeme
n'est pas directement régie par |'effet de taille.

Pour I'échantillon de zircone “ultra-petit” préparé dans I'anisole et NaOH, et caractérisé par trois
pics larges accentués dans XRD, il ne semble pas se conformer a I'un quelconque des polymorphes
connus de zircone ayant une structure dérivée de fluorite. Cependant, le PDF montre que
I'échantillon a une caractéristique monoclinique dans la région a courte portée et un grand
désordre structurel dans la région a moyenne portée. Sa taille cohérente est de 1,1 nm.

Lorsque I'échantillon “ultra-petit” a été soumis a un vieillissement assisté thermiquement, il a été
transformé en une phase similaire a celle préparée dans I'alcool benzylique, c'est-a-dire une
caractéristique monoclinique dans la région a courte distance et une caractéristique tétragonale
a moyenne portée. Ceci suggére que |'échantillon d'origine peut étre une phase intermédiaire
entre une zircone amorphe et de type tétragonale.

Pour confirmer cette hypothese, nous avons préparé un échantillon avec des conditions de
synthese semblables a la préparation “ultra-petite”, a I'exception de la présence de NaOH, et on
I'a marqué comme échantillon amorphe. Cet échantillon semblait avoir une caractéristique
monoclinique dans la région de portée locale avec une région de milieu de gamme distordue
beaucoup plus élevée par rapport a I'échantillon ultrasmall et une trés petite taille cohérente de
0,8 nm. Le vieillissement assisté thermiquement de cet échantillon de type amorphe a induit
I'expansion de la zone déformée monoclinique dans la région a moyenne portée. Ce dernier
résultat confirme l'idée que la présence d'eau in situ formée par déshydratation partielle de
I'isopropanol a été capable de favoriser la formation de zircone de phase monoclinique,
éventuellement par un procédé a faible dégradation thermique (LTD) en présence de traces d'un
phase aqueuse. L'addition de quantités infimes d'eau ex situ a induit une transformation de phase
similaire. |l est évident que pour les deux types d'échantillons, la présence d'eau a des effets
consécutifs méme a des quantités tres faibles (teneur en volume d'eau de 0,33% et 2%).
L'introduction de plus de 2% de volume d'eau a conduit a la formation de particules plus grandes
dominées par une structure monoclinique plutét que par une structure tétragonale.

Enfin, la troisieme partie traite des roles respectifs des sources alcalines, du solvant ou du milieu
réactionnel et de la synthése des nanoparticules. Il est évident que les roles de ces réactifs sont
vitaux pour la formation cinétique de particules de zircone a taille et phase ajustables. L'utilisation
de divers types de précurseurs de base nous a amenés a conclure que la stabilisation de la phase
de type tétragonale n'était pas provoquée par un dopage de cations sodium dans la structure,
mais plutot par sa capacité a inhiber la formation d'eau in situ Peuvent favoriser la transformation
de phase de type LTD. En variant la classe et la nature du solvant, on a découvert que son efficacité



n'était pas limitée a I'alcool benzylique puisque des échantillons similaires ont été produits en
utilisant de I'éthanol ou de l'isopropanol.

Enfin, I'efficacité du milieu réactionnel régissant I'effet de restructuration a été observée. Il
montre un ordre de réactivité hiérarchique qui est basé sur la facon dont les réactions sol-gel
inverse (étherolyse, alcoolyse et hydrolyse) sont mises en ceuvre.

En guise de recommandation pour les futures études liées a ce travail, la caractérisation chimique
du surnageant permettrait de mieux comprendre I'absence d'eau in situ. En effet, il n'est pas
encore clair lequel des deux mécanismes réactionnels possibles conduit a I'absence d'eau sur la
solution synthétisée finale puisque l'inhibition et la neutralisation acide-base de |'eau peuvent se
produire simultanément. Puisque nous sommes capables d'influencer la taille des particules a des
températures trés basses, nous recommandons également une caractérisation structurale in situ
de I'évolution de la zircone amorphe ou ultra-mince par le vieillissement assisté thermiquement
pour obtenir une description plus détaillée de la transformation de Un tres désordonné a une
structure bien définie. Enfin, la construction de modeles théoriques fournirait un apercu
inestimable concernant la formation de ces minuscules particules de zircone.



