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1. INTRODUCTION

Miniaturization of technological solutions, important in our everyday life, espe-
cially micro electro-mechanical systems (MEMS), has attracted tremendous
attention as smaller systems possess higher efficiencies, quicker responses,
lower cost, etc. The type of MEMSs would include systems from simple
electro-mechanical switches to highly complexed ones. When the device will be
used for transporting liquids and/or gases then tubular geometry is very often
preferable in construction as it enables better thermomechanical behaviour and
sealing simplicity compared to the use of channels etched into substrate. Tubu-
lar geometry enables also more uniform flowing of matter, compared to diffe-
rent shape of cross-sectional area. Microtubular fluidic systems are the tools
rapidly developed to uncover new scientific solutions and challenges in a broad
range of areas, such as: medical technology, biotechnology, chemical industry,
environmental protection, electronic industry, fuel production and processing
etc.

Under extreme conditions like elevated temperature (up to 1000 °C), pres-
sure (hundreds of atmospheres) or plasma, the use of ceramics made microtubes
or capillaries has no alternatives. An excellent composition material for such
applications is yttria-stabilized zirconia (YSZ) that, in addition to the out-
standing thermo-mechanical behaviour, founds its functionality due to its ionic
conductance as ionic membrane in high temperature (operated at 700—1000 °C)
solid oxide fuel cells. In addition, high surface to volume ratio of microscale
tubes, heat transfer is highly efficient in devices constructed of these materials.
Therefore, the temperature of microtubes based microreactors can simply be
regulated by heat exchange.

A variety of different methods have been developed to fabricate microtubes
made of various kinds of materials. The logic of template-based approaches is
coating of cylindrical shape fine fibers, nano- and microrods, carbon filaments
and nanotubes, etc. with desired material. Hollow microtubes will be prepared
after removal of template from the core of structures. Usually it is achieved by
oxidizing at elevated temperature or dissolving the core out in proper solvents.
The main drawback of the approach is related to difficulties in removal of the
template that would easily lead to cracking of the tube. The method, rather
universial, however, is quite ineffective in terms of cost as the preparation of
tubes in this manner consists of many steps: fabrication of template, coating of
template, removal of template. Another, also a widely used technique is direct
extrusion, which represents a straightforward and facile route to the production
of long slender fiber structures, including also the hollow ones. Due to its
simplicity, it has been widely used to produce microtubes in a cost-effective
way. However, this technology cannot be applied to produce ceramic micro-
tubes with diameter below 0,5 mm due to the collapse of the structures under
critically high forces of surface tension.



In many cases, the tubes prepared by the methods described above require
functional coatings (electrodes, different isolators, reflectors, catalysing films,
etc.) on the inner and/or the outer surfaces. This coating would add new functio-
nality for the tubes as well as improve their thermo-mechanical properties by
filling the pores and critical cracks on the surface. Unfortunately, the task
cannot be achieved by using simple wet chemical methods because of compli-
cations with the drying process. However, due to the high thermo-mechanical
and chemical stability of ceramic materials, the tubes can be coated by atomic
layer deposition (ALD) with the desired materials. That method is probably the
best one to deposit subnanometer thick metal oxide or metal films uniformly on
the surface of microtubes to give them additional functionality, for example by
placing electrodes on the surface or just to make them mechanically more stable
by filling unwanted pores and cracks in the tube material. ALD is a technique
that, in its most general form, can be defined as a sequential, self-limiting, de-
position process that operates on the principle of alternating saturating surface
reactions.

The main purpose of the current thesis is to let the readers know about a
novel self-assembly based synthesis method for the preparation of nanohomo-
geneous yttria-stabilized zirconia microtubes. The method is described in 2
research papers, published in RSC Advances and patented by the University of
Tartu. To the best of our knowledge, there are no alternative methods for the
synthesis of nanohomogeneous ceramic metal oxide microtubes in that low
dimensions. The formation mechanism of the tubes is thoroughly discussed and
the properties of final materials are studied in detail. We will pay attention on
mechanical properties of the final materials: tensile strength and Young’s
modulus of the tubes have been measured. Optical characterisation of the tubes
demonstrated their nanohomogenity — the tubes were transparent structures with
optical waveguiding properties and luminescent. lonic conductance without
electronic component was demonstrated at elevated temperatures, etc. An add-
itional functionality of the tubes was achieved by ALD of MgO on the surface
of achieved structures. The tubes will be demonstrated in some final appli-
cations as miniature solid oxide fuel cells and single tube based plasma devices.
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2. AIM OF THE WORK

The main goal of the present study was to develop a technique for preparation
of metal oxide microtubes applicable in high temperature and high pressure
applications. There exists many different techniques for preparation of micro-
scopic tubular structures, for example: template method, laser deposition,
electrophoretic deposition etc.

Present method differs from beforementioned methods in many aspects.
Firstly, this is fully sol-gel based method, which allows to use relatively low
sintering temperatures and to produce materials with different shape and
morphology. Secondly, due to high purity of precursor materials, obtained
three-dimensional materials also exhibit very high purity degree. Thirdly, com-
pared with other methods, sol-gel technique is relatively cost effective.

The second goal was to functionalize obtained microtubes with thin metal
oxide films using atomic layer deposition. More precisely, the aim of this task
was to investigate, whether the atomic layer deposition is suitable technique to
grow thin films onto the inner and outer surface of metal oxide microtubes.
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3. BACKGROUND AND OBJECTIVES

3.1. History of sol-gel chemistry

Ceramic materials are defined as inorganic non-metallic materials, consisting of
compounds of a metal and a nonmetal elements (metal oxides, nitrides, carbides —
both crystalline and amorphous) [1]. Due to their highly functional properties
such as hardness, high porosity, and dielectric constant, ceramics are widely
used in a broad range of applications, such as micro- and ultrafiltration, gas
separation, protective and optical coatings, insulators, dielectric and electronic
coatings, optical fibers [2, 3].

In recent decades, the number of works about synthesis of micro- and
nanostructured ceramic materials, has met enormous growth [4-9]. In addition
to nitrides, carbides, and borates, metal oxides are probably the most interesting
group of materials in the form of nano and microstructured ceramics due to their
several extreme properties, availability etc. So far, the most widely used techni-
que in the synthesis of ceramic metal oxide materials in bulk has been based on
hot powder pressing, followed by high-temperature sintering. In this method,
the diffusion of the atomic and ionic species of the reactants is essential for the
reaction to proceed. In order to provide high mobility of reaction partners, solid
state processes usually require microscale particle sizes in neat powders and
high temperatures up to thousands of Celsius degrees. These rough process con-
ditions lead directly to thermodynamically stable phases without any inter-
mediary metastable phases. However, in comparison with an alternative
approach, i.e. the so-called wet or sol-gel chemistry, the sintering method can be
considered as a rather crude approach for preparation of materials [10]. Wet
chemical methods are used for the synthesis of nano and micro homogeneous
ceramics and they are based on a controllable chemical build-up of structures
from molecular precursors by breaking and forming bonds between the
particles.

In the case of metal oxide ceramics, a special attention is paid to their pre-
paration in the form of fine as well as hollow fibres, also called as micro
capillaries or tubes. When the dimensions of the materials in process reach
microscale then the conventional powder pressing and sintering are of no use.
This is due to the rather big microscale particle sizes of used neat powder. A
solution for the drawback is wet chemistry that offers the possibility to obtain
shaped materials directly from molecular level from homogeneous solutions at
relatively low (room) temperatures [11-14] and allows one to prepare materials
with desired size and shape also in micro-, meso-, and nanoscales. Terefore it is
not surprising that chimie douce sol-gel approaches [10] have gained much
attention in chemical society [2, 15, 16] as the synthesis routes to complex
oxide structures with well-defined and uniform crystal morphologies, surface
area and pore size distribution, as well as in the coating applications [6, 17].

The first article, which can be considered as a report on sol-gel chemistry,
was published in 1845 by Ebelman [10, 18], where he described the formation
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of silica gels in ethanol from silicon tetrachloride at relatively low temperature.
Although he did not used the term sol-gel in his report, he described the
phenomena where colloidal particles form inorganic networks in liquid (sol)
and the gelation of the sol where all the particles were connected to the network
in a continuous liquid phase (gel) [10, 18]. With this work, conscious investi-
gations of sol-gel chemistry have started, but it took almost hundred years to
introduce the sol-gel method in industrial applications by Geffcken and Berger
(1930) [19]. They used metal-containing precursors to coat industrial glasses
with thin SiO, and TiO, layers. Encouraged by their success, several research
groups continued to work on that new branch of chemistry with a view to deve-
lop entire new generations of advanced materials via sol-gel route. Although
those investigations were rather episodical without receiving much attention,
since then the coating of materials with thin layers in order to modify their sur-
faces has become and remained one of the major application of sol-gel
chemistry. Despite the success of this method in the coating applications, it did
not gain any special attention among researchers and industrialists until 1970s,
when Dislich [20-23] earned worldwide attention of scientists by synthesising
transparent borosilicate glass from oxide powders by heating them at low tem-
peratures. The oxide powders were obtained from a starting solution of ethanol,
pentadiol, Si(OCHj;),, Al(O-secC4Hy);, NaOCH; and KOCHj; and heating post-
synthesised gel pieces at 530 °C to transform them into oxide powder. After
hot-pressing of the obtained oxide pieces at 630 °C, glass plates with properties
very similar to those produced by the conventional melt-quenching technique
were obtained [20]. It can be regarded as a new dawn of sol-gel process and the
pioneering work on the synthesis of freestanding sol-gel structures besides
coatings, that has been the main applications of sol-gel method so far. In those
days the first attempts were made to prepare silica fibers for optical commu-
nication applications as well. Afterwards, scientists have never lost their interest
on this method. However, despite promising discoveries, the sol-gel method
attracted considerable scientific and industrial interest only over the past few
decades, starting in the mid 1980's, when larger scientific community was
caught by the research on nonhydrolytic preparation routes of mixed metal
oxides (e.g., ZrTiO4) [10, 24-27]. Enormously growing interest in this method
is supported by the fact that the number of sol-gel-related publications per year
has increased exponentially over the past 30 years (Figure 1). Despite the suc-
cess of so-called non-hydrolytic sol-gel route, where metal halides are reacted
with secondary or tertiary ethers as the oxygen source, the traditional or
aqueous sol-gel route has maintained its position as a wet chemical method in
the preparation of ceramic structures. Throughout the entire research of sol-gel
method, it has been particularly successful in the synthesis of bulk metal oxides,
like glasses, ceramics, fibers and films [10]. Therefore, thanks to the success of
sol-gel method in mentioned fields in the past decade, this method has also been
widely applied for nanoparticle synthesis [2, 15, 16]. One can even say that it
has rooted as one of the main bottom-up synthesis method in micro- and nano-
technology in general.
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Figure 1. Number of publications per year on sol-gel [5].

The main reasons why the sol-gel method has become so popular, are mild pre-
paration conditions (low temperature, liquid precursors) and characteristics of
materials that can be produced without complicated instruments, compared
with, for example, chemical vapour deposition (CVD) [28-32]. It overcomes
the difficulties of producing materials with desired shapes, such as monoliths,
films, fibers, powders [10, 11, 26, 33-36] and converting them into a ceramic
material by annealing at temperatures that are much lower compared with those
used in conventional sintering processes. When high purity, homogeneity,
agglomerate free powders, narrow particle-size distribution, chemical durabi-
lity, thermal resistance, are needed, the sol-gel process is probably one of the
best choices [2, 6, 37-39]. To date, however, few if any sol-gel derived pro-
ducts are commercially available, in spite of a great number of articles
published in journals. The reasons for this are manifold. It is widely believed
that sol-gel products are either too expensive or lacking structural integrity, to
be competitive with products obtained applying conventional ceramic routes
[5]. Poor structural integrity may be caused by the deficiences in some steps of
preparation procedures of the sol-gel method which determines the materials
texture. The stress evolution and crack formation are the representative draw-
backs. In recent years, however, scientists have made a significant breakthrough
in the understanding of the chemical nature of selected precursors and reactions
involved in the sol-gel chemistry [40, 41]. This allows one to choose the right
chemical strategy for synthesising procedures, which determines the materials
texture and cost/availability for the industry. Therefore, it becomes possible to
obtain techniques that also suppress the stress evolution and, hence, the crack
formation. Solving these scientific issues would make it possible to apply sol-
gel method also in industrial scale.
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3.2. Principles of sol-gel chemistry

The literature includes myriad of publications concerning sol-gel chemistry as a
synthesis technique in the fabrication of oxide materials [10, 42—59]. However,
the question arises, whether the descriptions discussed in those articles strictly
follow the definition of so/-gel. It can be seen that often the transformation of the
molecular precursor to the dense bulk oxide does not exclusively proceed along
the formation of the so/ (nanohomogeneous colloidal system in liquid phase) and
its subsequent transformation to gel (structured nanohomogeneous colloidal
system in liquid phase) as a result of formation of chemical bonds between the
particles, as it would be expected, when using the term sol-gel where ,,-* marks
equilibrium between the sol and gel forms of matter [10]. However, most of
scientists have agreed that processes can be denoted as sol-gel as long as they
include so/ or gel as an intermediate stage and the transformation of the molecular
precursor into the final solid compound involves chemical reactions in liquid
phase under mild reaction conditions [10, 14, 19, 20]. On the basis of
aforementioned terms, we can divide the entire process into following sequential
operations including both chemical reactions and physical processes (phase
separation, dissolution, evaporation, phase transition etc.)(Figure 2):

e Preparation of molecular precursor solution

e Conversion (polycondensation) of activated molecular precursors into sol
(nanoclusters in solution)

Gelation

Aging

Drying

e Sintering

In reality, the first two steps would occur practically in parallel, i.e. the con-
densation process begins before the hydrolysis is completed, and therefore the
steps can hardly be distinguished. In spite of this, following these sequential or
partially overlapping steps leads to the formation of solid material from liquid
molecular solutions. A lot of reviews and books have been written, extensively
describing and analyzing the general principles and physico-chemical bases of
these steps [10, 42-59]. However, as it turns out, these principles, in particular
the understanding of the mechanisms of hydrolysis and polycondensation, are
changed over time, and are not equally applicable to silicon and the metal
alkoxides. To bring out the main differences between the chemistry of silicon
and metal alkoxides, a brief overview of those principles will be given below.

3.3. Chemistry of sol-gel processing

Sol-gel chemistry can be roughly devided into two different major routes -
aqueous and nonaqueous sol-gel processes — depending on whether the pre-
cursor solution is an aqueous solution of an inorganic salt or an alkoxide,
respectively [10, 60]. In the aqueous sol-gel process, the transformation of a
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precursor solution into an inorganic solid via inorganic polymerization is
induced by water. In contrast to that, in the case of nonaqueous sol-gel process,
as the name implies, the transformation of the precursor occurs in an organic
solvent under exclusion of water, and usually at slightly elevated temperatures.
Despite these differences in the process, an oxide material is obtained via poly-
merization reaction by starting from molecular precursor solutions. Since these
reactions take place in solutions, and in most cases near room temperature, i.e.
at the mild conditions, the term sol-gel processing generally refers to the
synthesis of inorganic oxide material by wet chemistry methods. To date, there
has been synthesized wide varieties of different materials by sol-gel processing,
the majority of which are transition metal oxides, from which the IROX™ TiO,
film on glass, produced by Schott Glaswerke, is one of the most successful [61,
62]. However, the first materials synthesized by sol-gel process were silica-
based, as pointed out in the chapter History of sol-gel.

—a
Dissolve a precursor
(metal salt or alkoxide)| resft:rrrtn;msols
in a solvent P
Aod weter and acid Destabilize sols by ‘
or base adjusting pH Formation
for hydrolysis Justing pr
and condensation or concentration
Formation of a Formation of a gel
self-supporting gel onto a substrate
v
»  Aging of the gel Aging
Vaporative drying Supercritical drying
Drying of the gel for
solvent removal
Solvent
Y removal
Formation of Formation of
a xerogel an aerogel
Calcination/sinterin, T
Obtaining different product 9
forms such as powder, Heat
monoliths, thin films treatment
and membranes

Figure 2. Steps of sol-gel chemistry [11].
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sol-gel chemistry. Silicon tetraethoxide (or tetracthoxysilane, or tetraethyl
ortosilicate, TEOS — Si(OC,Hs),) and silicon tetramethoxysilane (TMOS —
Si(OCHj;),), namely, are the most studied examples. Thus, silica-based solutions
have historically been the most widely used precursors in the studies on
processing and synthesis principles of sol-gel materials. Those principles are
later transferred to alkoxides in general, whether they are silicon alkoxides or
metal alkoxides.

Further, we will look closer to those historically rooted synthesis principles
of sol-gel chemistry based on the kinetically independent hydrolysis and
condensation of molecular precursors, paying particular attention to the
alkoxides as the most versatile precursor solutions in the sol-gel synthesis of
oxide materials. Alkoxides are considered as compounds, which have an
organic moiety (-OR) attached to a metal (M) atom through oxygen atom [63].
The metal atom is higly attractive to nucleophilic attack due to the
electronegative alkoxy groups (-OR, hard n-donors) that stabilize metal atom in
its highest oxidation state. Therefore alkoxides are very reactive with water,
which leads to the formation of hydroxides or hydrous oxides. In general, the
reaction can be written as:

Si(OR), + nH,O — Si(OH), + nROH eq. 1
hydrolysis

In the literature, the hydrolysis of the alkoxide is described as a nucleophilic
attact of a water molecule to the positively charged metal or metalloid atom
(M). As a result of that, the more easily leaving group, which is the alcohol,
leaves (Equation 3) [64]. Hydrolysis ends when the amount of water is
sufficient to replace all of the OR groups with the OH groups. Otherwise the
metal or metalloid will remain only partially hydrolyzed, Si(OR)4.,(OH),.

In condensation reaction, two partially hydrolyzed molecules can link
together as follows:

(OR);Si-OH + HO-Si(OR); — (OR);3Si-O-M(OR); + H,0 eq. 2
water condensation

or

(OR);Si-OR + HO-Si(OR); — (OR);Si-O-Si(OR); + ROH. eq. 3
alcohol condensation

Often hydrolysis and condensation reactions occur simultaneously and are hard
to distinguish. In the case of silicon alkoxides, however, the condensation/poly-
condensation reactions are kinetically independent from the hydrolysis reaction.
According to the widespread perception, the condensation reaction can follow one
of the three pathways — oxolation, alkoxolation and olation [65]. Condensation,
by the definition, liberates a molecule of water or alcohol. This phenomenon is

17



attributed to the formation of larger molecules via polymerization process. A
polymer (many member), or sometimes also called a macromolecule, is a big
molecule formed from hundreds or thousands of monomers. Sometimes a word
oligomer is also used. It refers to a molecul that has intermediate size i.e. is
much bigger than mono, but much smaller than macro. Molecules can be either
linear chains or strongly branched. It depends on how many bonds the monomer
can form. The number of bonds that the monomer is capable to form, is called
functionality, f. Monomers are commonly polyfunctional (bifunctional: f = 2,
trifunctional: f = 3, tetrafunctional: f = 4). If an atom, for example Si, has two
unreactive R groups and two reactive hydroxyl groups, SiR,(OH),, then this
compound can polymerize into linear chains or rings only. But, if f > 2, a
branched three-dimensional network can form. A polymer, however, is not a
rigorous definition. According to Flory [66]. the term polymer can be attributed
to the structures with random branching. Hence, the definition could not be
extended to crystalline solids. At first sight, still, the definition may be
ambiguous. For instance, one can question whether an oxide glass, which is
noncrystalline, is a polymer or not. To eliminate this ambiguity it is agreed that
the average size of the closed loops constituting the network has to exceed
significantly the atomic size.

Flory [64, 65] and Rabinovich [66] have introduced a term particulate in
describing sols where nonpolymeric solid particles are dispersed into liquid
phase. Later, Brinker and Scherer [67, 69] adopted the term to distinguish the
particulate silica sols formed in aqueous solutions from the polymeric silica sols
formed by hydrolysis of alkoxides in ronaqueous solutions. When extreme
conditions (high pH) are excluded, silica-based sols show rather polymeric
nature during gelation, whereas metal alkoxides prefer to form particulate sols
[70]. In some cases the diameter of particles is in the order of 1 nm (oligomers),
i.e. far from the size of the particles of polymeric silicates. Therefore, according
to the definition of polymeric sol, proposed by Brinker, the solid phase contains
no dense particles bigger than 1 nm — approximately the lower limit of the col-
loidal range [71]. Thus we can define particulate system as a system containing
dense primary particles with the size over 1 nm.

Particulate sols can also form three-dimensional networks, when the dis-
persion forces get strong enough to stick the particles together. Unlike poly-
meric gels which are covalently linked (permanently), particulate gels are linked
by van der Waals forces (reversibly). In real systems, condensation does not
stop in the gel point. Further condensation takes place because the segments of
the gel can still move, causing new bond-forming between different segments.
In addition to that, liquid phase entrapped to the network still contains a sol with
smaller particles that join the network.

Reaction kinetics of hydrolysis and condensation have been studied in num-
ber of works [72—85]. In the case of silicon alkoxides, the hydrolysis reaction is
kinetically independent from condensation/polycondensation reaction. There are
three competitive pathways for the silicone-based compounds following the
condensation/polycondensation reaction — oxolation, alkoxolation and olation
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[84]. The kinetics is determined by the electronegativity of metal or metalloid
atom. It is a well known fact that the transition metal alkoxides react very
rapidly with water, even with the atmospheric humidity, as soon as they are
brought into contact. Reaction times for metal alkoxides are 10°~10% times faster
than for silicon alkoxides [87]. Silicon alkoxides, on the other hand, are not
very reactive with water. This is also the reason why the hydrolysis of silicon
alkoxides requires catalysts for efficient gelation rates. The hydrolysis can be
catalyzed either by acids (HCI, HNO;, H,SO,) or by basis (NaOH, amines), as
shown in figure 3. The following reactions are different in terms of the
mechanism and kinetics, resulting in the first case with the formation of rather
linear polymers via Sy1 nucleophilic substitution mechanism and in the second
case usually with highly cross-linked aggregates via Sy2 mechanism. The latter
stems from the fact that the base catalyzed Sy2-type process makes the partially
hydrolyzed silicone alkoxide species more prone for further hydrolysis than
condensation. Therefore, generated monomeric particles are able to link
together and form three-dimensional aggregates. Despite this, cross-linking of
linear, acid-catalyzed chains, is also possible by interlinking of chains. In the
case of base-catalyzed systems, the cross-linking starts at the beginning of the
process. Thereby it is very important to consider the water to alkoxide ratio (R-
value), which influences the structural evolution of the material being prepared.
More precisely, it determines the size of forming particles and the degree of
cross-linking.

Acid catalysed hydrolysis
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Figure 3. Differences between acid and base catalyzed hydrolysis [66].

Unstability of transition metal alkoxides toward hydrolysis is explained with the
partial positive charge which is much higher for transition metal alkoxides
compared with that of silicon. Approximate estimation of the partial charge
distributions of some alkoxides are shown in table 1. According to this, metal
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alkoxides must be handled very carefully. Often stabilizing agents are added to
the alkoxides in the sol-gel process [15, 88].

Table 1: Positive partial charge of M for ethoxides.

Alkoxide | Zr(OEt), | Ti(OEt); | Nb(OEt); | Ta(OEt), | W(OEt), | Si(OEt),

o(M) +0,65 +0,63 +0,53 +0,49 +0,43 +0,32

Reaction kinetics is also influenced by the oligomerization (molecular comple-
xity) of the metal alkoxides. It depends merely on the nature of particular metal
atom. In the group, the complexity increases with the atomic size of the metal
(Table 2). This explains why the divalent transition metal alkoxides (Cu, Fe, Ni,
Co, Mn) changes insoluble as a result of polymerization [89, 90]. A good
example of the molecular complexity is the formation of precipitate from
Zr(OPr"),, dissolved in polar solvent, n-PrOH, whereas, if dissolved in nopolar
solvent, the precipitation can be avoided. On the other hand, reaction kinetics is
also influenced by the characteristics (size, electron providing) of organic
ligand. For example, the length of alkyl chain of titanium n-alkoxides, Ti(OR"),,
affects the reaction rate. Decrease of the chain length decreases also the reaction
rate [91-93].

Table 2: Molecular complexity (number of metal atoms per osmotic molecule) of some
transition metal ethoxides as a function of metal atom size.

Compound Ti(OEt), Zr(OEt), Hf(OEt), Th(OEt),
Covalent radii (A) 1,32 1,45 1,44 1,55
Molecular complexity 2.9 3,6 3,6 6,0

The size of the forming molecule depends how many bonds the monomer of
alkoxide can form by hydrolysis. If it is more than two, then there is no limit on
the size of the molecule. The growth of the molecule may end with the gelling
point i.e. when the dimensions of the macroscopic molecule extend throughout
solution.

3.4. Transition metal oxides

Transition metal alkoxides, M(OR),, are the most widely used molecular pre-
cursors in sol-gel processing [6, 84, 94—101]. Their popularity stems from the
circumstances that they are usually easily accessible and inexpensive and easily
converted to oxides. The last feature makes them in the eyes of chemists more
desirable precursor candidates than, for example, inorganic salts (sulfates,
chlorides, nitrates). Recent works in the field of sol-gel technology, including
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studies on both molecular and crystal structure and the reactivity of these com-
pounds, have considerably changed the understanding of chemical nature of
alkoxides, in the eyes of both chemists and materials scientists. It turned out that
the compounds earlier considered to be M(OR), are in fact oxoalkoxides
MOL(OR), [40, 41]. Due to the formation of a large number of oligomeric
species, which depends on the oxidation state, on the pH or on the con-
centration, the chemistry of transition metal salts can be rather complicated. The
metal ions are coordinated by the counter anions. Just as the removal of these
anions from the resulting product may be quite a challenge, they can also
influence the morphology, the structure and in the some cases even the chemical
composition of the final material [10]. Therefore, many of these problems can
be avoided by the exploitation of metal alkoxides as precursor solutions, instead
of salts. Another major issue associated with sol-gel chemistry based on the
hydrolysis and condensation of molecular solutions, is the control over the
reaction rates. Based on the common understanding about the kinetics of sol-gel
reactions, in particular the hydrolysis and condensation, which is based on the
silicon alkoxides, these reactions are kinetically independent. For the majority
of alkoxides, like transition metal alkoxides, however, these reactions occur too
quickly, in other words, it is practically impossible to identify when the hydro-
lysis reaction ends and the condensation reaction starts. This inhibits morpho-
logical and structural control over the final oxide material. Furthermore, this
makes it very difficult to control the composition and homogeneity of complex
multimetal oxides, due to the different reactivities of metal alkoxides [10].
Therefore organic additives are used to decrease the reactivity of precursors.
Additives like B-diketonates, functional alcohols and carboxilic acids act as
chelating ligands and decrease their reactivity [10, 46, 100—110]. Any slight
changes, even the smallest ones, in the synthesis parameters may lead the whole
process to an undesirable final result. Taking into account also the hardly
distinguishable hydrolysis and condensation reactions, it is almost impossible to
fully control the sol-gel process.

Turova et al. [84] have pointed out in the review book ,,The Chemistry of
Metal Alkoxides* the main advantages of the sol-gel processing of alkoxides in
order to obtain oxide materials as follows:

e majority of the alkoxides, M(OR), (n<3), are easily purified by the
destillation or sublimation (below 200 °C) or by recrystallization from
organic solvents;

o metal alkoxides are very prone to the hydrolysis reaction, forming inter-
mediate reaction products — hydrated oxides that are free from any extra
anions, in contrast to the precipitation method from the aqueous mixtures of
inorganic salts;

e small agglomeration rate, very high hydration rate (minimal amounts of M-
O-M bridges) and high reactivity of the forms M,0, xH,O makes them
excellent candidates to form stable colloid systems — sols and gels;

e relatively low temperatures of dehydration of sols/gels that sometimes
occurs during the hydrolysis reaction, forming very small oxide particles
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possessing well-developed surfaces, high chemical activity and usually
amorphous or metastable phases that can be transformet into more stable
forms by the subsequent thermal treatment;

e metal alkoxides are usually pure, inexpensive and easily available for the
synthesis of highly homogeneous oxide gels, glasses, fibers, films, etc.

Chemically, alkoxides are extremely weak as acids, easily removable via hydro-
lysis and thermal annealing, leaving highly pure hydrated solids. These features
have made metal alkoxides the most common candidates of molecular pre-
cursors [11, 40, 41]. Titanium- and zirconium-based alkoxides are widely used
for the preparation of glasses and ceramics. Metal alkoxides are known for their
very high reactivity towards water and atmospheric humidity. Interaction with
airborne water molecules or even poorly dried solvents results in extensive
changes in molecular complexity and chemical composition [111-115].

In metal alkoxides, metal atoms are stabilized in their highest oxidation
states by the very electronegative OR groups. Therefore it is very important to
handle the alkoxides with great care. There is a vast amount of literature
available which describes the reactions of metal alkoxides. Although they are
distinguished from silicon alkoxides, Si(OR)4, by several factors, like lower
electronegativity and stable coordinations, still, as shown in the majority of
articles, reactions with metal alkoxides are considered to proceed almost
exclusively through the SN2 type mechanism like in the case of non-metal,
silicone alkoxides. It has been suggested in the literature, that metal alkoxides at
first form hydroxo-alkoxide species like Ti(OR);(OH) or Zr(OR);(OH) as
results of hydrolysis of alkoxide monomers. Formed species can then become
further hydrolyzed or undergo condensation, which results in the formation of
oxo- (oxolation) or hydroxo (hydroxolation) bridges [116]. In this case, the
hydrolysis and condensation are viewed as two independent kinetic regimes
(also referred as a two-step hydrolysis-condensation) like in the case of silicon
alkoxides. Thereby, the condensation is handled as a polymeric condensation
(polycondensation). In more detail, the condensation of transition metal
alkoxides is proposed to occur via one of the two nucleophilic mechanisms:
nucleophilic substitution (Sy) takes place when the preferred coordination of
metal atom is satisfied and nucleophilic addition (Ax) occurs when the preferred
condition is not satisfied:

MI—OX+M2—OY—)M1—O—M2+OY eq4
M1—0X+M2—OY—>M1—O—M2—OY eq5

In first case, a hydroxy bridge is formed between two metal centers [84]. This is
called olation. Alternatively, two metal centers are linked via oxo bridge (- O -).
This is called oxolation.

Extremely rapid kinetics of metal alkoxides cause fundamental studies to be
much more difficult than for silicon alkoxides. Recently, however, Kessler and
Schubert [40, 41, 117-119] have persuasively demonstrated that the hypothesis
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of kinetically controlled hydrolysis-polycondensation is insufficient to describe
the sol-gel process of metal alkoxides. The main argument that supports this
theory, is the fact that metal alkoxides are not monomers, like silicon alkoxides,
but oligomers [40, 41]. Its due to extreme Lewis basicity of the alkoxide anions
RO". If small amount of water is added to the metal alkoxides, then micro-
hydrolysis does not end with any hydroxide intermediates. Instead of that, well-
defined oligonuclear oxo-alkoxide species are formed directly through one-step
hydrolysis-condensation transformation, which is caused by the restructuring of
the precursor molecules, for example [40, 41]:

3Tiy(O'Pr)s + 2H,0 — 2Ti;0(O'Pr), + 4 PrOH eq. 6
Zr4(OnPr)16 + HQO — Zr4O(OnPr)14(“PrOH)2 €q. 7

The parameter having the greatest impact on both silicon and metal alkoxide
hydrolysis reactions is the molar ratio of reactants, also called the R-factor, in
the literature often denoted also as a hydrolysis ratio 4. It is defined as a ratio of
water molecules to metal alkoxide molecules (R=[H,O]/[M(OR),]) [84]. Proper
ratio allows one to achieve the formation of material with distinct structure. It is
also shown that the obtained metal alkoxide species have extremely
complicated structures (Figure 4). Kessler [40, 41] has compared the molecular
structures of the individual hydrolysis products of metal alkoxides with the
structures of well known oligonuclear inorganic oxometallates (M30;;, M4Og,
M;4O19, M70,4).

4

1Bu
iPr iPr

f=d

N

N

//J\ A
e \ 0 N\
e o -

0
u

o 0 o 0
\,pr tBu/

Pr Bu

IPr/ 0

Figure 4. Molecular structures of the titanium [99] and zirconium [100] micro-
hydrolysis products.

Mosset ef al. [122] have shown that different hydrolysis ratio results in different
almost spherical aggregates. For the titanium ethoxide, for instance, different
conditions for partial hydrolysis, i.e. different hydrolysis ratios, have also
resulted with such aggregates as TigOg(OEt)yo [123], Ti;9Os(OEt),4 [124] and
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Ti;6016(OEt);; [122]. Although the hydrolysis ratio is the most decisive factor,
considering the progress of microhydrolysis, it also depends on the complexity
of ethe solution and may be rather selective. In the case of more complex
media, only one or few of the components are transformed into oxoalkoxide
species, as a result of microhydrolysis and changing thereby the stoichometry of
molecular precursors. However, these undesirable phenomena can be avoided if
all the operations in the preparation process, like weighting the alkoxides are
carried out in dry atmosphere using a Schlenk line or a dry box and solvents
dried with the reliable technique are used [84]. From the perspective of
reproducibility of the process, strict control of the reaction temperature and
stoichiometry is of crucial importance.

Recent studies have disproved also the effect of heteroligands to the hydro-
lysis and condensation kinetics. One of the main differences between metal
alkoxides and silicon alkoxides is the high mobility of the ligands of metal
alkoxide. It turned out that, in the case of metal alkoxides, heteroligands are
easily transferred also between different molecules, not only within one mole-
cule, as was believed so far. Moreover, they tend to be considerably smaller
than the alkoxide ligands they can replace. For example, crystallographic
studies have shown the size difference between the acetylacetonate (acac)
ligand and ethoxide ligand, where the first one has the size of two ethoxide
ligands [40, 41]. Two isopropoxide ligands, which can also be replaced, are
even much bigger (Figure 5). The entire process of sol formation is related to
the self-organization of the ligands, rather than to the kinetics of hydrolysis and
polycondensation.

3.5. Formation of metal-oxo-nanoparticles

In the 1960s, Don Bradley [124] proposed the hypothesis for formation of
densely packed molecular oxoalkoxide products by addition of substoichio-
metric amount of water to the alkoxide. Structure of mentioned primary
particles was derived from the arrangement of cations and anions. Later it
became clear that the stability of these primary particles is most likely
determined by the interactions on its surface, which in turn depends on the
absence of residual organic ligands. Recently, Kessler [40, 41] denoted these
particles as Micelles Templated by Self-Assembly of Ligands (MTSAL). He
also claimed that the size of particles depends on the conditions of coordination
equilibrium and ligand-solvent interactions. The particle size will generally be
in the range of 2—5 nm (Figure 6). Therefore, we are dealing with the particulate
sols, which were described in the previous chapters. Single crystal X-ray
analysis has proven that even the particle diameter is about 2 nm, it can still
incorporate hundreds of metal atoms [125-129].

24



2

RO

RO

il\“ /'i'\oa +H0 (+H)—
OR

Figure 5. Formation of a Micelles Templated by Self-Assembly of Ligands (MTSAL) -
primary particle of the sol-gel process. L stands for the ligand group. Kessler et al. [40,
41].

Consequently, two questions arise: how big can the particle grow and why is the
size defined in so narrow range. The reasons are manifold: thermodynamic
parameters (solubility of the oxides, diffusion coefficients of the cations) from
one side and heterogeneous kinetic parameters on the other hand. Lundqvist and
Persson have calculated, on example of titania, that particles with smaller
diameters have higher activation energy [130, 131]. Therefore it can be assumed
that the growth of the aggregate ends when it is not kinetically favorable, i.e.
when a certain limiting size of aggregate is achieved. This theory has
experimentally been proven by several groups of scientists. The further growth
of particles is still possible, depending on the conditions of subsequent
processing. Amorphous shell makes the particles reactive with each other and
they can form bigger aggregates, when interacting to each other. There are two
ways for the binding, either via formation of M-O-M bonds or via hydrogen
bonding. The size of forming aggregate depends on the hydrolysis ratio and the
presence of gelating ligands. At smaller ratios also smaller aggregates can form
and, hence, uniform transparent sols and gels will occur. It is promoted by the
strong interactions between ligands and solvent. At higher ratios, however, the
aggregation of particles takes place in the entire volume range of the solvent,
thereby, in the absence of ligands. In the latter case dense gels or precipitates
will form. Further processes of MTSAL will be viewed in the following
chapters.
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Figure 6. Aggregation of primary particles in case of low hydrolysis ratio. Essential
amount of ligands interacting with the solvent ends with the formation of uniform trans-
parent sols and gels (1). Higher hydrolysis ratio and absence of necessary ligands results
in dense and non-uniform aggregated gels or precipitates (2). Kessler et al. [40, 41].

Almost analogous oxide and sulfide MTSAL primary particles, with the average
size about 5 nm, have been also obtained by applying the non-hydrolytic sol-gel
route of metal alkoxides [40, 41]. But in contrast to the hydrolytic process, in
this case the obtained primary particles are fully crystallized. This difference is
caused by the avoidance of dehydration process — the main drawback of the
crystallization in the case of hydrolytic process.

3.2.1. Preparation of molecular precursor

The sol-gel process starts with the preparation of molecular precursor solution
via dissolving metal-O-organic material in an organic solvent that is miscible
with water or via dissolving inorganic salts in water [10, 11, 84]. The formation
of a clear colloidal solution (so/), as a result of primary condensation (via
hydrolysis) of dissolved molecular precursor, is the main peculiarity that makes
the sol-gel technique unique and distinguishes it from other methods. This step
is followed by the second peculiarity of sol-gel process — the formation of
chains by chemical bonding of these colloidal particles [10, 36]. The cross-
linking of the changes in to three-dimensional network as a result of ongoing
chemical reactions is called gelation. The condensation reaction itself is caused
by the local reactive groups on the surface of particles. In general, the gels can
be considered as a stable colloidal systems where all ingredients and phases are
equally distributed in the entire volume of the system. Or, alternatively, they
can also be considered as colloids, consisted on solid matrix, where the spaces
around its knots are filled by liquid [132, 133]. This transormation, from sol to
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gel, is called the sol-gel transition (hence the name sol-gel method). The
gelation competes with the process of flocculation- a process wherein colloidal
particles precipitate from the suspension in the form of floc or flake. This
process is caused by the isotropic micelle aggregation (Figure 7). Previously
described stages are both controlled by the condensation chemistry that can
include either hydrolysis of hydrated metal ions or metal alkoxide molecules as
a first step [36, 105, 116, 134]. The condensation chemistry itself is based on
the reactions of olation/oxolation between hydroxylated species [36, 105, 116].
Further, there are two possibilities to dry the obtained gels, which divide the
materials obtained into two general categories: xerogels and aerogels [5].
Removing the pore liquid under ambient conditions causes shrinkage of the
pores and yields with the xerogel. Another opportunity is the removal of the
liquid from the network under hypercritical conditions. In this case the network
does not collapse due to missing of liquid-gas interface which leads to aerogels
— an ultralight materials with extremely low density [10].
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Figure 7. Formation of gel versus flocculates [84].

Sol-gel method, like any other, have also some deficiencies, which should be
specifically taken into account during the process in order to prevent
undesirable course of reaction. The first drawback comes with the precursor
solutions if the metal alkoxides are applied as the starting reagents [91]. Due to
their extremely high sensitivity to water they commonly lead to formation of a
precipitate [4, 6, 135-140]. Inhomogeneous precipitation during sol-gel
processing is usually an undesirable phenomenon that scientists are trying to
avoid, searching for the most optimal reaction parameters (hydrolysis and
condensation rate of the molecular precursors, temperature, pH, mixing, rate of
oxidation). Unfortunately, such a vast number of parameters that need to be
strictly controlled, in order to provide good reproducibility of the synthesis,
makes the sol-gel processing difficult to control [10, 34].
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3.2.2. Aging

Process following to the gelation is usually aging. As it was mentioned above,
the formation of solid, three-dimensional network does not stop completely in
the gel-point. Aging is the process where the solid network continues to evolve.
It involves three steps: continuing linking of particles with each other, syneresis
and coarsening. During the first step, unlinked primary sol particles, still
absence in the liquid phase, will join into the solid network. This step ends
when all of the free particles are networked. At the same time, the material
shrinks. Next step — syneresis — is a spontaneous and irreversible shrinkage of
the material. Result of this process is the expulsion of pore liquid. This is also
the source of stresses. The expulsion of pore liquid follows the Darcy’s law [11,
141], whereby the flux J is proportional to the gradient of the liquid pressure:

j=—2 VPL,
nL

where 1 is the liquid viscosity and D is the permeability of the liquid. The last
step — coarsening — also referred to as Ostwald ripening, comprises dissolution
and reprecipitation. In this process surfaces with different radii of curvature
play an important role, thereby setting off differences in solubility. During
coarsening the strengthening of the gel takes place, without any shrinkage. The
process depends strongly on the temperature, pH, concentration and type of
solvent [11].

3.2.3. Drying

As described above, sol-gel preparation of bulk oxide structures includes the gel
formation, aging, drying of gels and subsequent annealing of the gels to get
dense oxides [66]. Drying of an as-synthesized gels is one of the most critical
proces. One can even say that it is the major obstacle in producing bulk,
unbroken sol-gel-derived structures (films, fibers, tubes). It's due to the fact that
as-synthesized gels are wet, i.e. the pores of material are filled with residual
liquid phase. Liquid phase entrapped in the pores are the main reason of cracks
and fracture of the material during drying process. Therefore, understanding
even the smallest nuances of this part of the sol-gel process is crucial to obtain
unbroken structures. The methods for avoiding that usually undesirable pheno-
menon are also thoroughly described by Sakka et al. in the So! Gel Processing
[11].

The exact amount of residual solvent left to the gel depends on the pro-
cessing conditions. After drying, obtained xerogels contain 40—75 vol.% pores,
from which it can be concluded that the amount of liquid phase in gels are
rather high [84]. Pores occur if the gaps are left between connected particles or
networks of the material. At the first stage, the whole gel body is covered with
liquid phase which then enter into the surface layers of the gel body. The best
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theory so far, which describes that phenomena, is provided by Zarzycki et al.
[11, 142]. In their considerations the cracks occur in drying gels when the
capillary forces exerted by the pore liquid to the pore wall exceed the strength
of the gel network. This theory regards the fine pores as capillaries with the
diameter D. At the menisci, the solvent with surface tension y causes the
capillary force AP:

AP = 4y cos@,
D

where © is contact angle between the solvent and capillary wall. The resulting
pressure generated is proportional to the specific surface energy at the liquid-air
interface. During the drying process most of the residual solvents are vaporized
from the pores of surface layer of gel, thereby causing the shrinkage of this
layer. However, since the inner layer of the material does not shrink, it
generates the tensile stress in the surface layer. By the Zarzycki ef al. [142], this
results in the crack formation or fracture if the stress exceeds the strength of the
gel. For example, if a pore with the radius of 2 nm is filled with water, the pres-
sure may reach 73 MPa, assuming that the wetting of the liquid is perfect
(Figure 8). The solution for this problem might be an application of long drying
times, i.e. the evaporation rate of the liquid should be very low. But in practice
this is still not an applicable solution because of too long process times,
reaching even months or years to form a monolithic xerogels. Instead of that,
surface tension of the liquid can be modifyed by adding drying control chemical
additives (DCCA), like formamide [11, 84, 143].

AP, < AP,

-
| === ——]

L S =

=y J\‘

Crack

VA %

M I
i

\b\

Figure 8. Crack formation in sol-gel derived metal oxide materials [23].
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Another technique, developed by Kistler [144, 145], to prevent crack formation
during drying, is to dry the gels in an autoclave under supercritical conditions.
However, it should be noted that the path of the thermal treatment and the
equilibrium curve do not cross. This technique was successfully implemented
by Nicolaon and Teichner [146] to gels obtained from metalorganic compounds.
Montpellier developed the supercritical technique by the systematic investi-
gation of optimal parameters of the drying process [11, 84]. The critical point
can be bypassed by two different ways: addition of some extra liquid in to
autoclave and heating or by applying pressure of the inert gas before heating,
but in either case the resulting material is highly porous. This very unusual,
highly porous product, where pores are filled with air, is called aerogel. Several
papers are devoted to aerogels [147-153].

3.2.4. Thermal treatment

Near-room-temperature synthesis, which is one of the advantages of sol-gel
method, on the other hand, leads to a problem, in many cases the materials are
needed in chrystalline form, which for they are to be heat treated. In order to
obtain crystalline oxide materials, the xerogels require post-synthetic thermal
treatment, to induce the crystallization process. However, the common sintering
temperatures of sol-gel materials still remain below the sintering temperatures
of the conventional powder-ceramics. Control over crystal size and shape
during this step, however, are obstructed. This limitation plays only a minor role
in the case of synthesis of bulk metal oxide materials, contrary to the synthesis
of nanoparticles, where they represent the major issue [10]. In addition to that,
thermal treatment of as-synthesized structures generates stresses inside the
material which are the origins of the cracks. Although most of the residual
solvent entrapped in the as-synthesized gels are vaporized from the pores during
drying process, small amount, nevertheless, remains inside the pores after
drying. During the heating of the gels, solvents have to be removed and at the
same time, sintering of the material has to take place. Thus we can say that
pores play an important role in forming crack-free structures.

During the heating procedure, gel structures experience following stages:
heating-up, isothermal heating (annealing), and cooling-down. In the first two
stages, gel structures undergo significant changes in structural composition and
chemistry. This transformation results with the evolution of stress. Stress that
occurs at the stages of heating-up or annealing, is called intrinsic stress [11].

The stress generation and the crack formation in the heating-up stage could
also be caused by the densification behavior of gel structures, which are likely
affected by a number of processing parameters. The extent of hydrolysis
(H,O/alkoxide molar ratio) of precursor solution, i.e. the amount of water for
precursor hydrolysis, is one of the factors. In order to know the effect of water,
in situ stress measurements have been carried out by Kozuka [154]. Although
silica gel films deposited on single-crystal Si substrates were applied in the
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latter study, it likely describes the stress evolution and crack formation in the
metal alkoxide-derived gels as well. The nature of this stress is tensile and
increases with temperature. Experimental results indicate that higher hydrolysis
ratios cause higher stress. It can be explained with the larger extent of poly-
condensation reaction occurring in the material during heating. This, in turn, is
caused by the larger amount of the OH groups susceptible to polycondensation
reaction. In other words, the higher stress at higher hydrolysis ratio is caused by
the higher capillary pressure [11].

As mentioned above, the crack formation is always observed on planar gel
films deposited on some kind of a substrate. Thus, probably the main reason for
cracking in such cases is the difference in the thermal expansion coefficient of
the observed gel film and the substrate material. Consequently, it can be
assumed that in the case of freestanding gel structures (fibers, tubes etc.) the
origin of the cracks lies in the pores only. SEM images taken earlier [11, 84]
show, that these microcracks emerge along grain boundaries, which means that
they are formed after crystallization.

Even if the microscopic cracks do not affect the integrity of the sol-gel
structures, then the macroscopic cracking becomes fatal to those structures,
leaving only small pieces of the initial gel body. Unfortunately, there are only
few researches discussing that significant problem, and only couple of these
studies include the in situ investigations of macro-cracking. Brinker et al. [15,
29, 42] have proposed a theory on the macrocrack formation. According to
them, the macroscopic cracking is caused most likely due to the intrinsic stress
(not due to the thermal stress, which develops in the cooling stage) in the
heating-up stage. However, since the observations were always done after the
thermal treatment, it is only hypothesis, which has not been confirmed
experimentally. So, according to this study, the question still remains; in which
thermal treatment stage, i.e., the heating-up, annealing, or cooling-down stage,
the gel structures crack and decompose.

In situ investigations of macroscopic crack formation have shown that the
cracking does occur in the heating-up stage at 100400 °C as a function of
heating rate and film thickness (can be considered also as a thickness of all
kinds of freestanding structures). Observations on titania films have shown that
macroscopic crack formation have occurred at temperatures lower than 500 °C,
which is the crystallization temperature of titania. In other words, cracks
occurred prior to crystallization. Therefore, it can be concluded, that the
macroscopic cracking is caused by the tensile stress due to the densification of
the material in the heating-up stage, not due to the thermal stress in the cooling-
down stage.

The experimental results indicate that at the lower heating rates cracking
occurs at the lower temperatures, as shown in Figure 8, where the cracking is
plotted as a function of heating rate. Simultaneously, lower heating rate results
in lower porosities, which means that material has more time to be densified
during the heating-up stage.
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It is a very well known fact that thicker films are more eager to crack
macroscopically than thinner films. Effect of thickness to the crack formation
during the thermal treatment has been investigated by Kozuka in a number of
works [154-158]. A series of films from silica and titania gels was prepared
with various thicknesses by spin-coating. These studies revealed that the cracks
were formed in thicker films at lower temperatures, as can be seen in Figures
12-13. However, there is no information available about how the intrinsic stress
generated in the heating-up stage is affected by the thickness of the film.

Garino [159] has studied how the amount of water for microhydrolysis
(H,O/alkoxide ration) affect the cracking-onset-temperature of films. According
to his report which comprises alkoxide-derived silica films, increasing the
hydrolysis ratio decreases the critical cracking thickness. Higher hydrolysis
ratio causes higher stress in the film and is thus related to the lower cracking
temperature. In contrast to that, the cracking temperature of the thinner films is
higher.

In the case of more crystalline materials and due to the nanoparticulate
structure, the cracks may differ in the way of propagation and the shape. At the
lower temperatures they tend to propagate curled and at higher temperatures
likely straight [11, 84, 159]. This phenomenon may be caused by the increase of
the stiffness of the gel film during the increase of heating temperature. Increase
of the stiffness takes place as a result of polycondensation reaction and densi-
fication. This type of the process of course would make the material brittle,
allowing therefore propagation of straight cracks. At lower temperature, how-
ever, the development of the three-dimensional network is not yet finished and
therefore the material maintains its plasticity. In this kind of material the way of
crack propagation is not strictly determined, leading to cracks with arbitrary
shape.

In sol-gel processing the humidity of surrounding atmosphere and chemical
composition of precursor material also play important roles and affect the onset
temperature of cracking. As can be seen in the Figure 12-17, where the
cracking temperature is plotted against the humidity, increasing relative
humidity will decrease the cracking temperature. In other words, when the gel
structures are obtained and annealed at higher relative humidities, cracking of
the material can take place at lower temperatures. Reason for this phenomenon
has not yet been found out, but there is a couple of theories: water vapor may
cause the post-hydrolysis on the surface of the gel structure, inducing
solidification of the surface and, thereby, leading to the increase of stress
gradient across the thickness; the capillary pressure in the material may be
increased by the adsorption of water molecules on the surface of the gel
structure, increasing thereby the tensile stress.

32



— 1

Xerogel Film Dense Film

Solution of Precursor Coating

Hydrolysis &
Condensation

Dense Ceramic

Xerogel or Glass

Gelling
Supercritical

0 00 o Ooo% Drying

(%) Precipitation O
0V ——> @%@ﬁ 8
O O&

Uniform Powder

Spinning

Fibers

Figure 9. Main steps of sol-gel processing for preparation of diferent shape inorganic
gel materials [10].

3.6. Microtubes

Several methods are proposed as a prior art for preparation of 3D ceramic
micro-materials including microtubes. One of the methods, widely applied for
the preparation of micro tubular ceramic materials, is based on using organic or
anorganic fibres, different membranes, ionic liquids etc. as templates [160—
184]. These templates are covered by a layer of ceramic materials by using sol-
gel technology [160-184], coating of the surfaces by different mixtures of
ceramic precursors [185], chemical vapour deposition (CVD) processes [186,
187], laser deposition processes [188], thermal vapour deposition [189] layer by
layer adsorption coating [183, 184], electrophoretic deposition [190], hydro-
thermal deposition [191] or some other methods. The tubes are obtained when
the template at the core of these structures is removed. This can be done by
using burning, melting or dissolving of the template (Figure 10). The weakness
of the method is that it enables preparing of materials with low structural
homogeneity. The size and shape of the pores inside the final material depends
on coating procedure, diameter of the template fibre, thickness of the ceramic
coating on template and on the coating method. As the removal of template
could cause changes of its volume, inhomogeneities and cracks could appear
during the processing. Expensive technologies are needed when ceramic layer is
carried onto the surface of template by using CVD, atomic layer deposition,
laser deposition or thermal vapour deposition. Due to the unhomogeneous
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structure of the tubes obtained by template method they can only withstand 2—3
atm pressure differences applied between the inside and outside of the tubes.

Another known method for the preparation of ceramic tubes is extrusion,
which enables to prepare hollow ceramic materials by pressing viscous-elastic
precursor materials into a suitable shape mold [192]. The tubes can also be
prepared by pressing the precursor trough a suitable shape nozzle. Solidification
of precursor is achieved as a response to cooling, chemical reaction or chemical
reaction caused by UV radiation [192, 193, 194]. Minimal dimensions of
materials obtained by extrusion remain in the 1 mm range defined by the
dimensions of the mold or nozzle. The obtained fresh tubes are sintered at
elevated temperatures to increase their density, to remove the additives and to
increase the strength and hardness of the material. Extrusion is the most widely
applied top-down approach for preparation of metal oxide ceramic materials in
form of tubes and fibres. It is cheap to apply the technology in microscale.
However, the method can not be applied for the preparation of microtubes,
which have an inner diameter below 100 um because, in addition of miniature
nozzles (diameter 100—1000 um), advanced precursors are also required. For
that, the precursor should be homogeneous in nanoscale containing no particles
bigger than 1-2 um. Moreover, the precursors should possess suitable viscous-
elastic properties to avoid the collapse of freshly extruded structures under the
high surface energy of the precursor. All those requirements make the method
too expensive for the production of tubes in microscale. A disadvantage of the
method is that freshly pressed tubes are soft and difficult to handle in further
processing [192].

coating of template removing the solid core
[ ] [
arganic fiber _) fiber microtube
sol-gel, dissolving.
template, burning. etc.
CVD, etc.

Figure 10. Template method for microtube fabrication.

Metal oxide microtubes can be milled out from larger size monoliths. It can be
done by cutting mechanically or by using an electron or ion-source. This
method enables preparing the tubes made of almost all metal oxide materials
including their very hard monocrystalline forms. The drawback of the method is
its costly nature as exact mechanics and cutting tools.

The method to build up the tubes atom by atom or molecule by molecule as a
result of self-formation processes is known as bottom-up approach for materials
preparation. The tubes form as energetically the most favoured structures.
Diameter of the tubes is defined by size of catalysing particles. The method is
suitable for preparation of very small nanotubes in diameter range from 1 to 100
nm. The formation of tubes with a bigger diameter is energetically unfavoured
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as growth remains too low and the number of defects in the tube structure
increases.

Another widely known method for the preparation of tubes is based on roll-
up of thin layers of materials. The suitable conditions have been suggested for
the self-formation of metal oxide ceramic tubes in micro-scale. For that, the
selected substrate is coated with a metal oxide precursor. The tubes can roll up
when the substrate is removed, which can be done by dissolution or mechanical
cleaving. The roll-up process is supported by the tendency of materials to
minimize their surface energy [195-198]. The parameters (length, wall thick-
ness, and diameter) of the tubes are controlled by the length and thickness of the
initial film piece and the selection of solvents. A drawback of the method is that
the tubes which form have an open edge, wherefore they can neither be applied
for pumping liquids nor gasses under pressure.

Yet another known method for the preparation of different shape 3D ceramic
structures, including microtubes, is microstereolitography [199]. This process is
controlled by using a beam excitation with, e.g., a laser, and the structures are
grown up layer by layer. The method is rather expensive as it requires high-
precision mechanics. As the final structures are achieved by growing them layer
by layer, the process is also time consuming.

The use of sol-gel technology in preparation of metal oxide ceramic
microtubes is known as a part of prior art. The function of sol-gel processing in
those methods is to coat templates with thin metal oxide films [160—184].
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4. THIN FILM DEPOSITION TECHNIQUES

Uniform, conformal thin films of different materials (metals, oxides, nitrides
etc.) are widely applicable in modern technology. In particular, thin films have
been used in wide variety of applications, like semiconductor devices [200],
wireless communications [201], integrated circuits [202], transistors [203], solar
cells [204], light-emitting diodes [205], magneto-optic memories [206], electro-
optic coatings [207], multilayer capacitors [208], flat-panel displays [209], nano
electromechanical systems (NEMS) [200], micro electromechanical systems
(MEMS) [200], multifunctional emerging coatings and gas sensors [201]. These
are only few possible applications, the number is growing rapidly. Several
techniques have been applied to obtain thin layers of different materials, such
as: physical vapor deposition (PVD), pulsed lased deposition (PLD), sol-gel
chemistry, chemical vapor deposition (CVD) (Figure 11) [112]. As it appears in
this list, the thin film techniques can be devided into several categories: liquid
phase and gas phase techniques; physical process and chemical process (Figure
11). The principle of physical deposition techniques is the evaporation or
ejection of the precipitated material from the source, whereas chemical deposi-
tion methods depend on the physical properties. Unfortunately, all these
methods meet significant drawbacks when large areas with rough surface need
to be coated with very thin and uniform layers of another material. For example,
in CVD, growth mostly leads to particle agglomeration and uniform deposition
of large surface areas is often limited by the depletion of precursor. PVD is line-
of-sight film deposition technique and do not allow conformal deposition. Sol-
gel chemistry, although superb for obtaining very complex structures at very
small scale, is not practicable at uniform coating of high aspect ratio structures
and surfaces with trenches. Common denominator of these methods is un-
controllable deposition rate. However, last few decades have been a real
triumph for the thin film technique called atomic layer deposition (ALD),
historically also known as atomic layer epitaxy (ALE) [213]. ALD allows to
coat even very complex structures and rough surfaces with extremely uniform
films. The main advantage of this deposition technique is a high precision
control over the film thickness. ALD is also possible to carry out at lower tem-
peratures, compared with CVD and PLD [214-216]. This allows to use bio-
logical substrates as well. And moreover, the ALD is easily transferred to
industrial lines. In recent years it has proved itself as a reliable technique for
growing of high dielectrics for ultrascaled complementary metal oxide semi-
conductor (CMOS) devices [217].
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Figure 11. Deposition techniques of thin films.

4.1. Atomic layer deposition

Although the processes similar to the atomic layer deposition were investigated
already in the 1960s, the year of birth of ALD is considered to be 1977. In this
year Finnish scientists T. Suntola and M.J. Antson granted a first patent —
atomic layer epitaxy of compound thin films [218]. However, it was recognized
later that W.B. Aleskowskii from Russia reported about ALD-related pheno-
mena, surface processes of TiCly and GeCl, on hydrated silica, prior to Suntola
[219]. Due to the quick commercialization of results obtained by Suntola, the
ALD began to spread to the world from Finland.

Atomic layer deposition is a sequential, self-limiting gas-phase deposition
technique. The principle of ALD is alternating saturating surface reactions.
During the ALD process, the substrate material is exposed to precursor vapor
that forms a (sub)monolayer of the precursor material on the surface of
substrate. Subsequently the precursor vapor is removed from the reaction
chamber by a purging with inert gas (argon, nitrogen etc.). Then, the reactant
gas (H,O vapor, O3) is pulsed to the reaction chamber, where it reacts with the
adsorbed layer of precursor material and is followed by another purge of inert
gas to clean the reaction chamber for first precursor (Figure 12). By introducing
precorsor materials into reaction chamber in such a manner, no gas-phase
reaction occurs. And thus, the film is grown layer-by-layer onto substrate. It is
clear that in this case the thickness of the film can be controlled very accurately,
merely by the number of deposition cycles. The principle of ALD is illustrated
on the figure 13. Purging not only prevents reactions between two precursors,
but also removes reaction byproducts of surface reactions from the reactor and
therefore limits the formation of impurities in the grown film. However, the
term atomic layer deposition may be in some cases a certain sense of miscon-
ception, because in real deposition processes often the single cycle results less
than a monolayer of the desired material due to the steric hindrance of the pre-
Cursors.
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The unique process characteristics and good controllability have made the ALD
for the best technique for growing conformal, uniform thin films with precise
thickness control and composition over large areas with rough topology [220—
224]. Since precursors come together only at the surface of the substrate, very
reactive precursors can be applied, which makes ALD chemically very versatile
technique.

In the ALD process it is important that the monolayer is formed by the
chemisorbing of precursor molecules onto the suface of the substrate. In other
words, the precursor molecules have to form chemical bonds with functional
groups at the substrate. This distinguishes the ALD from other deposition
techniques, like PVD, where the precursor molecules are physisorbed on the
substrate surface by much weaker van der Waals forces. The deposition of only
one monolayer is ensured by the purge of the reaction chamber with inert gas.
During this procedure, all precursor molecules which are not chemisorbed, but
physisorbed on the desired monolayer, are removed from the chamber.

In different film deposition techniques, the film growth rate is an important
parameter, referring directly to the speed of the process in time-continuous de-
position techniques and thus, also to its practicality. In ALD, however, the
measure named growth per cycle (GPC) is used. It represents the increase of the
thickness of deposited film within one complete ALD cycle. The GPC is usually
very small, therefore ALD is more suitable for ultra thin film applications with
film thicknesses usually less than hundred nm [213-224].
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Figure 13. Schematic representation of an ALD process [228].

Because the ALD is a chemical process, the nature of the precursors is of
utmost relevance. Precursors used in ALD must meet certain requirements: ade-
quate reactivity to ensure efficient surface reactions; volatility; thermal stability;
resistance to decomposition at the film surface [221-224]. Common precursors
in ALD are alkoxides and diketonates [224]. One requirement for the surface
reactions in ALD process is that the reactions must be complementary. By this
is meant that precursors must prepare the surface reactive for the other precursor
vapour. Only in this case the cycles can be repeated. Hydroxyl groups on the
surface of substrate are the initiating sites for the film growth. It could be
assumed that one precursor molecule react with one -OH group. But the
relations between the amount of chemisorbed precursor molecules and tempe-
rature dependence of -OH densities have been more thoroughly investigated on
the example of HfCl, and SiO,. It was found that if the -OH density is less than
2.2 -OH/nm’, each precursor molecule reacts with one -OH site. But above
2.9 -OH/nmz, two or even three -OH sites are needed to react with one HfCl,
molecule [225]. The substrate in the ALD process have influence only on the
first few growth cycles, until one monolayer is formed.
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5. RESULTS AND DISCUSSION

5.1. Precursor materials

5.1.1 Preparation of metal-oxo-alkoxide sols

The paper I in the list of original papers of current thesis can be considered as
an origin or the starting point of the thesis. In this paper, synthesis of sol-gel
precursors is discussed. The structure of ready-to-use precursors is studied using
SAXS, FTIR, NMR and XRD methods. The preparation of gel fibres from pre-
cursors is demonstrated and discussed. The paper focuses on the limitations of
direct drawing as fibres preparation method. Paper IV is about formation of
hollow fibres (microtubes, capillaries). The differences between the formation
mechanisms of gel fibres and hollow gel fibres are excperimentally shown and
discussed. Paper III focuses on mechanial properties (Young’s modulus and
trensile strength) of gel fibres. The story focuses on evolution of these para-
meters during the aging and thermal treatment of fibres. Paper Il is a discussion
about crack formation during the gellification of sols and post treatments. The
topic is important as the cracking is one of the most serious drawbacks of sol-
gel technology. Maximum diameter of fibres and microtubes (and bulkiness of
sol-gel materials in general) is defined by cracking. Paper V is discussion about
properties of microtubes important in applications under extermal conditions
(high temperature, high pressure and plasma applied inside of the tube). The
properties of the tubes important for ionic membraane application in solid
oxide fuel cells (SOFC) is discussed. A single tube based plasma devise is
demonstrated. Paper VI focuses on optical properties of Sm*” and Eu®" doped of
yttria stabilised zirconia doped microtubes and on their potential applications as
light emitting materials. Paper VII is a demonstration of atomic layer deposition
of MgO on the surface of microtubes. The coatings are required for the functio-
nalisation of the tubes in order to take them into use in construction of SOFC or
micro plasma chambers. Paper VIII (a patent) focuses on explanation of diffe-
rences between our approach to microtubes preparation and its closest analogues.

5.1.2. Formation, structure and chemistry
of metal alkoxides based sol-precursors

It is known earlier that nonhydrolysed metal alkoxides exist as molecular tri- or
tetramers. In paper II it is shown that 0—0.7 moles of additional water is needed
to transform metal alkoxides into spinnable (spinnability is defined as a pro-
perty needed to draw the matters into long slender threads), crucial in fibres
preparation from metal-oxo alkoxide precursors. The exact quantity depends on
nature of alkoxide, mainly on stability of particles that is in a correlation with
structure of used alkoxy groups. In the paper II, it is concluded that in the
experiments carried out, the following mole quantities of water are to be added

40



to the metal alkoxide in order to transfer these into spinnable metal-oxo-
alkoxide sols:

Alkoxide R
Sn(OBu), 0.5-0.8
Sn(OPr), 0.2-0.3 (decomp.)
Ti(OBu),4 0.6-0.9
Ti(OPr), 0.5-0.8
Z1r(OBu), 0.4-0.6
Zr(OPr),4 0.4-0.6
Hf(OBu), 0.4-0.6
Ce(OBu),4 0
Ce(OPr), 0

It should be noted also that it is not an easy task to control the rate of metal
alkoxide hydrolysis. We can even propose that it can be done by controlling the
spinnability of alkoxides as a result of addition of water. For example, we have
noticed that alkoxides purchased from different manufacturers may turn or not
turn spinnable as a result of adding different quantities of water. In the case of
Zr-butoxide, this quantity would vary from 0.2 to 0.7 moles of water per a mole
of alkoxide. This is probably related to different rates of hydrolysis of com-
mercial metal alkoxides.

In 1950s, Don Bradley [16] used cryoscopic and ebullioscopic molar mass
detection methods to study clusters of metal-oxo-alkoxides, formed as a result
of addition of water. Nowadays the structure can be studied by different modern
techniques, such as SAXS, SEM, TEM, XRD, FTIR, NMRm, etc. that we have
also applied to study our materials. The main results introduced in the different
papers are listed in the table below:

Method used Results Paper
for analysis
SAXS Hydrolysed and thermally treated Sn(OBu), particles have | 1

elongated shapes, with a 3.5-4.5 nm length and 1.2-
1.6 nm diameter

Water-treated Sn(OBu), precursors contain ~Inm size | III
particles. The volume distribution function of particles in
the hydrolyzed Ti(OBu), was calculated by assuming a
spherical particle shape model.

XRD Analysis did not detect any crystalline phases in water | I
treated Sn(OBu), fiber precursors. Precursors prepared by
thermal treatment of Sn(OBu), shown broad reflections.

FTIR Water and thermal treatment of Sn(OBu), led to the | I
growth of the 465 cm ' peak that is associated with Sn—O
vibrations.

NMR Shown transition of 6-coordinated Sn into 5-coordinated | I

Sn during the heat-treatment of Sn(OBu),
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It can be concluded that all the methods demonstrated that our precursor
materials consist slightly crystalline or amorphous nanoparticles, 2—4 nm in
size. The results are in a good correlation with MTSAL theory proposed by
professor Vadim Kessler [12], a co autor of our paper IV. In accord with the
theory, addition of water to metal alkoxides leads to profound changes in their
structure. Alkoxy groups that act as stabilizing shell around metal-oxo cores are
released as a result of hydrolysis. Thereafter particles undergo growth to bigger
sizes which also stabilise their structure. The hydrolysis and growth of particles
is explained by extremely high acidity of metal alkoxides in the Lewis sense,
which appears to be the driving force of self-agglomeration. This directs
towards the increase of particle size and, therefore, the increase of viscosity.
Alkoxide groups in this action play a role as templates, defining the shape,
structure and stability of particles. Therefore, the concept is named as Molecular
Templated Self-Assembly of Ligands (MTSAL).

5.1.3. Fibres vs. Tubes drawing.

It is shown in Paper I that the drawing of fibres is a typical chemical technology
process where the precursor properties are crucial. The main demand for the
precursors is spinnability, defined as the ability of liquid to form threads under
application of external stress, mechanical or electrostatic (electrospinning)
forces. The second requirement is the possibility to transform viscous precursor
threads into solid fibres, which is usually achieved via drying (dry pulling),
cooling (melt pulling), osmosis (wet pulling) or as a result of chemical re-
actions. It is shown in Paper I that as-synthesized as well as heat-treated and
water-treated Sn(OBu), exhibit a typical behaviour of non-Newtonian liquids:
apparent dynamic viscosity decreases with the shearing rate. This is caracteristic
behaviour for polymeric liquids and can be explained by the alignment and
sliding of elongated particles under applied stress. The shear thinning behaviour
was more pronounced for the water treated samples, compared to the heat
treated ones. Tin butoxide precursors have a higher storage G’ modulus (elastic
response) than loss G” modulus (viscous response) indicating a predominantly
elastic behaviour. The frequency dependence of the moduli is polynomial for
both the water and heat-treatment-processed systems; the power exponents of
G for the water treated and heat-treated samples are 0.14 and 0.03, respecti-
vely, and both exponents are 0.15 for G*. A low value of the G® exponent
indicates higher elasticity, thus the intermolecular cross-links are stronger for
the heat-treated than water-treated precursors.

Paper IV focuses on solidification occuring as a result of chemical processes
of liquid threads drawn into air. The paper is built up as a discussion about
different mechanisms of solidification leading to formation of fibers in the case
of Ti(OBu), and hollow fibres in case of Zr(OBu),;. The metal-oxo-alkoxide
liquid threads, when pulled out from the bulb into a humid atmosphere were
immediately jacketed by a solid shell that formed on the outer surface via
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hydrolysis—condensation of the precursor and coalescence of the resulting nano-
particles. The solidication proceeded during the entire reaction of the precursor.
During the solidication, sol-gel material shrinks and loses volume as a result of
several processes such as evaporation of solvents, crystallization, and tighter
packaging or coalescence of particles. In our experiments the volume loss
(shrinkage) of the fibers during the solidication process was measured in situ.
The higher shrinkage in the case of Zr-alkoxides (~15% of volume) is certainly
due to the increase in the coordination number of Zr from 6 to 8 during the pro-
cess, inducing formation of denser particles compared to Ti-alkoxide that
shrinks just 3—-4% of volume, and their tighter packing. In the case of Ti deri-
vatives, no coordination number change occurred and it remained equal to 6
during the complete process of solidification.

We have shown that both metal-oxo cores and length of alkoxy groups
stabilizing the surface of the cores, induce a dissimilar behaviour in curing: Zr-
alkoxide threads formed tubes whereas curing of Ti-alkoxide threads trans-
formed into solid fibers. The solidification process for Ti-oxo-alkoxide threads
in humid air is rather trivial. It starts from the surface and proceeds uniformly in
time until the whole liquid content is transformed into inhomogeneous solid in
the form of a long slender fiber (Fig. 6, Paper V). Explanation for the curing of
Zr-butoxide liquid threads is that these solidify as a result of gelation and form a
hollow region to the core as a result of the syneresis process occuring inside the
shell. In this case, the tube walls form during the homogeneous densification
process of metal-oxo gel in a butanol medium. The driving force of the solidi-
fication process is the growth of a number of bonds between the metal-oxo-
cores, which forces the released liquid phase butanol to diffuse out from the Zr-
oxo solid network that is pronouncedly polar and basic by its nature as ex-
plained. As the outer surface of the thread has formed previously as a highly
dense and rigid shell, the only option to shrink and reduce the volume during
the syneresis process remains to press released butanol into the core along the
axis of the fibers. The latter idea is indirectly supported by the fact that higher
amounts of organics are preserved within the material produced from Zr-
butoxide compared to Ti-butoxide.

In addition, the fact that the tubes formed from Zr-butoxide are structurally
homogeneous, while the tubes formed from Zr-propoxide show up as a layered
structure, supports the proposed hypothesis that shorter propoxide ligands form
thermodynamically less stable layer on the surface of the particles than longer
butoxide ligands. This stability is manifested even in the thermal behaviour of
the aged microtubes as can be seen from their thermogravimetric analysis. The
higher stability of the protective layer induces a slower growth rate allowing the
formation of a denser layer. On the other hand, propanol molecules are smaller,
which makes it a better solvent with lower viscosity than butanol (2.3 cP and
2.98 cP at 20 °C respectively) and thus also facilitating the growth. The sepa-
ration of the phases in butanol is therefore limited and the conditions remain
homogeneous during the curing of threads. The alternative explanation for the
curing of Zr-butoxide liquid threads is that these solidify homogeneously as a
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result of gelation and form a hollow region in the core as a result of the
syneresis process. In that case, the tube walls form during the densification
process of metal-oxo gel in a butanol medium. The driving force of the
solidification process is the growth of a number of bonds between the metal-
oxo-cores, which forces the released liquid phase butanol to diffuse out from the
Zr-oxo solid network that is pronouncedly polar and basic by its nature as
explained. As the outer surface of the thread has formed previously as a highly
dense and rigid shell, the only option to shrink and reduce the volume during
the syneresis process remains to press released butanol into the core along the
axis of the fibres. Th latter idea gets an indirect confirmation from the fact that
higher amounts of organics are preserved within the material produced from
zirconium butoxide compared to titanium butoxide.

5.2. Post-processing: monitoring of structure and
properties during the aging and heat treatment
of fibres and tubes

In order to transform sol-gel-prepared materials into fully dense metal oxide
nanoceramics, ageing and heat-treatment procedures were performed (Papers I-
VII). The treatments led to the removal of organics from the material and cause
additional densification and crystallisation, which improves the mechanical
characteristics of materials important in their applications: Young modulus and
tensile strength achieved higher values (Paper I11).

The mechanical tests performed on as-prepared TiO, fibers obtained from
corresponding butoxides indicated tensile strength within 3—6 MPa range. These
rather low values can be explained by the absence of strong bonding in the 3D
network between metal-oxo particles as building blocks of the material. As
already discussed above, contrary to the as-prepared ZrO, microtubes, the as-
prepared TiO, fibers can be dissolved in hexane just after solidification without
strong bridging bonds and therefore justify the low value. Aging of these
structures induces a densification and formation of the bridging bonds between
the particles, which in turn leads to an increase of tensile strength up to the
range from 200 to 300 MPa. However, aged TiO, materials showed tensile
strength 2 times higher than that in aged ZrO, microtubes, featuring strong
interparticle bonding already in as-prepared materials. The tensile strength of
aged ZrO, microtubes is about 100-150 MPa. Young modulus of both aged
Ti0O, and ZrO, materials 1s about 4-5 GPa.

Analyses done in order to study post processing of metal oxide tubes and
fibres is listed below:
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Method used for analysis | Results Paper
Method The main result or observation Published
AFM Demostrated smoothness of fibres in Paper |
1-2 nm scale
Monitoring and theoretical paper 11
discussion about cracks
formation in ahing sol-gel
materials
Measurements of Young modulus of both aged TiO, and | Paper III
mechanical properties Zr0O, materials is about 4-5 GPa.
Tensile strengthf of TiO, fibres is 200 | Paper 111
to 300 MPa.
Tensile strenth of ZrO, tubes is 100— Paper 111
150 MPa
ZrO, tubes can withstand 1000 atm Paper V
overpressure applied inside the
microtubes
Thermo gravimetry Monitoring of release of organics Paper IV
during the heat-treatment.
SEM analysis The surface of ZrO, microtubes is Papers IV,V
nanoscale homogeneous
XRD analysis Crystallinity of fibres and tubes grows | Papers [V,V
from some nanometers up to some
tens of nanometers as a result of
thermal treatment up to 1000 °C.
Addition of 8% of yttria into zirconia | Paper V
enables to fully stabilize its structure
and obtain 100% tetragonal
nanocrystalline material.

The analyses demonstrante evolution of structural properties of materials: the
growth of crystallites, their densification and phase structural changes, release
of organics and residuals of carbon.

5.2.1. Functional properties and applications of final materials.

Our papers demonstrated that sol-gel process, if carried out properly, enables to
prepare metal oxide materials which are structurally homogeneous in nanoscale.
Structural homogeneity of final materials were demonstrated and discussed in
Papers I, and III-VI. It was shown in Paper I that SnO, fibres can be prepared
homogeneously in nanoscale and therefore optically transparent, usefully, e.g.,
for possible applications as waveguides. The structural uniformity ensures
acceptable waveguiding properties of the fibres, and the optical losses measured
in the ZrO, fibres with diameter of 3 um were smaller than 1 dBmm ™.
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It was demonstrated that the incorporation of rare earth metal ions into
synthesised sol-gel materials allows one to enhance their luminescent properties
in the visible range. It was shown in Papers V and VI that the temperature
dependence of the average lifetime of Eu’" fluorescence decay detected at the
606 nm peak of the 5Dy, — 7F, emission possess fluorecence based temperature
detection.

Paper 11l was focused on evolution of mechanical properties of ZrO, micro-
tubes and TiO, fibres during the post-synthesis heat treatment. Tests were
carried out on individual fibers to measure their elastic modulus and the tensile
strength as functions of processing conditions. The modulus of elasticity of as-
fabricated fibers increased about 10 times after calcination at 700 °C, while the
strain at failure remained almost the same at ~1.4 %. The highest tensile
strength of 833 MPa was exhibited by nanoscale grained fiber with a bimodal
grain size distribution consisting of rutile grains embedded in anatase matrix.
This two-phase nanocrystalline structure may have reduced the critical defect
size, and thus increased the tensile strength. These values support the potential
application of the materials under extreme conditions. It was demonstrated in
paper V that the tube walls can withstand at least up to 1000 atm oil pressure
inside the tubes. The tubes can also be easily manipulated and bent slightly with
micro manipulators. When the tube is melt-jointed to the top of glass pipette in
the flame then it can be used later to touch different surfaces hard enough to
visually observe its bending under applied force. These properties possess
application for excample in microfluidic systems under extreme conditions. It
was demonstrated in paper V that high mechanical and thermal stability of
microtubes enable their use in individual tubes based plasma devices.

Impedance spectroscopic methods enabled to demonstrate that the ionic
conductivity of yttria stabilized zirconia microtubes is 0.05 S cm™ at 1000 °C,
which is somewhat lower than 0.09-0.13 S cm’, i.e. lower than the widely
accepted typical range of the experimentally determined YSZ conductivity
values. However, in the literature much lower conductivities are also presented,
depending on the microstructure (density of the grain boundaries) of the YSZ
phase studied. It was shown also that there is no short-circuiting between
measuring electrodes in the set-up, allowing one to rely on the insignificant
electronic conductivity in this material. The fact that synthesised YSZ
microtubes meet both criteria - they are ionically conductive with no electronic
component and also mechanically stable at higher temperatures in addition, the
tubes can be proposed for ionic membrane application in solid oxide fuel cell
enginering. The tubes have a potential to miniaturize microtubular solid oxide
fuel cell concept for 500 times in terms of cross-sectional area of the elements.
Miniaturization of these elements in this scale would possibly possess several
orders of magnitude shorter start-up times and several orders of magnitude
higher power output values per volume of SOFC systems.
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6. SUMMARY AND CONCLUSIONS

High aspect ratio, up to 10 000, fine metal oxide fibres can directly be drawn
from concentrated metal alkoxide precursors. Fibres with diameter as small as
200 nm could be achieved. That low value is earlier proposed as ultimate limit
for direct drawing from polymeric solutions. Rheological tests proved that
proposed metal alkoxide precursors behave as non-Newtonian fluids. The ob-
served shear thinning flow behaviour could be explained by sliding of supra-
molecular linear shape aggregates of the material under applied external stress.

Almost solventless liquid nanoparticulate Zr-oxo-alkoxide precursor, when
trapped inside the rigid shell (formed as a result of crosslining of precursor
particles on the surface of drawn jet), undergoes reactions leading to a loss of
the stabilising alkoxy layer from the surface of the nanoparticles. The alkoxy
groups are released when the particles get in contact with the water that diffuses
to the reaction zone through the shell. In the large enough quantity of released
alcohol, the released particles can self-assemble and make the shell thicker by
saturating on its inner surface. Finally, ageing and thermal annealing treatments
induce the transition of as-prepared microtubular materials into dense nano-
ceramics. After thermal treatment oxide microtubes possess excellent mecha-
nical properties: the tubes, up to 100 microns in thickness, up to 20 micron in
wall thickness and length up to several cm, achieve high tensile strength (600—
800 MPa) and Young modulus (up to 150 GPa).

We have shown that yttrium stabilized zirconium oxide microtubes with
metastable tetragonal crystalline phase can be functionalized in atomic layer
deposition processes. MgO thin film deposition from p-diketonate-type pre-
cursor Mg(thd)2 was carried out on YSZ microtubes which makes them
applicable in miniature plasma-jet-devices. MgO films were grown to thickness
of approximately 15 nm on the tube surface with the growth rate of 0.1 A/cycle.

It is proposed that the observed mechanisms open a broad horizon regarding
the preparation of novel materials and application of potentially useful devices
made of them. Among the most evident candidates for the creation of tubular
structures is HfO, which is a compound is very similar to ZrO,. Moreover, we
have already made some preliminary tests and shown that the same can be
expected in the case of oxides of rare earth metals. Our tests have shown that
the tubes have suitable properties for high temperature ionic membrane
applications like solid oxide fuel cells (SOFC) or gas sensors. Advantage of
proposed microtubes in those applications is related to the increment of the
active surface area, small thickness of electrolyte, higher mechanical stability
and enhanced power output per volume unit. We have also demonstrated that
the tubes are promising in construction of miniature plasma jet systems. Ad-
vantages of the tubes in this application are related to their proper dimensions
and high mechanical stability. In addition, we have shown that the tubes are
promising candidates as media for light generation constituting, for example,
light emitting diodes (LED).
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7. SUMMARY IN ESTONIAN

Kombineeritud sool-geel ja aatomkihtsadestatud struktuurid

Korge, kuni kiimne tuhandeni ulatuva aspektisuhtega ehk korge pikkuse ja dia-
meetri suhtega metalloksiidfiibreid vois vahetult nukleerida ja venitada vilja
metallalkoksiidldhteainete kontsentraadist. Sel meetodil siinteesiti isegi kuni
200-nanomeetrilise 1abimddduga fiibreid. Nii viikest 14bimddtu on juba varem
peetud fiibrite poliimeersetest lahustest viljavenitamisel saavutatavaks abso-
luutseks piiriks. Reoloogilised testid toestasid seejuures, et metallalkoksiidlahte-
ained kidituvad nn. mitte-Newtoni vedelikena. Tuvastatud nihke-vedeldus-
efektist mojutatud materjalikogumi kitsenemist selle voolamisel voiks seletada
supermolekulaarsete lincaarsete ahelate tekke ja kogunemisega ning omavahe-
lise libisemisega vilise mehhaanilise pinge rakendumisel (klaaspulgaga pre-
kursormaterjalist fiibreid tdmmates).

Jaigastunud kooriku sisse 10ksustunud peaaegu lahustivaba nanoosakeseline
tsirkooniumi oksoalkoksiidldhteaine allutatakse reaktsioonidele, mis viivad osa-
kesi stabiliseeriva alkoksii-riithmade kihi kadumiseni nanoosakeste pinnalt.
Koorik siinjuures oli moodustunud ldhteaine osakeste aglomeerumisel piki
lahteainest véljavenitatava joa ja kaasmoodustuva fiibrialge pinda. Alkoksii-
riihmade vabastamine pinnalt toimub osakeste kokkupuutel veega, mis difun-
deerub reaktsioonitsooni ldbi kooriku. Kui reaktsioonil vabanenud alkoholi
méadr on piisavalt kdrge, siis voivad vabanenud osakesed ise rithmituda ja
paksendada koorikut kiillastades selle sisepinda. Lopuks, termiline td6tlemine
ning vanandamine algatavad mikrotorujate materjalikogumite iilemineku tihen-
datud nanokeraamiliseks materjaliks. Selliseid materjale iseloomustavad juba
algselt atraktiivsed mehhaanilised omadused. Kuni 100 mikronini ulatuvate
koguldbimddtude ja 20 mikronini ulatuvate seina ldbimddtudega ning mitmete
sentimeetriteni ulatuvate pikkustega torude venitustugevus jddb vahemikku
600-800 MPa ning Young’i moodul ulatub véartuseni 150 GPa.

Me oleme ndidanud, et littriumiga stabiliseeritud tsirkooniumoksiidist mikro-
torusid, mis on kristalliseerunud tetragonaalses tsirkooniumioksiidi faasis, v3ib
edasi funktsionaliseerida aatomkihtsadestusprotsessis. Mikrotorusid vois kon-
formselt katta Shukese, ligikaudu 15 nm paksuse magneesiumioksiidikihiga
kasutades magneesiumi beeta-diketonaati metallildhteainena. MgO kihiga kat-
mine voimaldaks mikrotorusid tugevdada voimaldamaks neid edaspidi pikema-
ajaliselt kasutada miniatuursetes plasmadiiiisides.Voib arvata, et to0s vaadeldud
materjali formeerumise mehhanismid avavad uusi ja laialdasi voimalusi uute
materjalide valmistamisel ja nende vdimalikul kasulikul rakendamisel. Uks ilm-
semaid kandidaate selleks oleks HfO,, mis on tsirkooniumoksiidiga véiga sar-
naste keemiliste ja fiiiisikaliste omadustega iihend. Veel enam, me oleme teinud
ka esimesi katseid, mis néitasid, et samasugust fiibertehnoloogiat voiks raken-
dada haruldaste muldmetallide oksiidide puhul. Meie testid on ndidanud, et
sellistel torudel on omadusi, mis véimaldaksid nende rakendamist tahkisoksiid-
pOhistes kiituseelementides. Mikrotorude kimpude kasutamise eeldatavad
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eelised siinjuures toetuvad sellega kaasnevale aktiivse pindala suurenemisele,
ohukese elektroliiiidikihi kasutamise voimalusele, kdrgemale mehhaanisele sta-
biilsusele ja voimalikult kdrgele elemendi erivoimsusele. Me oleme ka niida-
nud, et sellised torud on paljulubavad konstruktsioonielemendid miniatuurseid
plasmajugasid genereerivates ja juhtivates siisteemides juba nende viikeste
dimensioonide ning kdrge mehhaanilise stabiilsuse tottu. Lisaks oleme niida-
nud, et sellised torud voivad olla kasulikud valgust genereerivas keskkonnas ja
selleks sobilike seadmete nagu valgusdioodide konstrueerimisel.
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