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PREFACE 

In 21st century one class of the most beneficial materials is considered to be the 
composite materials – two or more known materials together can yield a 
material with new and extraordinary properties, capable of improving existing 
technologies or giving birth to new ones. Additionally, the ability to shape 
obtained materials into macroscopic and/or microscopic geometries is equally 
important for their successful utilization in practical applications.  

Among others, ceramic materials are important for many advanced 
applications. Aside from being generally stable and hard materials, the most 
notable drawbacks of the ceramics are seen to be brittleness and small electrical 
and thermal conductivity. Aforementioned deficiencies can be eliminated by 
inserting reinforcing and/or conductive fillers into the ceramic matrix. Provided, 
that the filler is evenly distributed in the matrix and there is sufficient 
interaction between them, a reinforced ceramic matrix with improved toughness 
and electrical and/or thermal conductivity can be obtained. Compared with 
competing techniques, sol-gel method can provide a simple, inexpensive and 
novel way to obtain ceramics and ceramic composite structures with different 
geometries. Furthermore, as sol-gel processes are usually conducted in a liquid 
media at room temperature, addition of inorganic or organic fillers into resulting 
semicrystalline or crystalline ceramic material is relatively simple.  

Discovery of carbon nanotubes (CNTs) in the early 1990s initiated general 
interest for nanotechnology and to the potential benefits from it. Because of 
their extraordinary properties CNTs have great potential as reinforcing 
elements, use in solar cells, as actuators, use in hydrogen storage, etc. Although 
CNTs have been used to reinforce lots of different matrixes from plastics to 
concrete, the problems with their purification procedures, dispersions and 
integrating them with the surrounding media have largely remained unsolved. 
Determination of processing parameters for different CNT-filled systems, 
promoting theoretical knowledge and understanding CNTs behavior in 
precursor and in the final material are essential for developing CNT-based 
composite materials. 

The dissertation begins with a literature overview chapter that gives a brief 
summary of used methods, materials, experimental and theoretical aspects 
needed to comprehend the current thesis. The first of the four sub-chapters 
describes the structure of CNTs and their properties, and gives a brief overview 
about their synthesis, purification and dispersion methods. In describing CNTs 
the following works were used: [11], [21], [22], [35], [53], [54]. The second 
sub-chapter focuses at recent developments in metal alkoxide hydrolysis-
condensation processes and formation of corresponding sols and gels. The 
following works were used: [69], [79], [80], [81], [86], [93]. The third sub-
chapter gives a brief overview of rheology of sol-gel materials, and formations 
of powders, films, fibers and specialty shapes from metal alkoxide gels. The 
following references were used: [69], [93], [123], [127], [140]. The last sub-
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chapter describes CNT-reinforced ceramic matrix composites, CNT percolation 
effects and influence of CNTs on rheological properties of materials. The 
following literature was used to prepare the last chapter: [150], [169], [174], 
[176], [180]. 

The aims of the thesis are formulated in the second chapter of the thesis. 
The experimental chapter introduces conventional and novel methods, 

procedures and characterization techniques used in this study.  
In the fourth chapter the preparation and characterization of metal alkoxide 

sols, their transition into differently shaped gels, and the role of external 
parameters affecting the shape formation processes are discussed in detail. 
Additionally, application of sol-gel method to obtain CNT-reinforced metal 
alkoxide sol precursors, their rheology, and CNT-reinforced metal oxide 
materials is also described. 

In the final chapter all the results are summarized and the conclusions of the 
thesis are presented. 
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1. LITERATURE OVERVIEW 

1.1. Carbon nanotubes 
By the 19th century it became clear that carbon could exist in more than one 
form in nature – as graphite or as diamond. At the beginning of 20th century the 
discovery of X-ray diffraction enabled to describe the differences of the 
structures of diamond and graphite [1], and by the early 1980s the carbon 
science was considered unlikely to yield any major surprises [2]. This situation 
was changed in 1985 by Kroto et al. who managed to synthesize a big group of 
closed chained and spherical carbon compounds called fullerenes [3]. The most 
well known fullerene is formed from 60 carbon atoms and is called 
buckminsterfullerene (also marked C60). This discovery, which brought Harry 
Kroto, Robert Curl and Richard Smalley a Nobel Prize in Chemistry, led to the 
further synthesis of fullerene-related carbon structures. As a by-product of 
fullerene synthesis in 1991, Iijima et al. found hollow tubular nanostructures 
now called multi-walled carbon nanotubes (MWCNT) [4]. Two years later, in 
1993, single-walled carbon nanotubes (SWCNT) where synthesized and 
described simultaneously by two groups, Iijima et al. [5] and Bethune et al. [6]. 
A perfect single-walled carbon nanotube can be conceptualized as indefinitely 
long cylinder of one-atom-thick graphite (or graphene) layer. When the tube 
consists of several graphene cylinders nested inside another it is called 
MWCNT. Both ends of the carbon nanotubes can be capped by hemi-fullerenes 
or they can be open. 

Long before Iijimas discoveries, there were several reports about different 
carbon nanofilaments and carbon crystals including the works of Radushkevich 
and Lukyanovich in 1952 [7], Hillert and Lange in 1958 [8], Oberlin, Endo and 
Koyama in 1976 [9], Abrahamson in 1979 [10] and Tennent in 1987. 
Unfortunately their works were not known to the broader scientific community 
nor were the hollow carbon structures such as carbon nanotubes, and therefore 
no significant impact was created. Iijima was the first to recognize the 
technological potential and possible applications of the carbon nanotubes. 
Furthermore, the report about CNTs by Iijima accelerated the pursuit of 
scientific community towards nanoscience and nanotechnology [11]. Good 
example for that is the growing list of different carbon nanostructures 
discovered and synthesized ever since. Coiled carbon nanotubes [12], SWCNT 
ropes [13], “peapods” [14], carbon nanofoam [15], CNT Y-junctions [16], 
“herringbone” and “bamboo” nanofibers [17, 18], nanobuds [19] and nanohoops 
[20] are just some of the new and interesting carbon materials available for 
material engineering in 21st century.  
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1.1.1. Structure and properties of CNTs 

Physical and chemical properties of all carbon structures are directly related to 
the properties of a bonded carbon atom. The bonded carbon atom has six 
electrons from which two of them fill 1s atomic orbital and four fill 2s and 2p 
atomic orbitals. Because of the weaker bond strength and small energy 
difference between the valence electrons in the outer atomic orbitals (2s and 
2p), the hybridization (mixing) is made possible and outer electrons can fulfill 
the sp3 (diamond), sp2 (graphite) (Figure 1) or sp (carbyne) hybrid orbital 
configurations. The sp-hybridization corresponds to a linear chain-like 
arrangement of atomic orbitals. Diamond’s high hardness and density come 
from sp3-type tetrahedral covalent bonding – each carbon atom is linked to four 
others at the corners of a tetrahedron via covalent bonding. Graphene, a one-
atom thick layer of graphite, has sp2–type bonding and each atom is joined to 
three neighbors in a trigonal planar arrangement to form sheets of hexagonal 
rings. This arrangement also makes graphene electrically conductive. In 
graphite, these single sheets are joined together only via van der Waals forces 
and as a result graphite is known to be soft material [21].  
 

 
Figure 1. Hybrid orbital configurations of carbon atom in graphite (sp2), diamond (sp3) 
and nanotubes-fullerenes (rehybridized-sp2). The angles shown in the figure are 
between the π orbital and σ bond. When a graphite sheet is rolled over to form a 
nanotube, the sp2 hybrid orbital is deformed for rehybridization of sp2 toward sp3 orbital 
illustrated by the angle between the π orbital and σ bond. Rehybridization effect 
together with π electron confinement, give nanotubes unique, extraordinary electronic, 
mechanical, chemical, thermal, magnetic, and optical properties [22].  
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When the graphite sheet is rolled into a tube, the circular curvature will cause 
quantum confinement and σ-π rehybridization in which three σ bonds are 
slightly out of plane [22]. To compensate that, the π-orbitals are delocalized on 
the surface of the tube which makes carbon nanotubes electrically more 
conductive than graphite (Figure 1) [22]. Rehybridization also allows topo-
logical defects such as pentagons and heptagons to be incorporated into the 
hexagonal network to form capped, bent, toroidal, and helical nanotubes. As a 
result electrons will be localized in pentagons and heptagons because of 
redistribution of π electrons and nanotube overall electrical characteristics are 
disturbed. A nanotube is called defect free if it is of only hexagonal network and 
defective if it also contains topological defects such as pentagons and heptagons 
or other chemical and structural defects [22]. σ-π rehybridization also gives to 
the nanotubes the highest Young’s modulus and tensile strength, and re-
markable electronic response to strain, and metal-insulator transition. Nano-
tubes’ high specific surface and σ-π rehybridization facilitate molecular 
adsorption, doping, and charge transfer on the nanotubes which, in turn, 
modulates electronic properties [22]. 

The hexagonal structured graphene sheet can be rolled into three different 
structures: zig-zag, armchair and chiral (Figure 2) [21]. The structure can be 
described by using a chiral vector (Ch) defined by the following equation: 
 

 Ch n a1 ma2  (1) 
 
In the formula (1) a1 and a2 are unit vectors in a two-dimensional hexagonal 
lattice, and n and m are integers. The structure of any nanotube can be 
expressed by the two integers n,m and/or chiral angle, θ. Armchair structure is 
produced when n=m and θ=30° while zig-zag nanotubes are formed when m or 
n=0 and θ=0°. Chiral nanotubes are formed for any other values of n and m, 
having θ between 0° and 30° [23]. Mathematical expression for carbon 
nanotube diameter is then defined [24] as follows 
 

 


nmnma
d




22

 (2) 

 

In formula (2) a is the lattice constant in the graphene sheet and CCaa  3 ; 

aC–C is the carbon-carbon distance (1,421 Å). The chiral angle, θ, is given by: 
 

 
mn

m




2

3
tan  (3) 

   
SWCNTs unique electrical properties are also related to the tube structure and 
the rolling direction of the graphene layer. For a given (n,m) SWCNT, if n=m, 
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the CNT is metallic [25], and the rest of the SWCNTs can be either metallic or 
semiconducting depending on their chirality (or equivalently speaking, their 
diameter), as theoretically predicted [26–28] and experimentally confirmed [29, 
30]. Although the structural chirality effects provide a richer range of physical 
phenomena as compared to the MWCNTs, it also significantly limits the range 
of applications. To date, there is not an easy procedure for routine synthesis of 
bulk quantities of SWCNTs with defined chirality [31]. 
 

 
Figure 2. (a) An infinite graphite layer with (n,m) nanotube naming scheme describing 
how a nanotube is rolled up. a1 and a2 are the unit vectors of graphite layer in real space. 
(b) SWCNT of zig-zag structure, (c) SWCNT of armchair structure, and (d) SWCNT of 
chiral structure. From Rao et al. [31].  

 
MWCNTs comprise of concentric tubes with an interlayer spacing of ~0.34 nm, 
approximate distance between graphene layers in graphite [32]. MWCNTs 
structures are described by two models – by “Parchment” model and by 
“Russian doll” model. According to the “Parchement” model a graphitic layer 
scrolls or rolls up to form concentric tubes. In the “Russian doll” model several 
graphene cylinders are nested inside another. The “Russian doll” structure of 
MWCNT is observed more often. Compared to SWCNTs, the physical 
properties of MWCNTs are typically worse. On the other hand, from the point 
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of view of possible applications, MWCNTs are more homogeneous in their 
physical properties as the large number of coaxial tubes smears out individual 
tube properties. Altogether, MWCNTs electrical properties can be similar to 
metallic SWCNTs [33], while growing metallic SWCNTs is very challenging 
because of the lack of control on SWCNT chirality [11]. This makes MWCNTs 
suitable candidates for applications where large amounts of CNTs with 
conducting properties are needed – for example, as conducting fillers in 
different composite materials.  

Interesting members of the CNT family are double-walled carbon nanotubes 
(DWCNTs), as their morphology and most of their physical properties are very 
similar to SWCNTs but due to the additional graphene layer their electrical and 
chemical properties are significantly improved for many applications [32]. 
DWCNTs are especially important when functionalization is required to add 
new properties to the CNTs. In the case of SWCNTs, covalent functionalization 
will break some C=C bonds, leaving holes in the CNT structures and thus 
modifying both their mechanical and electrical properties. However, in the case 
of DWCNTs, only the outer walls are modified and therefore many properties 
are well preserved [11]. 

The lengths of the CNTs depend strongly from the synthesizing methods but 
usually can range from less than 100 nanometers to several millimeters. 
However, nanotubes up to several tens of centimeters can also be grown (e.g. 
[34]). SWCNTs diameters are typically 0.8–2 nm [35]. These characteristics 
make the SWCNTs exhibit very large aspect ratios. The strong van der Waals 
attractions that exist between the surfaces of CNTs cause them to assemble into 
“ropes” and bundles. SWCNTs are mostly known to exist as SWCNT “ropes” 
in bulk or in high concentration mediums. SWCNT ropes may have a diameter 
of 10–20 nm and a length of 100mm or above [21]. As MWCNTs consist of 
multiple graphene cylinders, the diameters of MWCNTs can exceed 100nm, but 
typically stay between 5 to 20 nm [35].  
 

1.1.2. Synthesis, purification, and sorting of CNTs 
CNTs are synthesized by three main methods and their variations and/or 
combinations: electric arc discharge [36], laser ablation [37], and catalytic 
chemical vapor deposition (CVD) methods [38]. DWCNTs and MWCNTs can 
be also grown by so called fullerene peapods method [39]. The distinct 
advantages of the laser ablation include ease of operation and production of 
high quality product, because it allows better control over processing 
parameters [21]. The electric arc discharge method benefits from the high 
temperature of the arc plasma as the grown carbon nanotubes exhibit a high 
degree of crystallinity [36]. Drawbacks of both methods are equipment 
requirements and the energy consumption which makes them less favorable for 
large scale production. Additionally, the electric arc discharge and laser ablation 
procedures are able to produce only powdered samples with tangled carbon 

5 



18 

nanotube bundles [40]. For most of the practical applications CNTs bundles are 
highly undesirable and converting them into “single-tube state” can be time and 
energy consuming. 

Aforementioned disadvantages are the reason why CVD is more often used 
for CNT synthesizing and has became a dominant mode of high-volume CNT 
production. CVD is a versatile and cost-effective technique for CNT synthesis 
because it enables the use of a feedstock of hydrocarbons in solid, liquid or gas 
phase and a variety of substrates (Figure 3), and permits the growth of 
nanotubes in the forms of powder, thin film or thick coating, randomly oriented 
or aligned tubes [21]. Generally SWCNTs are produced at higher temperatures 
(900–1200 °C) whereas MWCNTs are synthesized at lower temperatures (600–
900 °C). However, MWCNTs prepared by CVD techniques contain more 
structural defects than those fabricated by the arc discharge. This implies that 
the structure of CVD-prepared MWCNTs is far from the ideal rolled-up 
hexagonal carbon ring lattice [21]. Large-scale CVD methods can also still 
yield contaminants that can influence CNT properties and often require thermal 
annealing and/or chemical treatment for their removal. These steps however can 
introduce defects in CNT sidewalls and shorten CNT length [21]. Because 
SWCNT synthesis by CVD requires much tighter process control than 
MWCNT synthesis bulk MWCNT prices are lower than for SWCNTs [35]. Use 
of MWCNTs is therefore favored for composite material applications. 
 

 
Figure 3. Schematics of a hot-wall thermal CVD experimental setup which has became 
one of the dominant mode of high-volume CNT production. 
 
CVD also enables to grow nanotubes on surfaces as aligned and ordered nano-
tube structures, as first demonstrated by Ren and coworkers by growing large-
diameter MWNTs forming oriented “forests” on glass substrates by plasma-
enhanced CVD [41]. CNTs can self-assemble into aligned structures during 
CVD growth to form vertically aligned films or patterns perpendicular to the 
substrate surface [40]. Those oriented CNT “forests” can be several hundred 
micrometers up to tens of millimeters high and can be manipulated into dense 
solids [42], aligned thin films [43], intricate three-dimensional (3D) 
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microarchitectures [44] and can be directly spun or drawn into long yarns and 
sheets [45, 46]. Additionally, CNT “forests” can be excellent source for the 
non-entangled and contaminant free carbon nanotubes. 

As mentioned above, as-prepared CNTs can contain various impurities such 
as amorphous carbon, fullerenes, graphite particles and metal catalysts which 
can affect the performance of CNTs and their functional products significantly. 
Impurities can be removed using gas-phase oxidation [47], liquid-phase 
oxidation [48] and physical separation [49]. In the gas-phase oxidation 
procedure CNTs are oxidized in air, pure oxygen or chlorine atmosphere at 
500 °C [47]. The liquid-phase oxidative treatment can be carried out simply by 
dipping nanotubes into strong acids such as concentrated HNO3, H2SO4, mixed 
3 : 1 solution of H2SO4 and HNO3 or other strong oxidizing agents such as 
KMnO4, HClO4 and H2O2 [21]. Physical separation techniques are based on the 
initial suspension of CNTs in a surfactant solution followed by size separation 
using filtration, centrifugation or chromatography [21]. Although many CNT 
powders and suspensions are available commercially, the production of stable 
CNT suspensions requires chemical modification of the CNT surface or 
addition of the surfactants. Washing or thermal treatment is typically needed to 
remove surfactants after deposition of the solution, such as by spin-coating or 
printing [35]. 

Apart from high purity, length control is another important issue for 
successful application of CNTs in industry. Long entangled nanotubes tend to 
form large agglomerates, thus they must be dispersed or separated into shorter 
individual tubes prior to the incorporation into composites [21]. CNTs are 
inevitably shortened through gas-phase thermal oxidation and liquid-phase acid 
purification. Further mechanical cutting and dispersing procedures include 
ultrasonication, ball milling, and high speed shearing [50–52]. Wang et al. 
demonstrated that mechanical treatments can only break up the as-prepared 
agglomerates of nanotubes into smaller parts of single agglomerates while 
chemical treatment led to the dispersions with individual MWCNTs [51].  
 

1.1.3. Solubility, dispersions, and functionalization of CNTs 
Uniform and stable CNTs solutions are a prerequisite for many CNT-composite 
production procedures. Unfortunately pristine CNTs are rather non-soluble in 
most solvents due to the strong van der Waals forces between individual 
nanotubes causing CNTs to assemble into bundles. To successfully disperse 
CNTs, the dispersing medium should be capable of both wetting the 
hydrophobic tube surfaces and modifying the tube surfaces to decrease tube 
aggregation [53].  

To characterize the degree of dispersibility, three CNT dispersion states are 
defined by Ham et al.: dispersed, swollen, and sedimented (Figure 4) [54]. In 
the dispersed state CNTs show no signs of aggregation and phase separation 
even for several months after dispersion by sonication, resulting in a stable 
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brown or black uniform suspension. Swollen describes the partial dispersion of 
CNTs, with aggregation, precipitation, and phase separation of the CNT 
solution. The separated dispersion typically has a hazy brown or black 
supernatant, with visible “fluffy” sediment of CNTs in the medium. In sedi-
mented dispersions, CNT aggregates typically form sediment within minutes 
after sonication, have a low sedimentation volume, and a clear supernatant [53]. 
 

 

 
Carbon nanotube dispersions can be obtained by simply dispersing unmodified 
tubes in solvents or by chemically modifying them prior dispersion procedure. 
Chemical modifications of CNTs are achieved by noncovalent exohedral 
functionalization with surfactants, noncovalent exohedral functionalization with 
polymers or big molecules, defect-group functionalization or by covalent 
sidewall functionalization (Figure 5) [55]. 

The chemistry and mechanisms behind unmodified CNTs dispersions in 
solvents are not yet clear but some of the organic solvents that can be used to 

pyrrolidone, chloroform, and dimethyl sulfoxide (DMSO) [53]. These 
suspensions retain dispersion for several days. Irrespective of the dispersion 
approach, the “dissolution” process is aided by prolonged sonication of the 
solution. It provides mechanical energy to overcome the inter-tube van der 
Waals forces in CNT bundles and contributes in exfoliation into smaller 
bundles, ropes and individual CNTs. Prolonged sonication cause cutting and 
breaking of the tubes, additionally improving the dispersion homogeneity of 
CNTs [56]. 
 
 

 
Figure 4. Nanotubes after sonication (a) in N,N-dimethylformamide, (b) in dimethyl 
sulfoxide, and (c) in water. (a), (b), (c) represent examples of “dispersed”, “swollen” 
and “sedimented” solvents, respectively. From Ham et al. [54].  

achieve carbon nanotube dispersions are N,N-dimethylformamide, N-methyl-2-
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Figure 5. Functionalization possibilities for CNTs: A) noncovalent functionalization 
with surfactants, B) noncovalent functionalization with polymers or biomolecules, C) 
defect-group functionalization, and D) covalent sidewall functionalization. For methods 
A, B, D the tubes are drawn in idealized fashion, but defects are found in real situations. 
Based on the figure from Hirsch et al. [55].  
 
Usually the surfactants are selected so that the hydrophilic regions of surfactants 
interact with polar solvent molecules, and the hydrophobic regions can adsorb 
onto nanotube surfaces [57]. Thus, the process of dispersing CNTs from 
aggregates, bundles, or ropes into separated individual CNTs depends strongly 
on the length of the hydrophobic regions and the types of hydrophilic groups of 
the surfactant [58]. Most widely used surfactants include sodium dodecylsulfate 
(SDS), Triton® X surfactants (e.g. polyethylene glycol p-(1,1,3,3-tetra-
methylbutyl)-phenyl ether), sodium dodecylbenzene sulfonate (SDBS) and 
numerous ionic liquids.  

Because small molecules or polymers can adsorb onto CNT surfaces by π–π 
interactions, polymers and biopolymers have also been used to modify CNT 
surfaces. Strong π–π interaction between CNTs and used polymers drives the 
wrapping of the polymer around a CNT (see Figure 5). The inter-tube van der 
Waals interactions are weakened and increase the dispersibility of CNTs while 
the sp2-conjugated structure and the electronic performance of CNTs are 
preserved. Surfactants, polymers and biopolymers in general can be useful for 
dispersing CNTs but the current limitations of surfactant-based solubilization 
are the relatively low levels of solubility and that the surfactant often remains as 
an impurity in downstream processes [53]. 

Van der Waals forces between individual tubes or bundles can also be 
eliminated by introducing polar functional groups on the walls and/or defect 
sites of nanotubes. The most common functionalization occurs already during 
the purification or separation of CNTs with strong acids [21]. Depending on the 
reaction conditions, defects and opening of nanotube tips are introduced, 
followed by the formation of carbonyl and carboxyl functional groups on these 
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sites [58]. The formation of such functional groups is detrimental to the physical 
properties of CNTs. However, it is widely used to fully introduce CNTs into 
matrices that otherwise react very little with the nanotubes. After initial 
carboxylation, the carboxylated intermediates can subsequently derivatized with 
different types of molecules to further increase CNTs interfacial interaction 
with the surrounding media. Alternatively, CNT sidewalls can be directly 
functionalized by addition reactions or by fluorination, for example [58]. 
Chemical compounds are then bonded directly with CNT wall electrophilic  
π-system without introducing any defect sites. Covalent sidewall func-
tionalization is expected to produce the most stable dispersion, because the 
dispersion becomes a function of the bound functional groups and the density of 
the bound groups [53]. 
 

 
1.2. Sol-gel technology 

In his famous works the promoter of modern colloid science Wolfgang 
Ostwald, a son of a graduate of University of Tartu and Nobel Prize winner 
Wilhelm Ostwald, proposed classifications of colloidal dispersions based on 
three states of matter – gas, liquid and solid [59]. “Combining” states of matters 
results in eight groups of colloidal dispersions including one with small solid 
particles suspended in a liquid medium – henceforward referred as a “sol”. 
Under appropriate conditions, certain sol particles are able to form non-fluidal 
networks that are expanded throughout their whole volume by a fluid [60] – 
“sol” is transformed into a “gel”. Above defined material stages, “sol” and 
“gel”, and the ability to shift equilibrium between these two stages is the very 
basis of “sol-gel” technology.  

The phenomena where metal-oxo-organic nanocolloidal particles at 
relatively low temperatures form 3D-networks in liquid (sol) up to the point 
where the network connects all the particles throughout the liquid medium (gel) 
was first scientifically described by Ebelman in 1846 [61]. Although the term 
“sol-gel” was not used in his study on formation of silicate glasses, it can be 
considered as the very first sol-gel related publication. Almost a century later, in 
1931, one of the first practically applicable sol-gel products was invented when 
Kistler desiccated waterglass-silica gels and as a result obtained the first 
aerogels [62]. The earliest sol-gel works already researched also the possibility 
to modify surfaces of different solid substrates with oxide layers [63], an 
application heavily exploited by modern industry. Nevertheless, it seems that 
the investigations in sol-gel technology were generally episodic until early 
1970s when the studies of Dislich [64, 65] with borosilicate glass successfully 
aroused great interest among scientific community.  

Before further approach to the topic it should be made clear that while the 
term “sol-gel process” marks transition from sols to gels, the term “sol-gel 
technology” is used to describe a cascade of technological steps with a final 
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purpose to obtain solid polycrystalline oxide structured materials (bulks, films, 
powders, fibers, etc.). This cascade of processes is named by its most crucial 
step – materials transformation from sol to gel – and thus, the papers published 
under the topic discuss broad range of aspects, from preparation and structure of 
neat chemicals to sintering and applications of resulting materials. 

Structured ceramic/glass materials with diverse functionalities can be easily 
obtained via sol-gel technologies for several reasons. Firstly, as the sol-gel 
transition is conducted in liquids, the resulting ceramic/glass materials 
homogeneity, possibility of doping and composition controlling is much better 
than competing methods like grinding, hot pressing and sintering of ceramics 
directly from metal oxides (e.g. [66]). Secondly, the encapsulation of organic 
specimens [67] or use of organic additives in oxides is possible only by sol-gel 
technology due to its mild synthesis conditions. It is even possible to safely trap 
living cells and bacteria using sol-gel technology so that they retain their 
bioactivity protected by the oxide cage [68]. Thirdly, the gel phase of the 
process enables to shape self-standing structures in macro-, micro- and 
nanoscale as described in the following chapters (see chapter 4.4.). The list of 
structures with different geometries varies from simple monoliths to spheres, 
fibers, tubes, hollow spheres, needles, structured films etc. Finally, when 
compared with other procedures, the lower cost of the technology and the 
possibility to use it for coating complicated and/or large surfaces cannot be 
underestimated either [69]. For example, sol-gel preparation of TiO2/Pd coated 
architectural glass for sun reflecting windows [70] is not limited by a vacuum 
chamber, needed to deposit films by vapor deposition or sputtering.  

The flexibility and simplicity of the sol-gel technology have made it one of 
the leading procedures to design and prepare novel composite materials with 
diverse composition, structures, functionality and morphology. Large variation 
of micro- and nanostructures including porous (aerogel, xerogel), dense 
(glasses, ceramics), organic-inorganic hybrids, multi-layer structures and nano-
composites can be fabricated using sol-gel method. Comprehensive review 
articles and books have emerged in recent years, e.g. [69, 71, 105], from where 
one can observe the multiplicity and potential of the modern sol-gel technology 
for producing wide variety of materials for photonic-, electronic-, mechanical-, 
chemical-, biological- and biomedical applications.  

According to market analysis published by the American Ceramic Society, 
the global market of sol-gel derived products was worth $1.4 billion in 2011 
and will grow up to $2.2 billion by 2017 (a compound annual growth rate of 7.9 
percent) [72]. Among the companies developing, supplying and/or utilizing sol-
gel based products are for example 3M Co. [73] and Boeing [74]. Products 
based on sol-gel technology for example include corrosion protective coatings 
on metals [75], superhydrophobic and superhydrophilic coatings on glass [75], 
thermal insulators [76], specialty ceramics, antireflective coatings on glass 
lenses [75], fiber optic sensors [77], aerogels [78] and etc. just to name a few. 



24 

Simultaneously with impressive technological achievements, fundamental 
understanding of precursor material properties, sol-gel processes and post 
processing steps also evolves. Fine example is the idea that hydrolysis-conden-
sation processes of silicon alkoxides and metal alkoxides are conceptually 
different [79]. Based on the numerous experimental observations on metal 
alkoxides structures, hydrolysis-condensation processes and formation of sol 
particles, V. Kessler et al. have proposed a new model for the metal alkoxide 
hydrolysis processes and formation of the resulting particles [79–83]. Experi-
mental and theoretical works by the research groups of U. Shubert et al. [84] 
and M. Nygren et al. [85] have also contributed to the deeper understanding of 
metal alkoxide sol-gel processing. 

As a result, acquired knowledge from direct and indirect measuring and 
observation methods allows synthesis of new materials and structures and opens 
up new synthesizing routes for existing materials. For example, monitoring 
rheological parameters of the sol-gel transition allows determination of the gel 
materials processing parameters and to understand gel materials dynamics and 
microstructure [69].  
 

1.2.1. Metal alkoxides 
Although different classes of chemical compounds are used as neat materials in 
preparation of precursors for sol-gel processing, alkoxides or modified 
alkoxides (with partial substitution of alkoxide groups by other organic ligands) 
are by far the ones used most frequently [86]. Historically, and even today, most 
extensively researched and industrially employed alkoxide have been different 
silicon alkoxides like for example tetraethyl orthosilicate (TEOS) and 
tetramethyl orthosilicate (TMOS). The fact that metal alkoxides and silicon 
alkoxides have very similar physical characteristics (like high boiling point, 
viscosity etc.), gave a lot of researches expression that both alkoxide groups 
chemical properties are generally similar with the only exception that metal 
alkoxides are many orders of magnitude more reactive. Because of afore-
mentioned reasons, for a long time the hydrolysis-condensation mechanism of 
silicon alkoxides has also been used to describe corresponding processes in 
main group and transition metal alkoxides [87, 88]. Presumption that metal 
center in alkoxides behave in the same way as silicon, which is metalloid and its 
chemical-physical properties resemble more carbon than metals, is not correct 
in many ways as recently demonstrated [80, 84]. Furthermore, the colloidal 
particles formed as a result of hydrolysis-condensation reactions of metal 
alkoxides have different structure and chemical-physical properties from their 
silicon alkoxides counterparts [79].  

Metal alkoxides (M(OR)n) are derivatives of alcohols (ROH), where R stands 
for an alkyl group (CxH2x+1). RO- can be easily removed via hydrolysis and 
thermal treatment, resulting in high purity unhydrated oxides and corresponding 
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alcohol [89]. The overall process of formation of oxide from metal alkoxide can 
be presented by the following scheme: 
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In practice, the process starts from the metal alkoxide solution – containing 
alcohol as solvent, water as hydrolysing agent and an acid or base as catalyst. 
Alkoxides undergo hydrolysis and condensation processes at room temperature, 
giving rise to a sol, where fine oxide nanoparticles are dispersed. Further 
reactions lead to the formation of homogeneous solid network of oxide particles 
throughout the liquid, eventually solidifying sol into wet gel. Removing 
excessive water and solvents enables to obtain dry gels, also called xerogels 
[69].  

From the practical point of view, the main advantages for using alkoxides in 
preparation of oxide materials by sol-gel method are presented in 
comprehensive review book “The Chemistry of Metal Alkoxides” by N. Y. 
Turova et al [86]: 
 majority of the M(OR)n derivatives (with n≤3) can easily be subjected to 

deep purification by distillation or sublimation (below 200 °C) or by 
recrystallization from organic solvents; 

 metal alkoxides easily undergo hydrolysis, forming hydrated oxides not 
containing any extra anions, in contrast to precipitation from the aqueous 
solutions of inorganic salts; 

 forms of M2On•xH2O are the least agglomerated and maximally hydrated 
(their structures do contain the minimal amounts M–O–M bridges), and 
therefore they easily form stable colloid systems – sols and gels – and have 
high reactivity; 

 dehydration of sols/gels occurs at rather low temperatures, sometimes 
directly during the hydrolysis, and is accompanied by the formation of very 
small oxide particles with well-developed surfaces, high chemical activity, 
and often amorphous or metastable phases that on subsequent thermal 
treatment are transformed into more stable forms. 

 from the applications point of view, metal alkoxides are pure, inexpensive 
and easily accessible while providing synthesis of highly homogeneous 
oxide gels, films, coatings, glasses, fibers, and so on. 

 
From the perspective of theoretical analysis, because of the domination of 
electrostatic interaction between alkoxide ligand (-OR) and metal cation, metal 
alkoxides (M(OR)n) can be described as salts – more precisely salts of alcohols. 
Alcohol anions behave as strong Brønsted bases and contribute to metal 
alkoxides ability to react immediately with acidic ligands [90]. At the same 
time, extreme Lewis basicity of the alkoxide anions RO- causes metal alkoxides 
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oligomerizaton. Metal alkoxides ability to form aggregates using ligands for 
bridging, rather than exist as monomers like silicon alkoxides, was already 
reported by Bradly et al. in the early 1960s [91]. Particles size and agglomera-
tion are responsible for more general physical properties, like viscosity changes 
for example [91]. Metal alkoxides ability to form solvates, important property 
also for practical applications, is only possible if the solvating ligand can form a 
hydrogen bond to an alkoxide ligand, i.e. act as a Brønsted acid [80].  
 

1.2.2. Hydrolysis and condensation of metal alkoxide 
The sol-gel process involving silicon alkoxide, include two steps – the 
hydrolysis of the alkoxide and its polycondensation [92]. Common silicon 
alkoxides, are not very reactive in water derived hydrolysis processes, thus the 
process usually requires acid or base catalysis [80]. Excellent review can be 
found in [93]. The hydrolysis of a silicon alkoxide by base-catalyzed SN2 or by 
acid catalyzed SN1 nucleophilic substitution mechanism leads to the formation 
of a reactive Si-OH group. Initial hydrolysis products can react further either via 
another hydrolysis reaction or a condensation reaction. Acidic catalysis leads to 
a much quicker hydrolysis than basic catalysis resulting in different final 
structures for the gel networks [92]. 

The major difference in reactivity of metal alkoxides from those of silicon 
lies in their very facile and rapid reaction with water in the absence of catalysts 
[80]. For example, the reaction times for hydrolysis of zirconium alkoxides are 
105–108 times faster than that for silicon alkoxides [94, 95]. As seen from the 
Figure 6, metal alkoxide ligand exchange reaction, i.e. both hydrolysis and 
chemical modification, is known as proton-assisted SN1-type transformation 
where ligand protonation is followed by speed-limiting cation formation step 
and addition of the corresponding base of the new ligand with elimination of 
alcohol [96]. The reaction speed is determined by the acidity of HZ reactant and 
the nucleophilic properties of the entering ligand Z- have no influence on the 
ligand exchange process [97]. Earlier proposition that metal alkoxides higher 
reactivity was due the SN2 reaction mechanism [88] has been rejected by 
theoretical calculation. Calculated ligand exchange energies for SN2 mechanism 
is about 600 kJ/mol, which is 20 times higher than is measured experimentally 
[98]. 
 

 
 
Figure 6. Proton-assisted SN1-type mechanism for ligand exchange in metal alkoxides. 
From Kessler et al. [80]. 
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After the first hydrolysis cycle, the partially hydrolyzed molecule can be 
hydrolyzed further or it can be subjected to condensation processes. In the 
instance of silicon-based compounds the condensation/polycondensation reac-
tions are kinetically independent from the hydrolysis reaction and, according to 
a literature, can follow three competitive pathways – oxolation, alkoxolation 
and olation e.g., [99, 93]. The structure and rheology of the forming colloidal 
medium is greatly dependent upon the preparation condition. Partially 
hydrolyzed silicon alkoxide species, undergoing base catalyzed SN2-type 
process, are more prone for further hydrolysis than condensation processes and 
thus cause initially formed monomeric particles to form cross-linked aggregates 
with micellar type rheology. The acid catalyzed nucleophilic substitution 
reaction (proton-assisted SN1 mechanism) intermediate species acidic disso-
ciation is hindered by the low pH of the solution. This makes further 
condensation processes possible, which results in colloids containing less cross-
linked long chain polymeric molecules [100]  

Unlike from silicon precursors, metal alkoxides low activation energies of 
ligand exchange and simple rearrangement of the metal-oxygen cores convert 
the microhydrolysis (addition of small amounts of water) and condensation into 
single process that leads to oxoalkoxide products [82, 85]. Good examples are 
homometallic titanium and zirconium alkoxides which microhydrolysis results 
in well-defined oligonuclear oxo-alkoxide species through one-step hydrolysis-
condensation transformation associated with profound restructuring of the 
precursor molecules [98, 83]: 
 

 
The modification of metal alkoxides with chelating ligands has demonstrated 
that the size and shape of the primary particles formed in sol-gel treatment of 
metal alkoxides are defined not by kinetic factors in their hydrolysis and 
polycondensation but by the interactions on the phase boundary, which is in its 
turn directed by the ligand properties [80]. Metal alkoxide microhydrolysis 
products are also known to have extremely complicated structures (Figure 7). 

Nevertheless, the main parameter that affects the course of hydrolysis 
reaction and permits to achieve the formation of a distinct structure is the molar 
ratio of reactants (i.e., the water to metal alkoxide ratio R=[H2O]/M(OR)n]) 
[86]. Alternatively, the hydrolysis ratio, defined as mole ratio of water to alkoxy 
groups, is also used in sol-gel processing of metal alkoxides [60]. Structures 
formation is determined by dense packing of metal cations and oxygen atoms of 
the ligands and is a result of coordination equilibrium [81]. 
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Figure 7. Molecular structures of the microhydrolysis products of titanium [101] and 
zirconium alkoxides [102]. 
 
In addition to aqueous hydrolysis method, a non-aqueous process has also been 
applied for growing metal oxide nanoparticles [103, 104]. Whereas the 
hydrolysis with water is a conventional chemical process and the basis of the 
sol-gel technology [69, 71, 105], the non-aqueous thermal process has been 
almost forgotten since some early works [106–108]. At relatively low 
condensation temperatures, alkoxides decomposition reaction gives ethers as the 
major products: 
 

ORMOMMROORM 2  
 

The formation of oxo bridges is analogous to ageing of oxide hydrates 
accompanied by condensation of two hydroxy groups with elimination of a 
water molecule [103]. Similarly to the aqueous hydrolysis method, thermal 
condensation of metal alkoxides results in metal-oxo-alkoxides – small, 
(partially) crystalline, nanometre-sized oxide nanoparticles stabilized by a shell 
of alkoxy groups. 
 

1.2.3. Formation of sols from metal alkoxides 
Kessler et al. concludes from their researches with heteroligand molecules that 
the sol-gel transition of metal oxide colloids produced from metal alkoxides is 
only possible trough tremendously quick hydrolysis-condensation reaction 
which leads to the equilibrium molecular oxoalkoxide products with structures 
derived from dense packing of cations and anions (Figure 8) [81]. When the 
formed hydrolysis-condensation products grow too big, they will lose 
coordination equilibria and become heterogeneous particles stabilized by 
residual organic ligands on the surface which determine their interaction with 
surrounding media.  
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Physical evidences of aforementioned particles from different metal 
alkoxides have been presented by numerous research groups [109–112]. Kessler 
et al. have denoted these primary particles as Micelles Templated by Self-
Assembly of Ligand (MTSALs) [79–81]. MTSALs size depends on the 
condition of coordination equilibrium and ligand-solvent interactions and varies 
between 2–5 nm (Figure 8) [81]. Aggregates in this size which are related to 
coordination equilibrium are common in inorganic chemistry and incorporate 
usually dozens of metal atoms, as Au39(PPh3)14Cl8 for example [113]. 
According to Kessler et al. hypothesis, the particle size is limited by several 
factors – solubility of the forming oxides and the diffusion coefficients of the 
multivalent cations in organic media, activation energies for incorporating of an 
additional cation on the surface of an already formed particle [81]. The 
heterogeneous growth kinetics can become hindered when the aggregate obtain 
certain limiting size, as theoretical calculations show that activation energies for 
particle growth increase when the surface curvature is decreasing and the 
particle diameter is increasing [114, 115]. 

 

 
 
Figure 8. Formation of primary product of the sol-gel process. Kessler et al. has 
denoted these as MTSAL particles. L marks the ligand group. From Kessler et al. [81]. 

 
About 5 nm size oxide or sulfide particles, analogous to MTSALs, have been 
also reported to form in the non-hydrolytic sol-gel procedures [116, 117]. The 
main difference with the particles formed on hydrolytic processes, is the 
avoidance of dehydration process which allows obtaining fully crystallized 
primary particles. 

 

1.2.4. Gel formation 
Successive processing of the initial hydrolysis products will determine their 
further characteristics. Fully crystalline particles result from hydrothermal 
treatment while without thermal treatment high reactivity of the amorphous 
shells causes the particles to interact with each other. Particles interaction is 
possible via hydrogen bonding or via coalescence with formation of M-O-M 
bridges. Aggregation of the initial particles has two pathways as seen in 
Figure 9.  

8
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Figure 9. Aggregation of sol particles in 
case of low hydrolysis ratio and essential 
amount of ligands interacting with the 
solvent (1) results in uniform transparent 
sols and gels. Higher hydrolysis ratio in the 
absence of necessary ligands (2) forms 
dense and non-uniform aggregated gels or 
precipitates. From Kessler et al. [81]. 
 

In the case of low hydrolysis ratio and/or the presence of chelating ligands that 
strongly interact with the solvent (pathway 1 in Figure 9), aggregates with 
common surface and strong interaction with the solvent are formed [94, 118]. 
Further aging or hydrothermal processes will lead to coarsening and aggre-
gation of particles [119]. When higher hydrolysis ratios are achieved and no 
heteroligands are used, the initial particles will form dense gels or precipitates 
by aggregating trough the volume of solvent (second pathway in Figure 9) [81]. 
T. Sugimoto et al. has demonstrated that the formation of primary particles is 
completed within a period less than 2 s and that the size of the primary particles 
remains practically unchanged in systems rich of organic solvent, and the 
gelation is a result of their aggregation [120]. Raveendran et al. has published 
series of TEM images of TiO2 nanoparticles formed in accordance to the 
concept described above (Figure 10) [121]. 
 

 
Figure 10. TEM view of hierarchical aggregates produced from TiO2 nanoparticles. 
Image on the left is from Kessler et al. [109] and images on the right are from 
Raveendran et al. [121]. 



31 

Simplified explanation of gelation is that clusters of particles grow by 
aggregation until the clusters collide and link to produce a single giant cluster 
that is called a gel. Before so called “gel point”, many clusters are present in the 
sol phase, entangled in but not attached to the spanning cluster. With time, 
bigger clusters progressively become connected to the network and the stiffness 
of the gel increases. At the gel point, two last big clusters link together and 
continuous solid network is formed [93]. As a result, material viscosity abruptly 
rises and elastic response to stress appears (Figure 11) [122]. The interactions 
that provoked gelation continue long beyond the gel point, permitting flow and 
producing gradual changes in the structure and properties of the gel. The gel 
structure depends on the size and distribution of the particles and the strength of 
the attractive forces between them [93]. 
 

 
Figure 11. Evolution of viscosity (left curve) and elasticity (right curve) in time for 
silica gel synthesized from TMOS. From Gauthier-Manuel et al. [122]. 
 
 

1.3. Rheology and shaping of viscous metal  
alkoxide sols 

1.3.1. Brief introduction to rheology 
As the reaction proceeds during sol to gel conversion, the viscosity of the 
solution gradually increases until the solution is transformed to a gel. For this 
reason, the measurements of viscous or viscoelastic behavior of the samples are 
expected to give important information on the degree of polymerization-
condensation reaction and on the size and shape of the formed particles. The 
rheological behavior of a real material is expressed by a combination of elastic 
deformation, viscous flow and plastic flow [69].  
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When a stress is applied to an elastic body, the corresponding strain occurs 
instantaneously. Upon removal of the stress, the strain instantaneously 
disappears – the stress is proportional to the strain. When a solid is deformed by 
a shear stress σ the following formula holds: 
 

 G



 (4) 

 
Here γ is the shear strain and G is a constant called shear modulus [69]. 

In simple shear (Figure 12), the response of a viscous fluid is characterized 
by a linear relationship between the applied shear stress and the rate of shear 
[123]:  
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Here, η is a constant called viscosity and   is a shear rate. Liquids for which η 

is a constant, regardless of the values of σ and   are called Newtonian liquids 
and such a flow is called Newtonian flow. Shear strain caused by the viscous 
flow is not recovered even if the stress is removed. The strain varies as a 
function of time [69].  

 
Figure 12. Schematic representation of a unidirectional shearing flow where F=force, 
A=area, dV=velocity, σ=shear stress. 
 
In shear thinning and shear thickening flows (Figure 13), the viscosity of the 
liquid as expressed by equation (Equation 5) is not constant. Therefore, these 
liquids are considered as non-Newtonian liquids. The viscosity, defined as the 
ratio of shear stress to shear rate, is called the apparent viscosity, ηα, and it 
changes with as shown in Figure 13 [69].  
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Figure 13. Qualitative flow curves of Newtonian, pseudoplastic (shear thinning), 
dilatant (shear thickening), viscoplastic and Bingham plastic liquids. From Deshpande 
et al. [123]. 
 
Substances having a threshold stress (called yield stress or apparent yield stress, 
σy), which must be exceeded for the fluid to deform (shear) or flow, behave like 
an elastic solid when the externally applied stress is less than the yield stress, σy. 
Once the magnitude of the external yield stress exceeds the value of σy, the fluid 
may exhibit Newtonian behaviour (Bingham plastic) or shear thinning 
characteristics (viscoplastic) [123]. 

Flow behavior that is different from viscous flow (Newtonian flow) is called 
non-Newtonian in the broad sense. Many real liquids exhibit flow behavior 
possessing both viscous and elastic nature, that is, viscoelastic flow or defor-
mation. From the experimental observation it has been noted that a material 
tends to show elastic behavior at low temperatures or for a short time stress 
application while viscous behavior is observed at high temperatures or for a 
long duration of applied stress. Additionally, viscoelastic behavior is inherent 
for solution containing low molecular weight polymers or fine particles at low 
concentrations and for solutions and melts consisting of high molecular weight 
polymers or large particles. The viscous and viscoelastic properties of sol-gel 
solutions are characterized by measuring viscosity under different conditions. 
Following viscometers are mostly employed – rotating cylinder viscometer, 
cone and plate viscometer, capillary viscometer, falling sphere viscometer and 
pulling-up-sphere viscometer [69]. 

The viscosity plotted as a function of time (see Figure 11) provides 
qualitative information on the growth of particles and formation of cross-linking 
between the particles. In order to relate the shape of particles to the flow 
behavior of the sol, determination of the reduced viscosity, ηsp/C and the 
intrinsic viscosity, is needed [124–126]. The specific viscosity, is defined as 
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where η is the viscosity of the solution and η0 is that of the solvent. The reduced 
viscosity is calculated by dividing ηsp by the concentration of particles, C, of the 
sol 
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The reduced viscosity represents the increase in viscosity assigned to a single 
particle. The intrinsic viscosity [η] can be obtained by extrapolating the ηsp/C 
vs. C curve to C=0. The intrinsic viscosity represents the increase in viscosity 
attributed to one particle in the solution of very low concentrations [69]. 

The extensional rheology is used to understand the materials processing 
behaviours, for example, in fiber spinning, inkjet printing, or curtain coating. 
Elongational flow occurs when a force acts perpendicular to an area with a 
finite cross section (Figure 14). Because the volume of an incompressible fluid 
must remain constant, elongation is accompanied by a simultaneous transverse 
contraction. Hence during steady elongational flow, an infinitively small 
volume of fluid with an initial cross-section A0 accelerates in the direction of 
flow under the action of the elongating force. In the steady state, the outflow is 
continuously replaced by inflow through the area A0. Analogous terms with 
shear flow can be defined also for elongational flow [127]: 
 

  EA

F
  (8) 

 

From his experiments on elongating liquid fibers or filaments, Trouton 
revealed that for an incompressible Newtonian material the elongational and 
shear viscosities are related as follows: ηE=3η [128]. For the non-Newtonian 
liquids, except in the limits of →0 and →0, there does not appear to be any 
simple way enabling the prediction of ηE from a knowledge of η (or vice versa), 
and the determination of ηE rests entirely on experiments [123]. 

One distinct feature of viscoelastic fluids is the so-called memory effect. For 
instance, viscous fluids have no memory whereas an ideal elastic solid has a 
perfect memory as long as the stress is within the linear limit. Thus, viscoelastic 
fluids are characterized by using a relaxation time, or a spectrum of relaxation 
times, which is roughly a measure of the span of their memory [123]. 

  
Here   is elongation rate and ηE is called elongational viscosity (also 
extensional or Trouton viscosity).  
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1.3.2. Rheology and spinnability of alkoxide sols 

Flow behavior of a material can be found by measuring its viscosity as a 
function of shear rate, using the rotating viscometer or the cone and plate 
viscometer. In this case, the measured viscosity is the apparent viscosity. 
However, the word viscosity and the symbol η are used for simplicity [69]. 

Sakka and coworkers [129–132] and Kamiya et al. [133] investigated the 
rheology of siloxane systems prepared from TEOS. Evaluating concentration 
dependence of the reduced viscosity, ηsp/C, it was demonstrated that usually 
silica sols behave as Newtonian liquids when the viscosity is low due to low 
concentration of particles, small particle size and/or separated particles [69]. In 
that case, the reduced viscosity, ηsp/C of a solution (for non-interacting spherical 
particles) is independent of concentration, C [134]: 
 
  /kCsp   (9) 

 
where k is a constant and ρ is the density of the particles. Further aging leads to 
aggregated structures and causes a progressively larger dependence of ηsp on C, 
increasing system viscosity. As the shear rate is increased, these tenuous 
aggregates break down releasing immobilized liquid and thus reducing 

Figure 14. Schematics of monoaxial steady-state elongational flow. F=force; A=area, 
x=coordinate axis; v=velocity. 

Firstly, it should be noted that qualitative rheological investigations have been 
mostly performed on numerous Si-alkoxide systems. Those few publications 
describing metal alkoxides flow behavior, are presuming that metal alkoxide 
sols inner structure is similar to silicon alkoxide sols [93]. As discussed 
thoroughly in chapter 1.2, the latter assumption is not always valid. 
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viscosity. This corresponds to shear thinning behavior. According to the 
Huggins equation, chain-like or linear polymers show a concentration depen-
dence of the reduced viscosity [135] 
 
     CkCsp

2   (10) 

 
where [η] is the intrinsic viscosity and k is a proportionality constant. Therefore 
the progressively larger dependence of ηsp/C on C with aging time may be 
explained as arising from a gradual progression of the silicate structure from 
small noninteracting species to extended, weakly branched polymers [93]. 
Further aging leads to extensive network formation imparting elastic character 
to the system which can be indicated by the yield stress in the shear stress 
versus shear rate curve. After exceeding the yield stress, the shear thinning 
behavior and hysteresis are observed (thixotropic flow behavior) [93].  

Both Newtonian and non-Newtonian behaviors have also been observed for 
alumina sols [136] while Wolf et al. [137] have shown, using zirconium acetate, 
that sols prepared by different methods exhibit also different rheological 
behavior, such as Newtonian, shear thinning, or thrixotropic flow [69].  

Spinnability is a term, usually used to describe materials ability to elongate 
under applied external forces and to form long slender liquid threads with the 
ultimate aim to prepare fibers. Additionally, the term spinnability can also be 
used to describe materials behavior in preparation of films and other structures. 
When using alkoxide solutions, the best spinnability is observed when the 
viscosity behavior is highly shear thinning but not thixotropic [138]. Shear 
thinning behavior alone however is not sufficient for spinnability. Apparently a 
very high viscosity without premature gelation is necessary to prevent the 
drawn liquid jet from breaking up into droplets. From the aqueous 
polymerization-condensation processes with silicon alkoxides it is noted that for 
any particular concentration and extent of condensation, weakly branched 
“extended” structures, e.g., chains or rods, are more efficient than compact 
structures, e.g., uniform particles, in increasing the viscosity. Overlapped 
extended structures interact at lower concentrations, which also explain the 
concentration dependence of the reduced viscosity [93].  
 

1.3.3. Fibers from liquid jets and structures from viscous sols 
Collimated streams of matter with more or less columnar shape, i.e. jets, have 
fascinated researchers already from 1833 when Savart observed tiny undulation 
on the jet surface just prior the homogeneous flow of water disintegrated to 
droplets [139]. Researchers were able to demonstrate later on that cohesive 
properties of liquids, most often surface tension, are promoting the breakup of 
once formed jet. Besides fiber formation, discussed more thoroughly 
afterwards, the knowledge about jet formation and disintegration has been 
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implemented successfully into technological, scientific and everyday achieve-
ments such as medical diagnostics, sprays and coatings, nuclear fission, ink-jet 
printing, diesel engine technology, micro- and optoelectronic, agricultural 
irrigation and so on [140]. Jet dynamics can also be used to evaluate liquids 
surface tension, viscosity or non-Newtonian rheology – important properties of 
precursor materials for many industrial applications and processes [140]. 

The factors leading to jet failure are summarized in the Ullmann’s Fibers 
Handbook [127] as follows: A fluid as-spun filament is thought to break by two 
mechanisms [141]. The first of these is cohesive failure in which fracture occurs 
when the tensile stress exceeds the tensile strength of the material at some point 
along the path of filament formation. Tensile strength depends on the energy of 
cohesion (critical elastic energy) of the material. Tensile stress can built up if 
the fluid, in contrast to ideal viscous Newtonian media, is able to store energy 
of deformation, i.e. if it is viscoelastic. The second failure mechanism is termed 
capillary wave failure and depends on the ratio of surface tension to viscosity. 
The larger the ratio, the more rapid is increase in the amplitude of initially 
minute waves on the filament surface. After a certain distance, the capillary 
filament is divided into droplets and breaks [127]. 

To obtain a fiber from high-viscous precursor one needs also to solidify the 
liquid jet before breakup via drying (dry pulling), cooling (melt pulling), 
osmosis (wet pulling) or as a result of chemical reaction [127, 142]. Fiber 
diameter is limited by the precursor material properties and jetting method. For 
example, because of the breakup, it is fairly difficult to mechanically draw 
fibers thinner than 1μm. The theoretical calculations predict that fundamentally 
it is not possible to mechanically draw fibers thinner than 200 nm, while 
electrospinning allows obtaining fibers with diameters less than 100 nm [143]. 
The characteristics of the precursor material also determine the outcome fiber 
structure and dimensions as was demonstrated by Ondarcuhu et al. who used 
concentrated oligomeric precursor solutions instead of polymer solutions to 
draw fibers thinner than 200 nm [144]. The explanation for the result is that the 
oligomeric solution with low molecule mass does not consist of entanglements 
compared to polymeric systems and so the cohesive forces are largely reduced. 

Precursors for fiber preparation from metal alkoxide sols are achieved by 
controlling materials chemical composition with the R-values (aqueous 
hydrolysis-condensation) or with the heating temperature (non-aqueous pro-
cesses). High viscosities are generally achieved by concentration of the sol 
trough solvent evaporation [131]. During the fiber processing from metal 
alkoxide sols, particles start sliding under external forces, forming long slender 
viscous jets that solidify (gel) upon removal of the solvent and cross-linkage of 
the particles [145]. Further solvent evaporation that accompanies fiber drawing 
presumably causes a sufficient increase in viscosity to stabilize the drawn fiber 
due to the strong concentration-dependence of viscosity [93]. On the other hand, 
removal of solvents during the fibers formation would lead to formation of 
fibers with noncircular cross-section [146].  

10
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When suitable sol concentrations and viscosities are selected, thin films onto 
suitable substrates can be deposited using dip-, spin- or spray -coating [147]. 
Reedo et al. has also demonstrated that gel films can be used to obtain 
spontaneously formed microrolls (1 µm to 50 µm in diameter and up to 2 mm 
long). For that, only the surface layer of the precursor is gelled by exposing it to 
humid air, remaining sol layer under it un-gelled. Using suitable solvents and 
under proper conditions the gel sheets have a tendency to spontaneous roll-up, 
which can be explained by mechanical stress imbalance that originates from 
drying and polymerization-condensation processes [148]. Formation and 
dimensions of the microrolls are controlled with the precursor viscosity and 
with the extent of the gelling processes in the initial film [147]. 

In molding of structures from sol-gel materials, hydrodynamic flow of the 
sol and gelation at sols surface play important role in the process. Naturally, 
also the sols intrinsic properties such as viscosity should be counted. The higher 
the viscosity, the faster the gelation takes place and the smaller are distortions 
of smeared structures caused by capillary forces and by mass loss during 
gelation. If gelation is too fast and sample thickness is too large, cracks can 
appear. If thick films or even monoliths are needed to prepare, the number of 
unwanted cracks can be minimized in several ways, for instance, by modifying 
the precursor by adding different stabilizers into it [71]. Also environmental 
conditions (especially humidity) are significant, since speed of gelation process 
depends directly on the amount of water vapour in the environment [149]. 
 
 

1.4. Carbon nanotube reinforced  
ceramic matrix composites 

Materials science community has exploited the CNTs potential as reinforce-
ments and/or toughening agents for brittle ceramics to develop advanced 
ceramic matrix composites (CMCs) with superior mechanical performance and 
tailored thermal and electrical properties [150]. High aspect ratio of this tubular 
form of carbon can be utilized for alignment of the CNTs by shear forces to 
create composite materials with additional level of hierarchy. Furthermore, 
CNTs high aspect ratio becomes advantageous when their percolation at low 
concentrations is needed [151]. Electrical conductivity and mechanical strength 
of the composites can be greatly enhanced by addition of a small amount of 
CNTs needed for the creation of homogeneous network throughout the host 
material [150]. A wide variety of polycrystalline ceramic matrices including 
Al2O3, MgO, ZrO2, SiC, TiN, BaTiO3 etc. [152] has been reported as potentially 
applicable in fuel cells, supercapacitors, gas sensors, ferroelectric capacitors, 
photocatalytic films, thermal barriers, tissue engineering, electromagnetic 
shielding, armours etc. technologies [150]. Tailoring CNTs unique properties 
with aforementioned ceramics can result in composite materials that could 
enhance existing applications and open ways to new ones. 
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According to Zapata-Solvas et al. [150] the properties of CNT-reinforced 
CMCs depend on: (i) degree of homogeneity of the dispersion of CNTs within 
the matrix ensuring the absence of CNTs agglomerations; (ii) avoiding damage 
of CNTs while processing, either during dispersion or consolidation; (iii) 
optimum bonding between CNTs and ceramic matrix interface with the aim of 
originating interfacial compatibility and strong adhesion. CNTs dispersions 
throughout ceramic matrix are mostly achieved by conventional powder pro-
cessing [153], colloidal processing [154], electrophoretic deposition [155], in 
situ growth of CNTs by e.g. catalytic chemical vapour deposition (CVD) [156] 
or by sol-gel processing [157].  

Compared to sol-gel processing, aforementioned competing methods for 
obtaining CMCs have several drawbacks. For example, powder processing uses 
mostly ultrasounds or ball milling to mix raw CNTs and ceramic particles under 
wet conditions followed by powder drying, crushing and sieving and finally 
densifying the mixture by hot pressing. However, the absence of any driving 
force to distribute the CNTs from the powder particle surface into the bulk 
results in nonhomogeneous composite material with agglomerated CNT bundles 
[152]. Another method, electrophoretical deposition, is only suitable for 
production of coatings and films [158] achieved via the motion of charged 
particles in a suitable aqueous solution towards an electrode under applied 
electric field (Figure 15) [152]. Colloidal processing use dispersants, surfactants 
or chemical functionalization based surface modifications of CNTs to increase 
suspension stability and interaction between the tubes and ceramic matrix. 
Heterocoagulation is generally used to initiate matrix particles deposition from 
suspension to nanotube surface. Ceramic coating on CNTs in turn screens the 
undesirable attractive interaction between the tubes, preventing agglomeration 
and facilitating the production of well-dispersed composites. However, the 
sintering and removal of dispersants and surfactants from composites without 
damaging CNTs can be challenging [152]. CVD, described in chapter 1.1.2, can 

rface of ceramic matrix grains due  

Peigney et al., in situ growth of CNTs on ceramic particles enables composites 
with reasonably well-distributed networks of CNTs [159] but the downside of 
the method are poor sinterability and the undesirable presence of amorphous 
carbon in the final composites [156]. 
 

be used to grow CNTs directly on the su
to metal impurities doping the surface and acting as catalysts. As shown by 
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Figure 15. Schematic illustration of the electrophoretic co-deposition of composite 
films containing CNTs and ceramic nanoparticles. From Boccaccini et al. [158]. 
   

1.4.1. CNT-reinforced CMCs by sol-gel method 
Sol-gel method, when used to prepare CMCs, involves the production of metal 
oxide nanoparticles based solid gel network, wherein CNTs are mixed and 
entrapped, followed by the calcination of the dried gel mixed with CNTs [150]. 
Up to date the vast majority of sol-gel prepared CNTs composite works have 
been focused on the silica systems such as SiO2 glass [160] or alumino-
borosilicate [161, 162]. Only a limited amount of works are available on CNT-
reinforced metal oxide systems, which describe the preparation of CNT-metal 
oxide powders [163] and thin films on substrates [164] by sol-gel techniques. 

The main issues when preparing CMCs by sol-gel methods are related to 
breaking CNT agglomerates during the sol-gel processing. It has been fre-
quently demonstrated that simple mixing techniques seldom have led to 
satisfactory results. Thus for instance, Mo et al. were able to demonstrate a 
good dispersion of pristine CNT in aluminium tri-sec-butoxide based powders 
without using any surfactants. However, obtained Al2O3-MWCNT composites 
still contained some agglomerates and only moderate increase in fracture 
toughness was achieved [157]. Therefore nowadays more elaborate mixing 
techniques are used such as utilization of surfactants, various pre-treatments, 
ultrasound methods etc. For example, using sodium and ammonium stearates as 
surfactants, MWCNT-ZrO2 composite crystalline powders have been success-
fully obtained from mixing 0.5% CNT with zirconium (IV) propoxide sol [165]. 
Authors observed MWCNTs with fully coated zirconia matrix which is a result 
of a very good adhesion between the tubes and oxide layer.  
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It has been observed by Vincent et al. that compared to simple mixing of 
oxide precursor with CNTs, pristine CNTs solutions are more stable when the 
oxide nanoparticles are produced in the presence of CNTs [166]. Investigating 
dip-coated thin films with transmission electron microscope revealed oxide 
nanoparticles on the surface of the tubes that screen the undesirable attractive 
interaction between the nanotubes and thus prevent agglomeration. Jitianu et al. 
proved using titanium(IV)propoxide and titanium(IV)ethoxides that CNTs can 
be coated by a thin continuous oxide layer [167], which parameters can be 
controlled by process parameters, such as reaction time [168], reaction 
composition, and the choice of metal precursor [169]. By using sol-gel method 
to coat CNTs with a thin layer of Al2O3 [170], TiO2 [171] or SnO2 [172], it was 
possible to synthesize well-dispersed discrete composite fibers or functionalize 
CNTs in order to manipulate adhesion/bonding between CNTs-composite fibers 
and a ceramic matrix [150]. 

It is also interesting to note that dip-coated CNT-tantalum oxide based thin 
films, for example, proved to be mechanically more resistant to mechanical 
scratching and had good sticking strength with the substrate [164]. Note that not 
only mechanical properties but also other properties can be enhanced using 
CNTs. Thus e.g. SnO2-SWCNT composite thin films prepared by Gong et al. 
showed up to three magnitudes of greater sensitivity and faster response time 
when used as gas sensors [173]. 
 

1.4.2. CNT percolation theory and electrical conductivity  
of CNT-reinforced CMCs 

The ceramic matrix of composites are usually considered as electrically non-
conductive (10–10 to 10–15 S/m) [174]. Electrical conductivity in CNT-ceramic 
composites is the result of the percolated network of CNTs throughout the 
ceramic matrix. Percolation effect involves a sudden change in a macroscopic 
property at a critical percolation threshold [150]. The property, electrical 
conductivity in this case, can be related to the concentration by scaling law as 
follows [175], 
 
 t

cCNTcm ff )(   for cCNT ff   (11) 

 
where σm is the electrical conductivity of the CNT-reinforced CMC, fCNT is the 
volume fraction of CNTs in the composite, fc is the critical volume fraction or 
percolation threshold and σc and t are fitted constants related to intrinsic 
electrical conductivity of the CNTs and the dimensionality of the system, 
respectively [150]. From the theoretical considerations the percolation threshold 
depends mainly on the aspect ratio of the conductive filler; the higher the aspect 
ratio the lower is the percolation threshold [176]. In practise, also other factors, 
such as filler hardness, filler distributions, matrix properties and processing 
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techniques, can also have effects on percolation and conductivity [177, 178]. 
Therefore, electrical percolation thresholds in CNT reinforced CMCs have been 
reported to range from as low as 0.18 wt% to more than 30 wt%, and most of 
the measured electrical conductivities range from 10–2 to 103 S/m [150]. Typical 
dependency of conductivity on CNT concentration in CMCs is demonstrated in 
Figure 16. Near the percolation threshold the conductivity follows the power 
law and exhibits a typical insulator-conductor transition [151]. 
 

 
 
Figure 16. Plot of conductivity of alumina/MWCNT powder composites as a function 
of the MWCNT content at room temperature. From Ahmad et al. [151]. 
 
From the viewpoint of resistor circuits, there are only two sources of resistance 
for a percolating network of carbon nanotubes. One is the resistance along the 
nanotube itself, and the other is the contact resistance between crossing 
nanotubes [174]. Electrical properties of pure CNT networks are dominated by 
the contact resistance between CNTs, which depends on several structural 
parameters such as the chirality, contact angle, and tube-tube distance. For 
instance, metal-metal and semiconductor-semiconductor contacts form tunnel 
junctions whereas a metallic-semiconductor contact behaves as a Schottky 
diode and thus the reported resistances vary from tens of kilo ohms to hundreds 
of mega ohms [176]. However, when CNTs are dispersed in a ceramic matrix, a 
thin insulating film may form between a pair of junction nanotubes, which 
increases the contact resistance [179].  
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Figure 17. (a) Theoretically calculated percolation probability of as a function of length 
for different angular distribution of 100 CNTs within the simulation cell. (b,c,d) Typical 
distributions of CNTs when the anisotropic angle θ is 90°, 30°, and 5°, respectively. 
From Zeng et al. [181]. 
 
Investigating CNT films, Behnam et al. found that the film conductivity 
depends on the alignment of nanotubes such that the highest conductivity is 
obtained at partially aligned CNTs [180]. This can be explained by the fact that, 
as the nanotubes become more aligned, they form conduction paths with fewer 
junctions and shorter lengths between the source and drain. However, as 
anisotrpy is further reduced, resistivity starts to increase significantly. This is 
due to the fact that, as the nanotubes become even further aligned, the number 
of conduction paths begins to decrease significantly. For example, in the case of 
almost perfect alignment, each nanotube forms only very few junctions with its 
neighbours, since it lies almost parallel to them. As a result of this competition 
between the decrease in the number of junctions and lengths of the conduction 
paths (which decreases the resistivity) and the decrease in the number of 
conduction paths (which increases the resistivity), the resistivity minimum 
occurs for a partially aligned rather than a perfectly aligned nanotube film 
[180]. To summarize, decrease in the degree of anisotropy in CNT dispersion 
leads to a corresponding increase in the percolation probability (Figure 17), 
thereby lowering the electrical percolation threshold [181]. 
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High aspect ratio nanotubes have been observed to tend to curl up and also 
form bundles in composites. Although the theoretical simulations reveal that the 
percolation threshold increases with an increase in the degree of waviness 
[182], the effect of waviness to percolation threshold remains relatively small 
compared to aforementioned effects [183]. Grujicic et al. [184] has calculated 
the effect of bundles on percolation and, as expected, the percolation threshold 
increases with increasing the bundle radius [183]. 
 

1.4.3. Rheology of CNT-filled systems 
Characterization of CNT-reinforced sol-gel systems by rheology helps to under-
stand influence of CNTs on sol-gel transition, nano- and microstructure of the 
obtained materials, and also enables better control over processing parameters 
[145]. The rheological parameters are influenced by interactions between 
constituents in the system, their state of dispersion, as well as by the shape and 
orientation of the dispersed particles. Therefore, rheological measurements 
could reflect morphological changes in CNT-filled sol-gel systems. Studies 
referring to CNT-reinforced sol-gel rheology are quite rare. Majority of the 
experimental and theoretical rheology studies on CNT-filled systems are done 
with polymers or epoxy resins. However, many results and conclusions are 
expected to be similar with alkoxide based sol-gel systems.  

Addition of nano-particles into a liquid changes the suspension viscosity  
expressed as 
 
   )1( 2

0 cc h   (12) 

 
where 0 is the fluid viscosity, is a suspension intrinsic viscosity, c is a 
particle volume fraction and h is the Huggins coefficient, which characterizes 
the strength of particle-particle pair interactions [185]. According to standard 
models, increasing suspension viscosity is related to the fact that particles 
acquire a stable adsorbed layer with a hydrodynamic size larger than the core 
particle diameter. On the other hand, if the matrix segments adsorb weakly or 
not at all, a depletion of the segments at the particle surfaces will lead to an 
attractive potential of mean force, again raising h but reducing [185]. As 
indicated above, positive intrinsic viscosities are associated with adsorbed 
layers at the particle surface. According to Kim et al. [185], negative values are 
less well understood and are associated with i) particles whose diameter is on 
the order of the size of the polymer radius of gyration (Rg) [186], ii) the polymer 
being above the entanglement molecular weight [187], and iii) particle spacing 
being on the order of the polymer radius of gyration [188–190].  

Experimental study by Tuteja et al. [191] demonstrated that addition of 
polystyrene nanoparticles to linear polystyrene leads to viscosity reduction only 
when the polymer molecule is entangled and confined. A large decrease in the 
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viscosity of a semicrystalline polymer with the addition of in situ prepared silica 
nanoparticles in a narrow concentration window was demonstrated by Jain et al. 
[192].Viscosity drop was explained by selective adsorption of long polymer 
chains on the nanoparticles and by interparticle distance (Figure 18). 
 

 

Figure 18. Schematics showing the effect of interparticle distance (Λ) on the particle–
particle and particle-polymer interactions. (A) If the interparticle distance is larger than 
the radius of gyration of polymer (Rg) then there are interactions or entanglements of 
polymer chains adsorbed on the surface. As the interparticle distance approaches Rg, the 
adsorption approaches a maximum and when the interparticle distance is lower than Rg, 
the adsorbed polymer chains start to feel the presence of other particles and parts of the 
chains also adsorb on other particles forming bridges. (B) Schematics showing the 
bridging effect when the interparticle distance is less than Rg, resulting in network 
formation or superstructures in the melt which increase the viscosity. From Jain et al. 
[192] 
 
Theoretical simulations demonstrate a pronounced change in viscosity affected 
by the nature of the nanoparticle–matrix interaction (i.e. attractive, neutral or 
repulsive interactions). The viscosity is increased for attractive interactions and 
reduced for repulsive systems [193]. In the presence of even insignificant 
amount of fillers, such as CNTs or carbon nanofibers (CNFs), the initially 
Newtonian liquids will exhibit non-Newtonian behavior [194]. Investigating 
SWCNT-epoxy suspensions, Advani et al. [195] have demonstrated that simi-
larly to the percolation threshold the rheological response is a function of CNTs 
orientation, aspect ratio, concentration, and surface treatment. The rheological 
behavior and morphology investigation of melt phase polystyrene/CNF (50–150 
nm in diameter) composites show that both shear and extensional viscosities 
increase with increasing nanofiber concentration [196]. CNTs suspensions on 
the other hand show a much stronger shear thinning effect when compared to 
CNFs or carbon black suspensions with the same concentrations [197]. This is 
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probably because of the more pronounced effect of high aspect ratio of the 
CNTs [198]. 

CNTs addition increases also storage modulus G’ and loss modulus G’’ of 
the composites, however, the effect on G’ is generally larger [197, 199]. At low 
frequencies, the storage modulus shows a plateau that is usually observed at 
high CNT loadings indicating the presence of a physical network of CNTs 
[200]. Ma et al. [201] studied the rheological behavior and microstructure of the 
low viscosity CNT-epoxy resin and showed that treated CNT suspensions 
generally revealed a smaller shear thinning effect compared with untreated CNT 
suspensions. The addition of chemically treated CNT to the fluid was found to 
significantly increase the filament breakup time in extensional flow as a result 
of CNT orientation along the filament stretching direction. Additionally, the 
filaments from the chemically treated CNT suspensions were smooth, while the 
filaments from untreated CNT suspensions behaved in a non-uniform way with 
local fluctuation in filament diameter [201].  
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2. AIM OF THE STUDY 
 
The main purpose of the thesis was to study formation mechanisms of nano- 
and microstructures from metal alkoxides, and to search for ways to increase 
their electrical properties by doping with carbon nanotubes. 

The original contribution of the work is divided into two main parts. The aim 
of the first part of the study was to find new approaches for preparing 
nanostructured oxide materials from highly viscous metal alkoxide sols. The 
second part of the study focuses at carbon nanotubes/oxide composite materials, 
their formation methods, characterization, and properties. The particular 
objectives of the study were: 

 elaboration of suitable precursors for preparing nanostructured oxides; 
 elaborating different methods applicable for preparation of controlled 

shape nanostructured oxides from the precursors; 
 determination of internal and external parameters affecting shaping of gel 

structures; 
 analysis of the structure formation of the precursors and oxide structures; 
 elaboration of methods for introducing CNTs into precursor materials; 
 analysis of CNT influence on precursor material properties; 
 characterization of CNT-oxide composite structures. 
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3. EXPERIMENTAL METHODS 

Experimental work of this Ph.D. thesis can be divided into four parts – pre-
cursor materials preparation, characterization of precursor materials, preparation 
of metal oxide structures, and characterization of final oxide materials.  

During the research a large variety of different alkoxides were used. 
Whenever possible, commercial alkoxides were utilized. Commercially un-
available metal alkoxides were synthesized following generally known routines. 
Precursor materials for gel structures preparation were obtained by aqueous 
(AQ) or non-aqueous (NAQ) treatment of metal alkoxides. The process of metal 
alkoxide hydrolysis-condensation with water was similar for all used alkoxides, 
and after the excess solvent and water was removed, highly viscous samples 
were obtained. Ultrasonication procedures were used in preparation of 
precursors of metal-oxo-alkoxides composites with carbon nanotubes.  

In the second step, precursor materials were characterized by conventional 
methods and also sometimes by unconventional techniques when conventional 
methods were not applicable. 

Next, obtained viscous precursor materials were used to prepare different gel 
structures with and without CNTs. Several experimental set ups and instruments 
were developed in order to prepare specialty shapes. Initially obtained xerogel 
structures were further processed into dense oxide ceramics. 

Finally, obtained dense ceramic nano- and microstructures were imaged and 
characterized. 
 
 

3.1. Precursor materials preparation 

Neat alkoxides for precursor materials preparation (Papers I–VIII) 

Ti(OPr)4, Ti(OBu)4, Zr(OPr)4, Zr(OBu)4 and Hf(OBu)4 were commercially 
available. Metal alkoxides like Sn(OPr)4, Sn(OBu)4 and Ce(OBu)4, that were 
commercially unavailable were synthesized prior further experiments. 

Syntheses of Sn(OPr)4 and Sn(OBu)4 were carried out as described in [202]. 
Detailed synthesis of Ce(OBu)4 is described in Paper I. After removal of 
solvents in vacuum, the alkoxides were obtained as viscous syrup-like brown 
liquids.  
 
Precursor materials preparation by AQ treatment of metal alkoxides (Papers I–
VIII) 

Typically five to ten grams of alkoxide aliquots was used as the starting 
material for the precursor preparation. Hydrolysis-condensation process was 
initiated by adding water solution in the corresponding alcohol (butanol or 
propanol) acidified with concentrated HCl. If necessary, the mixture could be 
doped with other metals just after the addition of water. This was necessary in 
order to improve the materials conductivity for further electron microscopy 
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observations, for example (see chapter 4.4). To transform the obtained mixtures 
into viscous samples, the solvents and low molecular mass organics were 
removed by evacuation. The main parameter affecting the precursor materials 
viscosity, R=[H2O]/[M(OR)n], is different for every alkoxide. Hence, the value 
of R was selected according to the desired metal alkoxide gel viscosity and 
particular experiment. 

Exposing the precursors to air resulted in immediate formation of thin solid 
layer on the materials’ surface due to polymerization-condensation caused by 
water vapour in air. In closed plastic syringes the precursors remained stable for 
at least several months. 
 
Precursor materials preparation by NAQ treatment (thermolysis) of metal 
alkoxides (Paper I) 

NAQ treatment, which is an alternative method for obtaining viscous precursor 
materials from metal alkoxides, was demonstrated using Sn(OBu)4. In 
thermolysis the condensation was initiated by slowly increasing the temperature 
of a reaction flask containing Sn(OBu)4 over 8 h period until reaching 275 °C. 
At this temperature primary tin alkoxides transform to oxides, as pointed out by 
Maire et al. [203]. To achieve uniform heating, the flask with a vigorously 
stirred substance was heated in a silicone oil bath.  
 
CNT doped precursor materials preparation (Papers III, VI–VIII) 

AQ treatment of titanium and tin alkoxides with different types of CNTs were 
used to prepare CNT-reinforced CMCs. All CNTs were synthesized by CVD 
and were not functionalized or pretreated before introducing them into metal 
alkoxides. 

In the stage of preparation of an initial suspension, CNTs (e.g. 0.01 g) were 
first added into corresponding alcohol (e.g. 10 mL) inside a 15 mL metric 
cylinder and were then treated with ultrasonic wand (24 kHz and 200 W) for 30 
minutes. Preliminary high powered ultrasonic agitation in relatively small 
beaker was necessary to successfully de-agglomerate individual CNTs from 
bundles. The suspension was then introduced into titanium(IV)propoxide (e.g. 
10 g) and a water-propanol solution was added to the mixture. The molar ratio 
of water to titanium(IV)propoxide was chosen to be the same as when precursor 
without CNTs was prepared. During removal of the excessive solvent with a 
rotary evaporator, an ultrasonic bath (37 kHz and 80 W) was used instead of 
ordinary heating bath. Although high powered sonication is very effective for 
producing uniform CNT suspensions, prolonged exposures to ultrasonic waves 
could also damage CNTs to extent where their electrical properties are 
significantly decreased [204]. For this reason, relatively mild sonication 
conditions (80 W) sufficient to maintain high quality dispersion without 
severely damaging CNTs were selected in the solvent removal stage. 
Importance of the sonication was decreased when the viscosity of the metal-
oxo-alkoxide/CNT suspension increased up to 10–10000 poise [138] as the 

13
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tubes remained separated from each other due to the high viscoelastisity of the 
matrix. After removal of the solvent, visually homogeneous samples were 
obtained for further investigation. 
 
 

3.2. Precursor materials characterization 

Precursor materials were characterized by evaluating their viscosity, surface 
tension rheological properties and morphology. In the present work two 
methods for rheological characterization of precursor samples were used: 
conventional rotational rheometry and original technique developed in 
collaboration with Tallinn University of Technology [205]. Inner structure of 
the precursors was investigated by using infrared spectroscopy, X-ray 
diffraction analysis and small-angle X-ray scattering analysis. 
 
Viscosity measurements (Papers I, II, IV) 

One of the important parameters describing the properties of a sol-gel material 
is its viscosity. Typical sols used in conventional technological processes like 
spin and dip coating include large amount of solvents that needs to be 
evaporated before the beginning of gelation process. The viscosities of such sols 
are usually around 1 poise. In our case, the sols did not contain any solvents and 
therefore their viscosities were at least two orders of magnitude larger. 
Viscosities were determined by Stokes method measuring free falling time of a 
0.032 g metal ball that was dropped into the mixture. A calibration test proved 
that the method enabled us to measure the viscosities of the precursors from 100 
poise up to several thousand poise with an uncertainty less than 10%. 
 
Measurements of the surface tension coefficient (Paper I) 

The surface tension coefficient was measured by the inverted vertical pull 
surface tension method as described in [206]. To avoid solidification of the 
sample surface, the measurements were performed inside a reaction flask in 
which alkoxide materials were in equilibrium with their vapours. A platinum 
rod, 0.5 mm in diameter, was first immersed into the liquid and was then pulled 
out from it in 0.01 mm steps. The force of the liquid acting on the rod in 
effective steady-state motion was measured using balances with the resolution 
of 0.1 mg. The surface tension coefficient was calculated from the value of the 
force measured immediately before breaking up of the liquid jet.  
The method was calibrated in the high-viscosity region using standard liquids 
like glycerol, and the accuracy was within 5%. 
 
Conventional rotational rheometry characterization (Paper I) 

Rotational rheometry is a powerful technique for the measurement of complex 
shear rheology for a wide range of liquids, varying from dilute solution to 
highly viscoelastic composite materials. The liquid sample is filled into the 
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flow behavior of sols for sol-gel materials [69]. 
 

 
Figure 19. Schematic drawings of various measuring geometries (cone-plate, plate-
plate and concentric cylinders) [207].  
 
The rheological characterization of samples was carried out with a Haake 
rotational rheometer Mars II using the plate-and-plate test geometry (plate 
diameter 20 mm), at 20 ± 0.1 °C and humidity below 20%. The data on vis-
cosity versus shear rate were averaged over 30 s for each shear rate value. 
Oscillation stress sweep tests were carried out at the frequency of 10 rad s−1 and 
strain amplitudes of 0–30%. Oscillation frequency sweep tests were performed 
for frequencies between 0.01 and 20 Hz at the strain amplitude of 0.1%, that is, 
within the linear viscoelastic region. 
 
Extensional rheology technique (Paper III) 
As extensional flows can have a tremendous effect on final properties of sol-gel 
materials, the extensional rheology parameters are important for fiber spinning, 
thermoforming, film blowing, foam production etc. Because of high reactivity 
of metal alkoxides with humidity, their rheological properties have to be studied 
under the conditions of equilibrium state with inherent vapor and in a dry air 
[205]. The main advantage of the technique is the possibility of the mea-
surements of the materials parameters in the vessel where they were prepared.  

A schematic diagram of the experimental configuration is shown in Figure 
20. A rigid metallic rod (4) with a circular plain endplate of 0.5 cm in diameter 
is inserted into a bulb (5) filled with a sample liquid. The rod is then pushed 
down until it touches the liquid surface. The endplate is then quickly moved 
apart to a final separation of 1.5 cm by servomotor (1) and the relaxation of the 
jet is monitored [205]. During the period of relaxation, the profile of the thread 
in mid-filament region is monitored. The geometrical dimensions and 
parameters of the motion-control system determine the range of experimental 
parameters accessible in a given filament thinning device. The filament thinning 

space between the two plates, cone and plate or between concentric cylinders 
(Figure 19). The measurement is carried out by rotating one of the geometries 
while the other is fixed. This method has proved to be very useful for 
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under the combined actions of surface tension, gravity and rheological effects in 
the mid-filament region was monitored by a high-speed camera MC1310 
Mikrotron GmbH (7), with maximum resolution of 1280×1024 pixels at 
500 fps. After the test, the video frames were processed using a specially 
developed computer program. As a result, evolution of a minimum filament 
diameter until thread breakup was obtained [205]. 
 

 
 
Figure 20. The scheme of the test device for measuring extensional rheology 
parameters: 1 servomotor, 2 multiplier, 3 moving platform, 4 rod, 5 transparent bulb, 6 
optics, 7 high-speed camera, 8 frame grabber, 9 computer, 10 servomotor controller. 
From the Hussainov et al. [205]. 
 
Fourier transform infrared spectroscopy (Paper I) 

Fourier transform infrared spectroscopy (FTIR) is used to acquire broadband 
near-infrared to far-infrared spectra of a sample. FTIR spectrometer obtains 
infrared spectra by first collecting an interferogram of the sample signal using 
an interferometer, and then performs a Fourier transform of the interferogram. 
Method is extensively used to determine nature of chemical bonds in samples 
and thus identify containing substances [208]. 
 
X-ray diffraction analysis (Paper I) 

X-ray diffraction (XRD) is a technique for determination of the crystal 
structure, orientation of crystallites and the mean size of crystallites of a sample. 
The three-dimensional structure of non-amorphous materials is defined by 
regular, repeating planes of atoms that form a crystal lattice. When a focused  
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X-ray beam interacts with these planes of atoms, part of the beam is diffracted 
by the sample and we can measure the distances between the planes of the 
atoms that constitute the sample [209]. 
 
Small-angle X-ray scattering analysis (Paper I) 

Small-angle X-ray scattering (SAXS) method uses monochromatic beam of 
X-ray, synchrotron or neutron source to illuminated the sample from close 
range and scattered radiation is registered by a detector. SAXS has a resolution 
of 1–3 nm that is sufficient to measure the shapes and sizes of nanoparticles and 
large molecules [210]. 
 
 

3.3. Preparation of different gel structures with and 
without CNTs 

Fibers preparation (Paper I, III, VI–VIII) 

The fibers were directly drawn from the precursors using two different proce-
dures – pulling from dry to humid atmosphere and pulling in humid atmosphere. 

In the first method, the fibers were drawn from precursors by immersing a 
glass rod into the precursor liquid and pulling it out from the reaction bulb at a 
speed of ~1 m/s. The surface of the formed liquid precursor jet solidifies 
immediately in ambient atmosphere (relative humidity 20–50%) as the reaction 
with water vapours generates -O- bonds between metal-oxo nanoparticles 
(Figure 21a). 
 

 
Figure 21. Principles of fiber drawing: (a) from dry atmosphere in the flask into humid 
atmosphere and (b) in humid atmosphere. From Paper I. 

14 
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For the fiber pulling in humid atmosphere, a 10–20 mg drop of the precursor 
was pressed into 100–200 µm film between two glass plates, which were then 
pulled apart at a speed of ~1 m/s. This method differs from direct drawing from 
the flask in that the jets are exposed to humid air all the time (Figure 21b). 

As-prepared fibers were aged for 1 week under normal laboratory conditions 
(relative air humidity 20–50%). Finally, the samples were baked at temperatures 
from 200 to 600 °C. As a result of described processes, 10–50 millimeters long 
fibers with diameters from 5 to 70 microns were obtained. 
 

Preparation of needles (Paper II) 

The needles were prepared from the viscous precursor materials as depicted in 
Figure 22. A special filament-stretching device was designed and constructed 
for pulling the needles. Unlike exponential pulling speed models usually 
exploited for viscosity analyses [211], our instrument maintains a constant 
speed in a range from 0.015 to 4 cm/s. In order to avoid polymerization-
condensation of the precursor surface before starting the pulling, the instrument 
was designed to expose the liquid surface to humid air just prior to starting the 
pulling motion. The operations were carried out in controlled environments 
varying the relative humidity from 1.5 to 100% at room temperature (22.0 °C).  
 

 
Figure 22. Schematic illustration of formation of the oxide needles by pulling viscous 
precursor jets. From Paper II. 
 

Prepared needles were removed from the substrates about 15–30 s after their 
fabrication. Freshly prepared sticky needles were carefully positioned on quartz 
plates and left for ageing at room conditions for a week. Typically, after some 
hours the thicker part of the filament that was attached to the surface of the 
plates cracked due to mechanical stresses caused by shrinkage of the fragile 
material. After the ‘ageing’ the structures were baked in air, raising the 
temperature up to 520 °C.  
 
Structured film preparation by tape casting (Paper IV) 

Tape casting (also called doctor’s blade method) is an industrial scale method, 
where a slurry is casted onto a substrate through a slit between the substrate and 
a blade. A film is produced which thickness is determined by the width of the 
slit. Suitable slurries are generally multicomponent mixtures of ceramic 
powders, solvents, plasticizers, and binders. The nature of the slurries is very 
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different compared to homogeneous sols used in sol-gel chemistry. However, it 
is interesting to note, that ceramic powders as one components of slurries are 
sometimes prepared by sol-gel methods (see, e.g. [212, 213]). Smearability and 
preservation of their geometrical shape after the coating are requirements for 
slurries in the tape casting. Typical viscosities of slurries are in the range of 
0.1–100 poise [214]. 

Figure 23 shows the principle scheme of the tape casting machine. The 
sample holder is fixed onto the linear translation stage, which is driven from one 
side by a servo motor and stabilized from other side with two springs. Above 
the linear translation stage there is located a blade, which is pressed against the 
substrate. A high viscosity sol is directed to the moving substrate behind the 
immobile blade that smears the sol onto the substrate. The speed of the linear 
motion, blade pressure and the angle between the blade and the substrate can be 
varied. It is also possible to use either sharp and uniform, or structured blades 
from different materials. 

  
 
Figure 23. Working principle of the tape casting machine. Substrate is driven with 
speed V, on the immobile blade is applied pressure P and angle between the blade and 
the substrate is α. Substrate is black and sol is marked with grey. Inset on the right 
demonstrates the shape of structured blade. From Paper IV. 

 

We used a structured blade prepared from a cleaved silicon monocrystal to 
demonstrate the feasibility of the sol-gel tape casting method. The structure was 
etched on silicon (1 0 0) surface and consisted from one-dimensional array of 
channels with triangular cross-section on the smooth wafer (see Figure 23). 
Etched structure had a period of approximately 14 μm. Base and depth of etched 
triangular channels were approximately 6 and 4 μm, respectively. The tape 
casting method sets no fundamental limitations to substrate material. In our 
case, the structured oxide precursor films were deposited onto an ordinary glass 
plate for convenience. 
 

Powders preparation (Paper V) 

A preparation of powders by the current sol-gel procedure can be considered to 
be the simplest, compared with the preparation of fibers for example. The 
precursor material was simply left to age in a humid atmosphere. The powder 
was formed during a couple of weeks of ageing as a result of the fragmentation 
of the precursor as the capillary forces overcame the strength of the gel. The 
powder was grinded in mortar and annealed in air.  
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3.4. Characterization of final oxide shapes 

Electrical measurements (Paper III, VI–VII) 

The electrical properties of the materials were measured by 4-point method.  
4-point method is one of the most popular techniques for investigation materials 
conductivity because of its relatively low cost and simplicity of implementation. 
The simplest configuration to use with bulk samples consists of two current 
electrodes and two potential electrodes, as shown in Figure 24. 

 
 

Figure 24. 4-point measurement of resistance between voltage connections 2 and 3. 
Current is supplied via connections 1 and 4. 
 
The main problem in accurate electrical measurement is the inaccuracy of 
determination of the contact resistance between the measurement electrodes and 
the specimen. This is clearly the case for samples with low resistivity, but can 
also be a problem for more resistive samples if either the contact resistance is 
high or the contact is non-ohmic [215]. With the configuration shown in Figure 
24, any effect of contact resistance is avoided, providing the contact resistance 
is much smaller than the input resistance of the voltmeter.  

To ensure a firm electrical and physical contact between measuring 
electrodes and fiber material, indium-gallium alloy was used to fix fibers on the 
electrodes. The fiber was placed perpendicularly across the electrodes on In-Ga 
alloy droplets, as shown in Figure 25. The developed apparatus with the 
computer controlled switch enabled to measure 10 samples simultaneously. A 
SEM was used to measure dimensions of the fibers needed for calculating the 
electrical conductivity σ [215] using the following formula: 
 

 
RS

l


  (13) 

 
where l is the length of the fiber, S is the cross-sectional area of the fiber and R 
is the resistance of the fiber. 
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Figure 25. Image of a fixed fiber on In-Ga alloy contacts (left) and a SEM image of one 
of the contacts showing that the fiber is firmly in contact with the metal alloy (right). 
 
Scanning electron microscopy and focused ion beam (Papers I–IV, VI–VII) 

Scanning electron microscopy is used for inspecting materials surface topo-
graphy. SEM uses a focused beam of electrons to generate a variety of signals at 
the surface of solid specimens. Image is generated by the signal of secondary or 
backscattered electrons collected from the interaction “points” over a selected 
area of the surface of the sample. The SEM is also capable of performing 
analyses of selected point locations on the sample; this approach is especially 
useful in qualitatively or semi-quantitatively determining chemical compo-
sitions (using energy-dispersive X-ray spectroscopy, EDS or wavelength-dis-
persive X-ray spectroscopy, WDS), crystalline structure, and crystal orien-
tations (using electron backscatter diffraction, EBSD) [216]. 

A few instruments combine nowadays a SEM and focused ion beam (FIB) 
column. The FIB system uses typically a gallium ion beam to raster over the 
surface of a sample in a similar way as the electron beam in SEM. The 
generated secondary electrons are collected to form an image of the surface of 
the sample. Generally the ion beam is used for milling and the electron beam for 
imaging. SEM allows non-destructive imaging at higher magnifications and 
with better image resolution, and also more accurate control of the progress of 
the milling. The ion beam allows the milling of small holes in the sample at 
well localized sites, so that cross-sectional images of the structure can be 
obtained or that modifications in the structures can be made (Figure 26) [217].  

During the course of this Ph. D. thesis three scanning electron microscopes 
were used. LEO 1430 VP was used to image tape casting films and parts of the 
needles. Tescan VEGA II microscope was used to evaluate dimensions of the 
fibers needed for the electrical conductivity calculations. FIB-SEM instrument 
FEI Helios NanoLab 600 (equipped with an EDS detector, Oxford Instruments) 
was used to image CNT-metal oxide composite fibers. The composite fibers 
were cut along their axis with focused ions to reveal inner morphology of the 
fibers and CNT distribution inside the material (Figure 42 and Figure 44).  
 

15
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Figure 26. A SEM image of a Ni doped TiO2 fiber, which has been cut with the FIB. 
EDS detector has been used to “map” the cut area and reveal Ni impurities (red) inside 
the fiber.  
 
Atomic force microscopy (Paper I, IV) 

Atomic force microscopy (AFM) relies on a scanning technique to produce very 
high resolution, 3D images of sample surfaces. The AFM measures ultra-small 
forces (less than 1 nN) present between the AFM tip surface and a sample 
surface. These small forces are measured by measuring the motion of a very 
flexible cantilever beam having an ultra-small mass. AFMs are capable of 
investigating surfaces of both conductors and insulators on an atomic scale if 
suitable techniques for measurement of cantilever motion are used [218]. AFM 
measurements are usually carried out in atmospheric condition using so called 
contact or tapping modes. 

SMENA-B instrument (NT-MDT) used to acquire AFM images of 
structured films and nanofibers. AFM was operated in the intermittent contact 
mode with NSG11 cantilevers (NT-MDT). 
 
Transmission electron microscopy (Paper II) 

Transmission Electron Microscopy (TEM) uses energetic electrons to provide 
morphologic, compositional and crystallographic information of samples. TEM 
produces a high-resolution, contrast image from the different transmission rates 
of the electrons through different regions of the samples. These differences 
provide information on the structure, texture, shape and size of the sample 
[219]. Samples for TEM analysis have to be thin or sliced to thin enough for 
electrons to pass through.  

The geometric composition and surface structures of the needles were 
visualized using a transmission electron microscope Philips TECNAI 10. The 
needles were glued to metal washers, ensuring sufficient electrical contact for 
removal of surface charges due to the electron beam. 
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4. RESULTS AND DISCUSSION 

4.1. Preparation and properties  
of metal alkoxide based sols (Paper I) 

Viscosity and rheological properties of metal alkoxide sols are the main 
parameters responsible for formation of the specific shape of oxide structures 
via sol-gel processes, especially in preparation of fibers. Viscosity of sol 
precursors in turn is affected by the particle size [220] and is known to increase 
upon agglomeration [91]. The viscous nature of neat alkoxides is notable as it 
distinguishes primary alkoxides (ethoxides, propoxides, butoxides, etc.) of 
metals (Ti, Zr, Hf, Sn, Ce, etc.) from their silicon analogues and from secondary 
and tertiary alkoxides of these metals, which have the viscosity lower by several 
orders of magnitude. As mentioned earlier, this property is explained by the 
extremely high acidity of metal alkoxides in the Lewis sense that facilitates self-
agglomeration [79, 81].  

In this work, polymerization-condensation processes of multiple metal 
alkoxides and the corresponding materials properties were investigated and 
characterized (see Table 1). Sn(OBu)4 sol formation, inner structure and flow 
parameters relations with applied polymerization-condensation methods were 
investigated more thoroughly. To certain extent the results can be generalized to 
other metal alkoxides.  

 
Table 1. Water/alkoxide molar ratios in the precursors used for fiber drawing. From 
Paper I. 

 
 

Aqueous (AQ) and non-aqueous (NAQ) methods were applied to prepare 
Sn(OBu)4 based viscous precursor materials consisting of metal-oxo-alkoxide 
nanoclusters to investigate similarities and differences of both methods in 
respect to morphology and rheology of precursor materials. Temperature 
dependence of precursor consistence in the NAQ procedure was investigated by 
removing fractions of precursors at different temperatures from the reaction 
bulb and a mass loss curve was constructed to describe the decomposition of 
Sn(OBu)4·xBuOH (Figure 27). 
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Figure 27. Thermogravimetry curves of Sn(OBu)4. The evolution of the chemical 
structure during the measurement is indicated on the right Y-axis where -1 OBu,  
-2 OBu, etc., denote numbers of eliminated butoxy groups per Sn(OBu)4. The starting 
point on the left Y-axis has been set at 107% because the sample contained 7 wt% of 
solvated butanol. The FTIR spectra show the range of the Sn–O-skeletal vibrations. The 
deviation of the final point (at ∼270 °C) from the general trend could be explained by 
inhomogeneities due to the difficulty in stirring the highly viscous liquid. From Paper I.  

 
Pure Sn(OBu)4 is known to exist as a mixture of trimers and tetramers that form 
particles 0.9 nm in diameter and 2 nm in length [221, 222]. Our SAXS analysis 
revealed that the particles of Sn(OBu)4-based samples have elongated shapes, 
with a mean length of 4 nm and mean diameter of 2 nm for both AQ (R = 0.7) 
and NAQ (at 200 °C) precursors. NAQ sample heat-treated up to 110 °C con-
tained clusters up to 2 nm in length. Metal oxo-alkoxides are known to consist 
of nanospheres [79, 81, 222], and thus the elongated shape can be explained by 
the formation of secondary particles. Such behaviour of metal alkoxides is well 
known and could finally lead to the formation of a 3D solid network and 
gelation [79, 81].  

XRD analysis did not detect any crystalline phases in the case of AQ-
prepared precursors while NAQ sample analysis revealed the presence of 
cassiterite crystalline structure. To verify the presence of cassiterite and 
estimate its crystallite size, a simulation based on Debye function was compared 
with the experimental data and the best agreement was achieved for 1 nm 
particles (Figure 28). This result agrees well with the outer shape of Sn(OBu)4 
particles deduced from the SAXS analysis. The elongated particles detected by 
SAXS probably consist of two to four spherical particles merged in one 
direction. The internal structure of the primary spherical particles has some 
short-range order that corresponds to the structure of cassiterite. Crystallization 
of SnO2 nanoparticles during the NAQ treatment could be explained by the 
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tendency of metal oxides to self-crystallize, which in many cases could occur 
even at room temperature because of the low enthalpy of crystallization [223]. 
 

 
Figure 28. Observed XRD pattern (solid curve) from the NAQ Sn(OBu)4 precursor (at 
175 °C) and a pattern calculated with the Debye function (dotted curve) for a spherical 
1 nm SnO2 (cassiterite) particle. The difference at angles below 40° is caused by a 
strong contribution from Mylar foil. From Paper I. 
 
Concluding results from the FTIR, SAXS and thermogravimetry analysis of 
NAQ precursor analysis are shown in Figure 27. The thermogravimetry curve 
of Sn(OBu)4 that is based on the solid content analysis of each fraction fits well 
to the earlier data [203]. Sn–O stretching vibrations signal from NAQ 
precursors showed characteristic changes in the range of 400–600 cm−1, proving 
the evolution of well-defined alkoxide structure with increasing temperature 
until formation of SnO2. The sharp FTIR peaks belong to trimeric or tetrameric 
butoxy clusters of pure Sn(OBu)4 having well-defined inter- and intramolecular 
structures [224]. The transformation of these peaks into a broad band in the first 
stages of heating at temperatures up to 130 °C could be explained by the release 
of solvated butanol, which vacated the coordination sites of Sn. Formation of 
new intermolecular bonds results in an irregular structure corresponding to the 
broad band; these stronger intermolecular forces also increase the viscosity. The 
viscosity decreases again upon heating to 150 °C and above. The appearance of 
clearly distinguishable FTIR peaks in this temperature range reveal the 
formation of another well-ordered structure, and the similarity of the peak 
positions in the region of Sn–O vibrations for the fractions 5–7 and SnO2 
suggests that this structure is based on metal oxide. This observation is 
supported by the XRD measurements that identify the cassiterite structure. The 
decreased coordination number leads to a lower viscosity as a result of the 
diminished ability to form intermolecular bonds. 

Sn(OBu)4 AQ-prepared precursors viscosity dependence on water/alkoxide 
mole ratio can be seen in Figure 29. Viscosities were determined using Stokes 
method. The viscosities of other alkoxide systems in this study followed the 

16
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same basic tendency, with the exception of cerium alkoxides which already 
have syrup-like viscosity without any additional polymerization-condensation 
processes. Another exception is Sn(OPr)4, which is slowly decomposing already 
at the room temperature. The nearly exponential growth of viscosity with R 
could be related to the increase of the particle size [221].  
 

 
 
Figure 29. Dependence of the viscosity η of Sn(OBu)4 AQ concentrates on the 
water/alkoxide mole ratio R. From Paper I. 
 
Precursors spinnability can be confirmed empirically by immersing a tip of a 
glass rod into the sample and drawing up the rod. If a long, continuous fiber can 
be drawn, the spinnability is “Good” and judgement is “Yes”. If no fiber can be 
drawn, we judge “No”. “Poor” means only short fibers can be drawn [69]. 
Suitable R-values (water/alkoxide mole ratio) for studied alkoxide systems are 
presented in Table 1, however, the concentrates of Ce(OR)4 were spinnable as 
prepared. Spinnability was achieved after concentrating the obtained solutions 
in vacuum. 

After the initial spinnability evaluation more detailed rheological studies 
were carried out for AQ (mole ratio R = 0.7) and NAQ-treated (treated up to 
170 °C) products of Sn(OBu)4. Those particular samples of tin butoxide sol 
were selected as they showed the best spinnability and materials rheological 
properties are considered to be most interesting and more revealing in that 
region.  

Several mathematical models have been developed to describe the 
relationship between shear stress and shear rate of non-Newtonian fluids. These 
models are used to characterize flow properties to determine the ability of a 
fluid to perform specific functions [225]. As shown in Figure 30, the shear 
stress–strain curves show a Bingham pseudoplastic behaviour of pronounced 
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yield stress σy for the condensed liquids. The values of the parameters in the 
Bingham model (σ = σy+η ) were measured for the shear rates from 0.1 to 
50 s−1 and are listed in Table 2.  
 

 
Figure 30. Shear stress versus shear rate for Sn(OBu)4 systems. Dashed lines show the 
fit by the Bingham model. From Paper I. 
 
Table 2. Bingham model parameters for the Sn(OBu)4 systems. From Paper I. 

 
 
As seen from viscosity versus shear rate plot (Figure 31), as-prepared Sn(OBu)4 
experience a pronounced zero-shear plateau and shear thinning effect. AQ and 
NAQ treated samples have also shear thinning region but their viscosities are 
higher. 

Viscosity values of 0.58, 121 and 273 Pa s for as-synthesized, AQ and NAQ 
polymerized Sn(OBu)4 were obtained at shear rates of 100 s−1. The viscosities 
were two times higher for NAQ-processed than AQ-processed samples at high 
shear rates, while the shear thinning behaviour was more pronounced for the 
AQ samples.  
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Figure 31. Viscosity of Sn(OBu)4 systems plotted versus the shear rate. From Paper I. 
 
Schematic explanation of the viscosity dependence on the shear rate is 
presented in Figure 32. We suggest that the as-synthesized, AQ or NAQ-treated 
Sn(OBu)4 exhibit a typical behaviour of non-Newtonian liquids. For all 
measured liquids the apparent viscosity decreases with the shearing rate, which 
is typical for polymeric liquids and can be explained by the alignment and 
sliding of elongated particles under applied stress (Figure 31). 
 

 
 
Figure 32. Alignment of elongated particles by external forces. From Paper I. 
 
Oscillatory measurements of viscous and elastic properties were performed to 
characterize the rheological state of the alkoxide systems. Firstly, the storage 
modulus G' (materials elastic response) was measured to determine the linear 
viscoelastic region where the inner structure of a liquid remains intact. Figure 
33 shows that NAQ-treated Sn(OBu)4 has the widest linear viscoelastic region. 
Breakdown of the network occurs at the strain amplitude higher than 2%. Initial 
and AQ-treated Sn(OBu)4 have roughly the same linear viscoelastic region of 
the stable network up to 0.2% strain amplitude. 
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Figure 33. Determination of the linear viscoelastic limit for Sn(OBu)4 systems: 
dependence of the storage modulus G' on strain amplitude Y at a frequency of 10 rad s−1. 
From Paper I. 
 
Frequency sweep results for the neat, AQ-treated and NAQ-treated tin butoxide 
systems at a strain amplitude of 0.1% (within the linear viscoelastic region) 
indicated to a predominantly elastic behavior of the materials. It was also 
concluded that compared to AQ precursors, NAQ treated Sn(OBu)4 inter-
molecular cross-links are stronger [226] and particle weight is larger at similar 
particle weight distributions. 

Surface tension also affects formation of structures from viscous metal 
alkoxide concentrates and therefore the surface tension coefficients were 
measured for the studied liquids as described in chapter 3.2. The initial, AQ and 
NAQ-prepared Sn(OBu)4 samples had the corresponding values at 26.6, 32.7 
and 18.0 mN m−1. The higher value for the AQ-treated samples can be 
explained by stronger intermolecular forces in their precursors. Note that the 
rheology analysis indicated higher elasticity for the NAQ-prepared precursors. 
Thus the surface tension measurements suggest different properties at the 
surface and in the bulk of the liquid phase, probably due to the contact with the 
atmosphere saturated with alcohol vapours. We suggest that the strength of the 
forces between the precursor particles depends mostly on the nature of their 
oxide cores. Sn centers at the surface of denser NAQ particles are better 
stabilized; therefore, they are less acidic in the Lewis sense and less readily 
form the intermolecular bonds.  
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4.2. External parameters influence on formation  
of shapes from metal alkoxide sols (Paper II) 

Besides viscosity, other parameters affecting structure formation from viscous 
sols are water content in the surrounding atmosphere where the shaping is 
conducted and the shear rate used to shape the viscous material. The influence 
of relative humidity (RH) was studied on the formation of needles using a 55 Pa 
s viscosity precursor. The RH was found to have relatively strong impact on the 
shapes of the needles. At 80% and higher RH only irregular needles were 
formed while below 80% RH mostly regular cones were formed. At 2–4% RH 
also only regular cones were formed. We compared the results with Eggers’ 
theory that models the disintegration of liquid jets [227]. The theory relates the 
minimal possible diameter of a filament, Dmin, to the material’s intrinsic 
parameters (surface tension and viscosity): 
 

 )(0304.0 0min ttD 



 (14) 

 

where γ is the surface tension of the liquid, η is the dynamic coefficient of 
viscosity, t is time and t0 the moment of the pinch-off. According to this 
equation the pulling speed does not affect the shape of the forming filaments. 
However, in the case of our alkoxide materials there was a clear dependence 
between the cone angles of the formed needles and the pulling speed (Figure 
34).  
 

 
Figure 34. Cone angles of the needles versus pulling speed. The precursor’s viscosity 
was 55 Pa s and RH was 2–4%. Each point means one experimental sample. From 
Paper II. 
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We can derive the following empirical relation, which holds at least in the 
measurement range: 
 

 
p

C


 tan  (15) 

 

where α is the cone angle of the tip, υp is the pulling speed and C is an empirical 
coefficient. Such a relation most likely originated from the polymerization-
condensation processes initiated by air humidity, leading to increasing viscosity 
during fiber formation. Thus, at viscosities below the gelation point [228] the 
alkoxide needles form regular cones, whose angles are determined by the 
pulling speed. 

At 20–30% RH regular shaped cones were more likely than irregular shaped 
cones. Formation of irregular shaped needles at 80–95% RH-s can be explained 
by the increase of surface viscosity beyond the gelation point before pinching 
due to quicker polymerization of the material. 

When the precursors viscosities are 0.1–10 Pa s and the pulling speed is very 
low (in our experiment 37.5 μm s−1) so called earthworm-shaped filaments are 
formed, which do not converge conically (Figure 35). We argue that in this 
parameter range the stretching speed was much slower than the surface gelation, 
leading to a two-step process rather than continuous formation of fibers. The 
system resembles a solid tube filled with a low viscosity liquid (Figure 35). 
Thus, when stretching it a series of crackings–regelations occur, resulting in 
formation of an earthworm shaped filament. All those kinds of filaments were 
wrecked during ageing in air, which was because of the bulkiness and non-
uniformity of these structures. 
 

 
 
Figure 35. Schematic illustration of the mechanism that causes formation of non-
uniform (earthworm) fibers. The photograph shows a fresh fiber pulled from 7 Pa s 
precursors applying 37.5 μm s−1 linear pulling motion at 30% RH of surrounding 
atmosphere. From Paper II. 
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4.3. CNT influence on metal alkoxide  
based sols rheological parameters (Paper III) 

 
Method for producing metal-oxo-alkoxide/CNT suspensions is described in 
chapter 3.1. The CNTs effect on metal alkoxide based sols rheological be-
haviour was studied with extensional rheometry by using specially constructed 
device, described in chapter 3.2.  

For calculation of rheological parameters from evolution of a filament 
minimum diameter, two types of approximations of the experimental data were 
applied [229]. From the approach for initial and intermediate stages of 
evolution, which reflects visco-elastic regime, the steady-state extensional 
viscosity ηE and the longest relaxation time λE of liquid were calculated. At the 
final stage of filament evolution just before break-up, the inner structure of 
liquid becomes aligned and extremely elongated and the filament diameter 
change in time is similar to Newtonian liquids. The approximation of this stage 
allows obtaining zero shear viscosity ηs of a liquid with a specific inner structure 
such as aligned CNTs and precursor particles [230]. The measurements were 
carried out for a pure liquid as well as for the liquids with CNTs concentration 
of 0.01, 0.02, 0.05 and 0.1 mass%. 

Extensional viscosity measurements confirmed the results of rotational 
rheometry (chapter 4.1.), that initially pure precursors are weakly strain-
hardening viscoelastic liquids. Measurements with precursors containing CNTs 
showed that the dispersion of small amount of CNTs in the titanium(IV)-
propoxide (Ti(OPr)4) dramatically decrease the time of a filament break-up. 
Change in filament break-up time dependence on CNTs concentration could be 
explained by clumps (CNT aggregates and bundles) formation due to unreliable 
dispersion of CNTs as the similar results were reported for the epoxy resin 
reinforced by carbon nanotubes [201]. However, the surfaces of the produced 
filaments in current study were smooth at all concentrations of CNTs and 
evolution of the minimal filament diameter with time passed gradually without 
significant heterogeneities. This points to the fact that the decrease of filament 
break-up time is not related to the clumps formation because of poor dispersion 
of CNTs. 

The effect of CNT concentration on the rheological parameters is shown in 
Figure 36. It should be mentioned that the values of zero shear viscosity 
correspond to the shear viscosity of a liquid with preliminary aligned CNTs and 
precursor particles. Extensional and zero shear viscosities have the same 
tendency: a small increase in the case of concentrations equal to 0.01% and 
strong decrease (by several times) in the CNT concentration up to 0.05%. For 
larger concentrations (0.1%) of CNTs the parameters do not change 
significantly. The relaxation time decreases with increasing CNTs content. 
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Figure 36. The rheological parameters (steady-state extensional viscosity ηE, zero 
shear viscosity ηs and longest relaxation time λE ) as a function of CNT concentration. 
From Paper III.  

 
Decrease in viscosity and relaxation time for suspensions filled with 
nanoparticles may be observed under definite conditions, for example, when the 
filler particles are smaller than a radius of gyration [231, 188]. In our case this 
condition is not held because, as demonstrated in chapter 4.1., the liquid particle 
size was ~2 nm while CNT diameter was 10–20 nm. CNT influence on 
rheological parameters could be explained by fluid layers on the particle 
surface. As demonstrated by Wang et al. [232], the parameters responsible for 
viscosity variations are stated to be an adsorbed layer thickness, its viscosity, 
and slipping at the particle surface. The hydrodynamic model of a liquid layer at 
the nanoparticle–liquid interface has indicated that the viscosity and density of 
the layer differ from that of the bulk liquid. When the layer thickness is larger 
than the nanoparticle radius and the layer viscosity is lower than that of the bulk 
liquid, the viscosity of the fluid can be dramatically reduced [232]. Chemical 
structure of the sol-gel precursors and its interaction with CNTs lead to a 
reduced viscosity in the fluid layers on the particle surface. The latter effect in 
turn increases fluidity of the mixture, revealed as the decrease of a bulk 
viscosity.  
 

18
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4.4. Preparation of structures (shapes) from viscous metal 
alkoxide based sols (Papers I–VIII) 

The aim of this chapter is to introduce the possibilities to obtain structures with 
various shapes from precursors with different viscosities.  
 
Preparation and characterization of fibers 

Using suitable R-values, it was possible to draw fibers with both methods 
described in chapter 3.3. The first method – direct drawing from dry to humid 
atmosphere from a flask – allows to pull fibers one by one, from all AQ 
precursors for the R-values listed in Table 1, and from the NAQ fractions 4–7 of 
Sn(OBu)4 concentrates (Figure 27). Obtained fibers have a typical length of  
10–50 cm and a diameter of 1–50 µm depending on the amount of material used 
for the drawing. Microscopic images of the fibers are shown in Figure 37. The 
second method, i.e. pulling in humid atmosphere, typically results in a 
simultaneous formation of 10–100 fibers of different diameters. Because of the 
spread in the initial amount of material the fiber diameters vary widely, from 
200 nm to 10 µm. The minimum diameter is typically 500 nm for the AQ-
treated samples and 200 nm for the NAQ fractions 4 and 5. Fibers with more 
uniform diameters are obtained from NAQ precursors. The respective aspect 
ratios are usually 1000 and 10 000 for the AQ and NAQ precursors, 
respectively. The better performance of the NAQ precursors could be explained 
by their higher elasticity compared to the AQ precursors. The smaller minimum 
diameter relates to the lower surface tension of the NAQ precursors, which also 
lead to the break-up of the jets. Another reason is the higher chemical stability 
of the NAQ precursors that allows prolonged fiber drawing in air before the 
onset of solidification. In good agreement with Sakka et. al. [146], the cross-
section of our fibers is always strictly circular owing to the use of highly 
concentrated precursors. AFM imaging over a 5 µm distance along the fiber 
axis revealed a surface roughness of 1–2 nm or less, that is at the atomic level 
(Figure 37).  

 
Figure 37. AFM (left) and SEM (right) images of SnO2 fibers obtained from NAQ-
treated Sn(OBu)4 precursors. The inset of the left image shows an AFM line profile of a 
fiber resting on the substrate. Images are taken after heat treatment. From Paper I. 
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It was possible to densify the structure and to burn out organic components 
from all the studied materials. The fibers did not crack during the heating even 
when they were thinner than a few microns and were supported by a solid 
substrate. These results open future perspectives of direct drawing of metal 
oxide fibers for integrated optoelectronic devices. 
 
Preparation and characterization of needles 

The viscous jet pinching process is mainly affected by precursor’s viscosity, 
atmospheric humidity and the pulling speed of the jet. At room temperature 
with 20–30% relative humidity, the viscosity range between 30 Pa s and 
150 Pa s was suitable for pulling the needles. Within this range the viscosity 
values had very little impact on the shapes of the needles. Note that relatively 
simple and slowly varying relations between flow parameters (e.g. viscosity) 
and intrinsic parameters (e.g. molecular mass M) were expected within the 
investigated range because the mass range of 1000–3000 amu [233] remained 
considerably below the typical entanglement molecular weight Me (M<Me) 
[220, 234] and above which correlative motion effects appear and the material 
usually transforms into being unspinnable [228]. 

 From the TEM images it can be seen that obtained needles are 
nanometrically sharp having typically tip curvature radii of 15–25 nm (Figure 
38a). The cross-sections of the needles is perfectly round (Figure 38b, inset), 
which can be considered as a valuable characteristic in optical applications 
[235–237]. The shape of the needles was observed to resemble those that had 
been pulled from silica melts [236], which could be explained by similar flow  
 

 
 
Figure 38. Electron microscopy images of typical sol-gel needles from metal alkoxides. 
From Paper II. 
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properties and solidification kinetics in both cases. Generally, the post treatment 
of gel bulks decreases equally in all dimensions, having little impact on the 
shape of the body [146]. During ageing most of the alkoxy groups in gel 
material turn to -OH groups or -O- bridges, as a result of reaction with water 
[105]. Both ageing and baking cause the material to shrink up to 50% because 
of densification and crystallization, and the release of organic residues. 
 
Preparation and characterization of structured films 

The sols used for tape casting had viscosities approximately 24 Pa s. Realization 
of desired structures demands careful optimization of many technological 
parameters. In our device (described in chapter 3.3.) we can control shape and 
material of the blade, pressure on the blade and angle between the blade and the 
substrate, as well as the speed of the substrate relative to the blade. Also sols 
viscosity and humidity of surrounding environment can be controllably varied. 
The sample shown in Figure 39 and Figure 40 was prepared at room 
temperature at relative humidity 20%, using relative speed of the blade 1 mm/s, 
which are typical values applied in our method. The method was tested in 
gaseous environments with different humidity. It was found that normal air 
humidity of our laboratory (20±5%) was well suited for tape casting of linear 
structures. Humidity of the environment affects the speed of gelation process 
and existence of water vapour in the environment is absolutely necessary, since 
water molecules take part in gelation process. 
 

 
Figure 39. Image of tape casted microstructure film obtained by SEM. Approximate 
length-scale is depicted in the figure. From Paper IV. 
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Figure 39 shows SEM image of a typical casted microstructured film and Figure 
40 demonstrates three-dimensional AFM image of the same microstructured 
sample measured in tapping mode. In the present study, the focus was set on the 
creation of linear structures and therefore structures were prepared explicitly 
without additional sol-gel layer underneath the structures. Absence of additional 
sol-gel material between structures and substrate was verified using AFM 
imaging and optical microscopy. 
 

 
 
Figure 40. AFM 3D image of tape casted microstructure film (period approximately 
14 μm). From Paper IV. 

 
Figure 39 and Figure 40 clearly demonstrate that tape casting method can 
successfully be applied for production of well-defined linear structures. The 
overall resemblance of formed structures to the blade is good, e.g. the structures 
periodicity is very close to the blades one. It means that horizontal shrinkage of 
the structures during gelation process is almost negligible, since formed 
structures are strongly connected with the substrate. Note however, that in the 
shown example, the shape of a groove is not identical replica of the blades 
structure and the shrinkage of the structures in vertical direction during the 
gelation process is up to four times. Although the replication quality can be 
greatly improved by using higher viscosity sols, the cracks appearance due to 
different forces acting during the gelation process becomes significant when 
such large structures are formed.  
 
Preparation and characterization of powders 

Using any of the above mentioned methods it is also possible to produce oxide 
powders. In fact, oxide powders are often a “side products” as a result of a 
cracked films or fibers. Grinding can be used to optimize the size of the powder 
particles.  

19
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4.5. Sol-gel prepared CNT-ceramic composites  
properties (Papers III, VI–VIII) 

In the current study we describe sol-gel preparation of CNT-reinforced TiO2 
fibers and their characterization in terms of optical, electrical and mechanical 
properties. TiO2 was chosen as a matrix because it is one of the most well-
known metal oxide ceramic materials that has broad applicability due to its 
good mechanical properties, high corrosion resistance, photocatalytic properties 
and chemical stability [238]. Similarly prepared precursors from alkoxides of 
other metals such as tin, hafnium and zirconium could also be prepared to 
obtain variously structured (thin films, structured films, fibers, etc.) transition 
metal oxide/CNT composites.  

Composite fibers were prepared by pulling jets from CNT-alkoxide con-
centrates. Obtained fibers diameters depend on the visco-elasticity of material, 
applied pulling speed, humidity of the surrounding air and nanotube aggregates 
remained in the matrix after sonication. Although numerous CNT func-
tionalization procedures to improve solubility of CNT-s in different mediums 
can be found in literature [55], in the present work pristine MWCNTs were used 
due to their higher mechanical stability and electrical conductance. 

Annealing of sol-gel materials is generally used to oxidize amorphous 
organic remnants and to densify the resulting structures [69]. Additionally, the 
prepared sol-gel amorphous materials can be crystallized at elevated 
temperatures [239]. At the same time, thermal stability of pristine MWCNTs in 
the composite materials is known to depend strongly on processing parameters 
[21]. The heat treatment series was carried out to determine a temperature 
where materials maximum crystallinity is achieved while carbon nanotubes 
physical attributes are still preserved. As seen from Figure 41, electrical 
conductivity of TiO2 fibers with 1% MWCNTs was decreased by several orders 
of magnitude when heated up to 500 °C, indicating that CNT are burned out 
from the oxide matrix.  

 
Figure 41. Electrical conductivity of 1% MWCNT doped titanium dioxide fibers heat 
treated at different temperatures. 
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Besides thermal oxidation, the processes that could decrease carbon nanotube 
physical properties in the final composite structures include sonication, 
functionalization and mixing [58]. Sonication is usually known to break bigger 
CNTs clusters and bundles into smaller bundles, MWCNT ropes or single 
MWCNTs [56]. Preliminary SEM analysis revealed that CNT-oxide fibers 
surfaces were generally smooth although individual irregularities could be seen 
on fibers with higher CNT concentrations. These surface irregularities are 
probably caused by small CNT ropes and bundles. Imaging of the area cut by 
using FIB proved clearly that most of tubes in the material were dispersed into 
single tubes, ropes or very small bundles (Figure 42). 
  

 
Figure 42. In order to image the cross-section, by using scanning electron microscopy 
(SEM) and focused ion beam analysis (FIB), the fibers were mechanically broken prior 
to imaging. SEM image of CNT doped oxide fibers cross-section (a). Although CNT-s 
disperse well in oxide matrix, some still remain arranged into “ropes” (b). FIB analysis 
proved that CNT-s are oriented along the fiber axis (c, d). From Paper VII. 

 
Emerging of a CNT percolation network with increasing CNT concentrations 
can be visually followed in the series of composite materials with 0.01; 0.02; 
0.05; 0.1 and 1 mass % of CNTs (Figure 43). At 0.05 mass % and below, CNTs 
remained scattered in matrix while in the fibers with 0.1 mass % of CNTs, areas 
with percolating networks could be seen. When 1 mass % of CNTs were 
inserted into titanium dioxide matrix, the CNT percolation was sufficient for 
electrical conductivity detection on the composite material. The conductivity of 
the samples containing 1% of CNTs and heat treated up to 400 °C was in the 
range of 50 S/m while the conductivity of the fibers containing 0.1 mass % of 
CNTs remained below detection limit of the used equipment. When the fibers 
containing 1% of CNTs were heat treated up to 600 °C, the resistance decreased 
down to 10–6 S/m. The CNT percolation threshold between 0.1 and 1 mass % 
indicates that the current CNT dispersion method is very effective. For com-
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parison, the carbon nanotube network formation in polymer based composites 
take place when CNT concentrations are between 0.5 and 10 mass% [240].  
 

 
Figure 43. Scanning electron microscope (SEM) images of (a) focused ion beam (FIB) 
prepared fiber for CNTs imaging inside the material; (b–c) MWCNTs distribution in 
material with different concentrations. 0.01% and 0.02% CNT-composite fiber 
nanotube distribution was similar to the 0.05%. From Paper III. 

 
It can be seen from the Figure 42c-d and Figure 44 that during the pulling 
process, CNTs are oriented along the direction of the fiber axis by elongational 
forces. Also it seems from the SEM-FIB analysis that big “loose” bundles are 
stretched out in the direction of pulling and that matrix material solidifying via 
formation of −O− bridges between metal-oxo nanoparticles prohibits CNTs to 
lose achieved orientation (Figure 41b-c). Although in the current study 
mechanical properties of the composites were not measured, it is known from 
the experiments with polymer/CNT fibers that the orientation of the carbon 
nanotubes can enhance overall mechanical strength of the material [241].  
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Figure 44. SEM images of a CNT-doped oxide fiber. The fiber was mechanically 
broken prior to imaging in order to reveal the doped CNT-s. It can be seen that CNT-s 
are oriented along the axis of the fiber. From Paper VIII. 
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5. MAIN RESULTS AND CONCLUSIONS 

Integration of two naturally very different classes of materials to bring out their 
best properties, while “cancelling” their worst ones, to make a better material is 
one of the main challenges of modern material science. The thesis deals with 
the synthesis and characterization of composite material based on metal oxides 
and carbon nanotubes. The goal of this dissertation was to study formation 
mechanisms of oxide nano- and microstructures from metal alkoxides by sol-gel 
methods, and to search for ways to increase their electrical properties by doping 
with carbon nanotubes. Besides conventional techniques, peculiarity of the 
investigated system forced to develop new methods for shaping and 
characterization of precursors and final oxide materials. 

Viscosity and rheological properties of metal alkoxide sols are the main 
parameters responsible for formation of the specific shape of oxide structures 
via sol-gel processes. Sol precursors viscosity in turn is affected by the sol 
particle size, in this study evaluated by SAXS analysis to be approximately 4 
nm in length and 2 nm in diameter. XRD measurements revealed that the sol 
particles in NAQ samples consisted of 1 nm cassiterite particles whereas the 
particles of AQ samples were amorphous. Multiple metal alkoxides polymeri-
zation-condensation processes and the corresponding materials properties were 
investigated and characterized. The best spinnabiliy conditions, i.e. material 
ability to form liquid thread, were also determined for different metal alkoxides. 

Rheological tests proved that the metal alkoxide precursors behave as typical 
non-Newtonian fluids. The observed shear thinning flow behaviour was 
explained by the formation of linear supramolecular aggregates in the material, 
which slide under external stress similarly to polymer particles in shear thinning 
systems. Rheological studies of precursor doped with carbon nanotubes 
demonstrated unusual decreasing of elongational viscosity and relaxation time 
with increase in CNTs content at low concentrations (less than 0.1wt%).  

During this Ph. D. study, metal oxide fibers with a high aspect ratio of up to 
10 000 have been drawn from different concentrated metal alkoxide precursors. 
The fiber diameter could be as small as 200 nm, reaching the limit for polymer 
systems. The best fiber drawing performance, including the highest uniformity 
and smallest diameter, was achieved for the NAQ precursors and attributed to 
their higher elasticity compared to the conventional AQ precursors. The 
preparation of thinner fibers is also promoted by the lower surface tension and 
higher chemical stability of the NAQ precursors, so that fibers can be drawn for 
a longer time in air before solidification occurs. 

The pinching-off of alkoxide based jets in air was demonstrated as a 
reproducible route for preparing novel structures – nanometer level sharp oxide 
needles. Electron microscopy images demonstrated good quality and 15–25 nm 
sharpness of the needles. The results suggest that polymerization-condensation 
of pinched jets is notably quicker than surface tension caused drop formation at 
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the apex of the tip. The conical shape of needles correlates the profiles 
measured earlier with sharp fibers pulled from silica melts. 

It was shown that the modified tape casting can be used to prepare either 
smooth and/or linearly structured sol-gel films from high-viscosity sol. The 
process is very different compared to existing sol-gel coating methods which 
use low viscosity sols. It is possible to prepare tape casted sol-gel films with 
thicknesses up to some microns. Also, the adapted method is applicable to large 
areas of substrate and to cover only one side of substrate (in contrast to widely 
used dip-coating). 

Pristine CNTs without further functionalization were introduced into metal 
alkoxide and SEM and FIB analysis revealed that the overall dispersion of 
CNTs inside the final oxide material was good. Furthermore, from the SEM-
FIB images it was evident that pulling concentrated alkoxide/CNT viscous 
threads orients the nanotubes inside the matrix. At 1% CNT loadings, the final 
CNT reinforced CMC material electrical conductivity was measured to be in the 
range of 10 S/m. As the conductivities at lower CNTs concentrations were 
several orders of magnitude lower, the effect is explained by CNT percolation 
network throughout the oxide matrix. Demonstrated method is applicable to 
obtain a variety of shapes from CNT reinforced CMCs with different metal 
oxide matrices. 
 
As a conclusion, the following several key findings of the thesis can be 
extracted: 
 AQ and NAQ treated metal alkoxides consist elongated particles with 

approximately 4 nm in length and 2 nm in diameter. Additionally, NAQ-
sample particles have cassiterite crystalline structure; 

 jetting of AQ or NAQ treated metal alkoxides evoke nanometer-sized 
particles to form linear supramolecular aggregates, which causes material 
non-Newtonial fluid behavior; 

 at precursors viscosities below the gelation point and contradiction to 
theoretical predictions, the shape of the formed fibers and needles is 
influenced by the pulling speed; 

 CNTs in viscous sols decrease elongational viscosity and relaxation time 
with increasing CNTs content at low concentrations (less than 0.1wt%); 

 fibers drawn from AQ or NAQ precursors differed in minimum dimensions 
as a result of different surface tension;  

 at defined conditions, jet pinching from high-viscosity sols can lead to 
formation of solid needles;  

 modified tape casting can be used to prepare either smooth and/or linearly 
structured sol-gel films from high-viscosity sol; 

 CNTs can be homogeneously distributed into metal oxide ceramics obtained 
via metal alkoxide based sol-gel processes; 

 through formed supramolecular aggregates in metal alkoxide sol material, 
jetting induces CNT orientation along the jet axis; 
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 electrical conductivity in CNT/metal oxide material is increased by several 
orders of magnitudes at low CNT concentrations which can be explained by 
CNTs percolation; 

 
Novelty of the results: 
 The pinching-off of metal alkoxide based liquid threads in air was demon-

strated as a reproducible route for preparing novel structures – nanometer 
level sharp oxide needles; 

 A modified sol-gel tapecasting (also called doctors blade) method was 
developed for the first time to prepare structured oxide films; 

 For the first time fibers as thin as 200 nm were directly drawn from metal 
alkoxides using sol-gel methods; 

 CNT-reinforced CMC fibers preparation from viscous metal alkoxide based 
precursors was demonstrated for the first time; 

 Rheological parameters for fiber drawing from alkoxide/CNT material were 
determined; 
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6. SUMMARY IN ESTONIAN 
 

Kokkuvõte 

Töö „Metalloksiidsete süsiniknanotorukomposiitide süntees: sool-geel prot-
sess, reoloogia ning struktuurilised ja funktsionaalsed omadused” käsitleb 
materjaliteaduses väga aktuaalset teemat – kahe (või enama) erineva materjali 
sidumist üheks liit(komposiit)materjaliks selliselt, et säilivad mõlema alg-
materjali parimad omadused. Saadud materjalide kasutamiseks praktilistes 
rakendustes on oluline, et saadud komposiitmaterjale oleks võimalikult lihtne 
vormida väga erineva geomeetrilise kujuga struktuurideks (pinnakatted, fiibrid, 
monoliidid, jne.). Komposiitmaterjalide arendusprotsess nõuab enamasti erine-
vate füüsika ja keemia valdkondade omavahelist tihedat sünergiat, sest uue 
materjali väljatöötamiseks läheb vaja teadmiseid ja oskuseid alates orgaanilisest 
keemiast kuni teoreetilise füüsikani. 

Käesoleva töö eesmärgiks oli seatud sool-geel meetodil valmistatud oksiid-
sete mikro- ja nanostruktuuride moodustumise mehhanismide uurimine, sellis-
tesse struktuuridesse süsiniknanotorude viimise metoodika väljatöötamine ning 
saadud struktuursete komposiitmaterjalide omaduste uurimine. Töö käigus 
kasutati mitmeid konventsionaalseid meetodeid, kuid materjalide erilisuse tõttu 
tuli välja töötada ja kasutada ka mitmeid uudseid tehnikaid oksiidsete mikro- ja 
nanomaterjalide formeerimiseks ning iseloomustamiseks. 

Nanomõõtmeliste kerakujuliste süsinikstruktuuride ehk fullereenide avasta-
misest alates 1985. aastal, on järgnevatel kümnenditel kirjeldatud ja sünteesitud 
veel rida süsiniknanomaterjale – mitmeseinalised süsiniknanotorud (1991), ühe-
seinalised nanotorud (1993), süsiniknanotoru köiestruktuurid (1996), süsinik-
nanovaht (1999), „kalasaba” ja „bambuse” struktuuriga süsiniknanofiibrid 
(2006, 2005), süsiniknanorõngad (2009) jne. Neist üks enim tähelepanu pälvi-
nud süsiniknanomaterjale on kindlasti suurepäraste füüsikaliste ja keemiliste 
omadustega süsiniknanotorud. Fenomenaalse tugevuse ning väga hea elektri- ja 
soojusjuhina nähakse neid praktilistes rakendustes näiteks ehituses, lennun-
duses, elektroonilistes seadmetes, päikesepaneelides, sensorites, jne. Süsinik-
nanotorude omadused, mis ühelt poolt võiksid potentsiaalselt kasu tuua, on 
teiselt poolt takistuseks nende reaalsel kasutamisel. Süsiniknanotorude potent-
siaal erinevates rakendustes on siiani jäänud realiseerimata paljuski nende väga 
väikeste mõõtmete, pikkuse ja läbimõõdu suhte ning spetsiifiliste omaduste 
tõttu. Peamiselt on lahendamata jäänud mitmesugused probleemid, mis tekivad 
süsiniknanotorude sünteesimisel, nanotorude puhastamisel sünteesi kõrvalpro-
duktidest ning nanotorude dispergeerimisel ja sidumisel erinevate kekskonda-
dega. Materjalide tugevamaks ja elektrit juhtivamaks muutmise eesmärgil on 
kõnealuseid, kuni mitme sentimeetri pikkuseid ja tavaliselt 3–50 nanomeetrise 
läbimõõduga, süsinikstruktuure lisatud enamasti mitmesugustesse plastikutesse. 
Eeldusel, et täitematerjal on ühtlaselt jaotunud ning täitematerjali ja maatriksi 
vahel on saavutatud piisav interaktsioon, on tulemuseks puhtast maatriksist 
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mitmeid suurusjärke parema elektrijuhtivuse ja/või tugevusega komposiit-
materjal.  

Lisaks eelmainitud plastikutele on erinevates rakendustes tähtsad keemiliselt 
vastupidavad, stabiilsed ja tihtipeale heade optiliste omadustega keraamilised 
ning klaasmaterjalid. Enamasti on keraamiliste materjalide puudusteks haprus 
ning suur elektritakistus. Mitmed teadustööd on näidanud, et süsiniknanotorude 
lisamisel keraamilisse maatriksisse on võimalik valmistada optiliselt ja elektri-
liselt juhtivaid, mehaaniliselt tugevaid ning keemiliselt stabiilseid komposiit-
materjale. Üks paljulubavamaid meetodeid keraamiliste komposiitide valmista-
miseks on niinimetatud sool-geel metoodika. Sool-geel metoodika nimetus tule-
neb protsessist, mille tulemusena väga väikesed osakesed lahuses („sool”) inter-
akteeruvad üksteisega kuni moodustub läbi kogu lahuse ulatuv tahke kolme-
mõõtmeline struktuur („geel”). Selle protsessi tulemusena kaotab lahus suure 
osa oma voolavusest ja ning geelistub. Sool-geel meetodi peamisteks eelisteks 
on meetodi lihtsus ning paindlikus. Kuna kogu protsess toimub vedelas olekus 
ning madalal temperatuuril, on lõpptulemusena saadavate keraamiliste ja 
klaasmaterjalide koostist, homogeensust ning lisandite lisamist lihtne kontrolli-
da. Lisaks eelnevale on erinevalt konkureerivatest meetoditest (näiteks: kuum-
pressimine, eelnevalt valmistatud oksiidide seguks jahvatamine), sool-geel 
meetodiga võimalik keraamilisse maatriksisse viia termiliselt ebastabiilseid 
lisandeid ning isegi elus rakke. Rakenduslikust küljest on selle meetodi eelisteks 
võimalus katta suuri pindu, meetodi madal hind ning võimalus valmistada väga 
erineva geomeetriaga mikro- ja makroskoopilisi oksiidseid struktuure (kiled, 
fiibrid, monoliidid, torud, teravikud jne.).  

Oksiidsete materjalide valmistamiseks sool-geel tehnoloogiaga on üheks 
enim kasutatavaks lähteainete rühmaks mitmesugused alkoksiidid. Siiani on 
kõige rohkem teaduslikult uuritud ja tööstuses oksiidsete materjalide saamiseks 
kasutatud ränialkoksiide. Enamasti kasutatakse alkoksiididest sooli saamiseks 
lähteaine reageerimist veega (hüdrolüüsimist), vähem on levinud alkoksiidide 
termiline kondenseerimine sooliks. Kuna räni- ja metallialkoksiididel on palju 
sarnaseid keemilisi ja füüsikalisi omadusi, siis eeldati, et metalli alkoksiidid 
käituvad näiteks veega reageerides sama moodi nagu ränialkoksiidid. Viimasel 
kümnendil on aga hakatud mõistma, et toimuvad hüdrolüüsi-kondensatsiooni 
protsessid on kummagi alkoksiidide rühma korral erinevad. Selle tõttu on ka 
metallialkoksiididest saadud soolide struktuur ja omadused teistsugused kui 
vastavatel räniühenditel. Soolide omadused ning struktuur aga omakorda määra-
vad edasised struktuuride formeerimise tingimused. 

Sool-geel meetodil saadavate geelstruktuuride moodustumist mõjutavad 
kõige enam kasutatava sooli viskoossus ja reoloogilised parameetrid. Sooli vis-
koossus sõltub omakorda temas sisalduvate osakeste mõõtmetest ning oma-
dustest. Käesolevas töös uuriti töötlemata metallialkoksiidide, hüdrolüüsitud 
alkoksiidide ning termiliselt töödeldud alkoksiidide struktuuri ning omadusi. 
Lisaks määrati erinevate alkoksiidide fiibriks tõmbamise optimaalsed tingi-
mused. Erinevaid mõõtemeetodeid kasutades leiti, et fiiberstruktuuride saamiseks 
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enim sobilikud tina(IV)butoksiidi soolid sisaldasid keskmiselt 4 nanomeetrit 
pikki ja 2 nanomeetrilise läbimõõduga piklike osakesi. Termiliselt töödeldud 
proovide osakesed sisaldasid omakorda ~1nm suuruseid kassiteriidi osakesi. 
Ülejäänud proovide osakesed olid amorfsed.  

Metallialkoksiidide ja neist valmistatud soolide reoloogilised mõõtmised 
näitasid, et need käituvad nagu tüüpilised anomaalviskoossusega vedelikud 
(ing. k. non-Newtonian fluid). Materjalide joaks tõmbamisel tekkivat nihke-
vedeldumise (ing. k. shear thinning) efekti võib seletada eelnevalt kirjeldatud 
piklike osakeste omavahelise libisemisega materjalis. Sarnased nihkevedeldu-
mise mehhanismid toimuvad ka polümeersete plastikute voolamisel. Süsinik-
nanotorude mõju hindamiseks alkoksiidsete materjalide voolamisomadustele 
kasutati spetsiaalset eelnevalt väljatöötatud metoodikat ja aparatuuri, mille 
korral materjalidest joa tõmbamine toimus reaktsioonikolvis. See oli vajalik 
vältimaks alkoksiidide reageerimist õhuniiskusega. Materjali venitamisel tekki-
nud joa mõõtmete analüüsimisel saadud andmetest lähtus, et süsiniknanotorude 
kontsentratsiooni suurenedes (kuni 0,1 massi %) väheneb alkoksiidse materjali 
viskoossus.  

Käesoleva doktoritöö käigus kasutati kahte erinevat meetodit fiiberstruk-
tuuride valmistamiseks alkoksiidsetest lähteainetest. Esimesel juhul tõmmati 
vedel materjali juga algsest veevabast keskkonnast kõrge õhuniiskusega kesk-
konda, kus joa pind veeaurudega reageerides tahkestus. Selle tulemusena 
moodustus tahke geelfiiber, mida hiljem kuumutades saadi kristallilise struk-
tuuriga oksiidne fiibermaterjal. Teisel juhul toimus kogu tõmbamise protsess 
kõrge õhuniiskusega keskkonnas. Valmistatud fiibrite pikkuse ja diameetri suhe 
oli kuni 10 000 ning minimaalne diameeter 200 nanomeetrit. Kõige ühtlasemaid 
ja väikseima diameetriga fiibreid oli võimalik valmistada termiliselt töödeldud 
lähtematerjalidest, sest võrreldes hüdrolüüsitud lähteainetega, on need keemi-
liselt stabiilsemad, elastsemad ja madalama pindpinevusega. Need omadused 
võimaldavad sellist juga enne tahkestumist niiskes keskkonnas võimalikult 
pikaks ja peenikeseks venitada. 

Sõltuvalt lähteaine omadustest ja ümbritseva keskkonna tingimustest, toimub 
lõpuks lähtematerjalist tõmmatud joa katkemine. Käesolevas töös demonst-
reeriti, et lähteaine ning ümbritseva keskkonna omadusi optimeerides ja metalli 
alkoksiidist tõmmatud joa katkemist ära kasutades on võimalik valmistada väga 
väikese tipuraadiusega oksiidseid teravike. Elektronmikroskoobi kujutistelt 
ilmnes, et teravikstruktuurid olid ka nanoskaalal ühtlase koonilise profiiliga. 
Oksiidsete teravikstruktuuride tipuraadiused olid 15–25 nanomeetrit. Selliste 
struktuuride teke on seletatav lähtematerjali väga kiire tahkestumisega, mis 
toimub enne, kui pindpinevusest tingituna jõuab katkemise kohta hakata 
moodustuma vedela materjali tilk. 

Väga levinud kilede valmistamise meetoditeks madala viskoossusega sool-
geel lähtematerjalidest on nn. vurr-katmine (ing. k. spin coating) ja sukeldus-
pindamise meetod (ing. k dip coating). Vurr-katmise puhul tilgutatakse pöörlevale 
substraadile lähtematerjali, mis tsentrifugaaljõudude toimel kile moodustab. 
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Sukelduspindamise meetodi puhul kastetakse substraat lihtsalt teatud ajaks 
lähtematerjali sisse. Kumbki meetod ei võimalda valmistada väga pakse ega 
struktuurseid pinnakatteid. Käesoleva doktoritöö käigus näidati, et kasutades nn. 
modifitseeritud määrimismeetodit (ing. k. tape casting), on kõrge viskoossusega 
lähtematerjalidest võimalik valmistada struktuurseid kilesid ja/või siledaid 
kilesid paksusega kuni mõni mikromeeter. Samuti sobib selline meetod suurte 
pindade katmiseks. 

Antud töös kasutati nanotorude paremaks dispergeerimiseks oksiidse kom-
posiitmaterjali lähteaines ainult ultraheliseadmeid. Oksiidse komposiitmaterjali 
uurimisel elektronmikroskoobi ja fokusseeritud ioonkiire abil näidati, et 
väljatöötatud meetodil saadud materjalis on nanotorude jaotus ühtlane. Lisaks 
demonstreeriti, et materjali joaks tõmbamine orienteerib nanotorusid tõmbamise 
suunas. Kõige parema elektrijuhtivusega (10 S/m) olid materjalid, millesse oli 
lisatud 1 massi % süsiniknanotorusid. Väiksemate nanotorude kontsentrat-
sioonide korral oli elektrijuhtivus mitu suurusjärku madalam. Selline juhtivuse 
hüppeline kasv on seletatav süsiniknanotorude võrgustiku e. perkolatsiooni 
tekkimisega, mis leidis samuti kinnitust elektronmikroskoobi kujutiste analüüsi-
misel. Demonstreeritud meetod süsiniknanotorudega dopeeritud komposiit-
materjalide valmistamiseks võimaldab formeerida väga erineva geomeetriaga 
struktuure väga erinevate metallide oksiididest. 
  
Töö olulisemad uudsed tulemused: 
 Hüdrolüüsitud ning termiliselt töödeldud metalli alkoksiidid sisaldavad 

piklikke osakesi, mis on keskmiselt 4 nanomeetrit pikad ja 2 nanomeetri 
laiused. Termiliselt töödeldud proovide osakestel on kassiteriidi struktuur. 

 Hüdrolüüsitud ning termiliselt töödeldud metalli alkoksiidide joaks tõmba-
misel moodustavad eelpool mainitud piklikud osakesed suuremaid lineaar-
seid agregaate, mis põhjustavad viskoossete alkoksiidsete materjalide ano-
maalviskoosset voolamist. 

 Erinevalt teoreetilistest ennustustest mõjutab joa tõmbamise kiirus moodus-
tuvate fiibrite ning nõelstruktuuride kuju. 

 Süsiniknanotorude kontsentratsiooni (kuni 0,1 massi %) suurendamisel 
metallialkoksiidides väheneb kogu materjali viskoossus. 

 Hüdrolüüsitud ning termiliselt töödeldu alkoksiidid võimaldasid erineva 
pindpinevuse tõttu neist tõmmata erinevate mõõtmetega fiibermaterjale.  

 Esmakordselt näidati, et kasutades termiliselt töödeldud metallialkoksiide on 
sool-geel meetodil võimalik valmistada minimaalselt kuni 200 nanomeetri-
lise läbimõõduga oksiidseid fiibreid.  

 Esmakordselt näidati, et sõltuvalt lähteaine omadustest ja ümbritseva kesk-
konna tingimustest, viib viskoossest alkoksiidsest lähtematerjalist tõmmatud 
joa katkemine väga väikese tipuraadiusega nõelstruktuuride tekkimiseni. 
Samuti on viskoosset lähtematerjali, kontrollitud keskkonna tingimusi ja 
modifitseeritud määrimismeetodit (ing. k. tape casting) kasutades võimalik 
valmistada siledaid või struktuurseid pinnakatteid. 
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 Demonstreeriti, et sool-geel metoodikat kasutades on keraamilistes mater-
jalides võimalik saavutada süsiniknanotorude ühtlane jaotus. 

 Esmakordselt demonstreeriti süsiniknanotorudega dopeeritud metalloksiid-
sete fiibrite valmistamist sool-geel meetodil ja määrati optimaalsed reoloogi-
lised parameetrid sellise fiibermaterjali formeerimiseks.  

 Süsiniknanotorudega lisandatud kontsentreeritud alkoksiidse sooli joaks 
tõmbamisel orienteeritakse materjalis olevad süsiniknanotorud tõmbamise 
suunas. 

 Väikeste koguste süsiniknanotorude lisamine metallioksiididesse suurendab 
nende materjalide elektrijuhtivust mitu suurusjärku. See on seletatav süsinik-
nanotorude võrgustiku e. perkolatsiooni tekkimisega. 
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