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1 INTRODUCTION 

Our current and future technologies require materials with a wide range of spe-
cific functions. Among other properties, the morphology can be critical in de-
fining the functionality of a material. Sol-gel is a versatile technology which 
enables to prepare materials in various shapes and sizes. In terms of applicabil-
ity, methods that can be scaled up to industrial scale are superior in the produc-
tion of a material. Compared to frequently applied top-down lithography 
methods, the low-cost and bottom-up nature of sol-gel processing is advan-
tageous for the industrial scale-up. Hydrolytic sol-gel processes have great po-
tential in the preparation of different oxide materials, including silica. Silica is 
found abundantly in nature, it has been extensively studied in the field of nano-
technology and materials science in general, and is widely used in everyday life. 

The primary object of this study was surface patterning of novel silica 
coatings, consisting of round-shaped silica microstructures. We can foresee at 
least three application areas for such structured surfaces. First, the mild prepa-
ration processes that enable functionalization with organic groups, bio-polymers 
or -molecules make sol-gel method attractive for biomaterial and biointerface 
research. It is shown in literature that cell functions can be affected by substrate 
topography. Second, the round surface structures bear a resemblance to minia-
ture microlenses and therefore have non-trivial optical properties. In this work, 
antireflection and light trapping properties were addressed. In addition, surface 
structuring can provide the material special wetting properties that can lead to 
applications as self-cleaning coating. Moreover, in the case of self-cleaning 
windows, the optical and wetting properties of surfaces are a simultaneous con-
cern.  

The second object of the study was a macroporous silica foam film prepared 
by sol-gel method. Porous ceramics are good high-temperature thermal insula-
tion materials. For example, oxide aerogel materials are widely studied due to 
their extremely low density and thermal conductivity, but unfortunately most of 
the preparation methods are time consuming and costly.  

Although material preparation by sol-gel is in general relatively fast and fac-
ile, numerous parameters influence the final product of sol-gel synthesis. The 
primary purpose of this research was to clarify the influence of preparation sys-
tem parameters on the round silica surface structures and silica foam films, and 
also, bearing in mind the applications mentioned above, to evaluate the applica-
bility of these coatings in different fields. Morphology of these coatings is 
formed through template-free system, where structure formation is based on 
concurrent phase separation and sol-gel transition processes. The structured 
surfaces with randomly positioned domes have a potential to realize single-layer 
multifunctional coatings combining self-cleaning and light-scattering or -col-
lecting properties. The foams presented in this thesis can be good alternatives to 
aerogel-like thermal insulation materials. 
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2 AIMS OF THE STUDY 

The aim of present work was to develop sol-gel approaches for preparing silica 
materials with characteristic micro-morphological features and evaluate their 
potential in some application fields. In particular, we aimed to develop methods 
and prepare samples of surface coatings of silica domes and silica foams and 
carry out the preliminary characterization of their critical functional properties 
in corresponding applications. The preparation and properties of the silica 
foams are covered briefly whereas the main focus is on the structured coatings 
via sol-gel phase separation method.  

Three specific goals were set: 
1. to provide, based on experimental observations, description of the sol-gel 

processes leading to the formation of the silica materials with the round-
shaped structuring; 

2. to clarify the influence of synthesis parameters on the morphology of the 
prepared structures and optimize the synthesis accordingly; 

3. to evaluate the potential of the obtained materials in various applications: 
structured silica surface as cell growth substrate and optically functional 
material, and silica foam as thermal insulation material. 
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3 BACKGROUND 

3.1 Sol-gel method 

3.1.1 Introduction 

Sol-gel method is a versatile technology, which enables to prepare ceramic 
powders, fibers, films, microrolls and -tubes, template-based materials and aero-
gels [1–4]. Also, it allows tuning of nano- and microstructure, chemical 
composition as well as mechanical properties and functionality of materials. 
Some of the main advantages of material preparation by sol-gel technology are 
the low-temperature synthesis under mild conditions and possibility to dope and 
chemically functionalize these oxide materials with different elements and or-
ganic groups rather easily [2, 5]. Sol-gel materials are often applicable as sen-
sors [6], catalysts [7], protective coatings [8], optical coatings [9], biomaterials 
[10] etc. 

In the University of Tartu, Institute of Physics the following sol-gel mate-
rials have been prepared and studied: oxide tips for scanning probe microscopy 
[11]; photoluminescent films and powders [2, 12]; rare earths doped Ti- and Zr-
oxide sensor materials [13, 14]; Zr- and Hf-oxide microrolls [15]; Zr-oxide 
microtubes [16]; Si-oxide nanotubes [17]. Also, based on phase separation in 
sol-gel system, electro-optical films with variable transmittance have been pre-
pared [18].  

 
 

3.1.2 Sol-gel processes 

Sol-gel processes proceed through different paths depending on whether the 
precursor is metal or silicon alkoxide. The term sol-gel is also used in case of 
halide precursors and other compound systems where the underlying chemistry 
can be significantly different. As in present thesis the materials are prepared 
only from silicon alkoxides (TEOS, TMOS), only the related sol-gel processes 
are described here. 

Historically first studied and also most widely used sol-gel processes are of 
silicon alkoxides. Generally, sol-gel chemistry of alkoxides consists of hydro-
lysis and polycondensation reactions [19–21]. These reactions are strongly in-
fluenced by water to alkoxide molar ratio and type of alkoxy groups as they can 
impact hydrolysis rates. Additionally, type and amount of solvent influence the 
reaction processes as well as reaction temperature and surrounding humidity. 
Solvent is needed to enhance mixing or to direct interaction of solvent mole-
cules with silicon center. Surrounding humidity becomes important when 
structure forming takes place in ambient environment. Type and concentration 
of catalyst are also very important process parameters. Acid or base catalyst is 
used as silicon alkoxide reactions would otherwise result in very slow gelation 
rates and the catalyst concentration influences the rate of hydrolysis and 
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polymerization. Schemes of hydrolysis and condensation reactions with either 
acid or base catalyst are presented in figure 1.  

 
 

 
 

Figure 1. Schemes for hydrolysis and condensation reactions of silicon alkoxides [21]. 
 
 
The first step is hydrolysis of alkoxide, which is followed by the condensation 
reactions resulting in –Si–O–Si– linkage. Reactions in figure 1 are simplified 
and in reality these reactions can undergo parallel, however hydrolysis is neces-
sary for the condensation to occur [22]. The structure of the resulting gel is 
different depending on the catalyst type (Fig. 2) [21]. Continuous hydrolysis 
steps get progressively slower under acidic conditions and faster under basic 
conditions. In basic conditions hydrolysis is complete before the first conden-
sation step occurs and it results in small and branched agglomerates in the sol, 
which eventually crosslink to form a colloidal gel. In acidic conditions the 
hydrolysis step is typically the fastest and condensation begins before hydro-
lysis is complete. This results in the formation of chain-like structures in the sol 
and finally a network-like gel. The structures studied in this thesis are formed 
through acid catalyzed reactions. 
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Figure 2. Diagram showing how pH affects the growth and structure of a gel [21]. 
 
 
Cross-linking induces an increase of viscosity of the sol and this leads to gelling 
of the solution. A three-dimensional network is formed. Solvent evaporation 
results in xerogel which is formed when drying with unhindered shrinkage. 
Final drying at room temperature or elevated temperatures results in an amor-
phous or crystalline oxide material. 

Formation of silica domes presented in this thesis is based on sol-gel phase 
separation processes. The phase separation mechanism has been typically used 
for preparing porous materials [23]. However, formation of silica domes can 
also be related to the sol-gel phase separation mechanisms greatly studied by K. 
Nakanishi et al. (first systematic study in 1991 [24]), described in the following 
chapter.  

 
3.1.3 Phase separation 

Conventional sol-gel phase separation method enables to prepare porous oxide 
materials with different morphologies and porosities [22–27]. The general na-
ture of mechanisms behind formation of these kinds of morphologies can be 
explained based on the chemical polymerization reactions. 

Relatively narrow distribution of growing oligomers is obtained, when acidic 
conditions are applied for hydrolysis and polycondensation of alkoxysilanes. 
The average molecular weight of the polymerizing species increases and the 
mutual solubility between the constituents becomes lower and separation of 
phases imposes a decrease of entropy. This leads to an increase of the free ener-
gy of mixing described by the following equation:  

 
ΔG = ΔH – TΔS,      (1) 
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where ΔH is change in the enthalpy of mixing, TΔS is the entropy of mixing. 
ΔG is negative in case of miscibility. If the ΔG becomes positive as the result of 
decreased absolute value of the TΔS, a thermodynamic driving force for phase 
separation is generated.  

Figure 3 shows a phase diagram presentation of how phase separation can be 
generated. In the case of physical cooling a reduction of temperature decreases 
the mutual solubility and results in demixing. In the case of chemical cooling 
the polymerization induces a reduction of the mutual solubility. 
 
 

 
 

Figure 3. Comparison between physical and chemical cooling. The solid and broken 
boundaries respectively denote bimodal and spinodal lines. [22] 
 
 
The two-phase area between broken boundaries is the unstable region (Fig. 3), 
where the spinodal decomposition occurs resulting in a bicontinuous morpholo-
gy (Fig. 4). Spinodal decomposition leads to development of a co-continuous 
structure, but it might not be permanent. Characteristic size of the domains can 
be changing in time until fragmentation occurs which leads to a system, where 
the domains of one phase are dispersed in another continuous phase (Fig. 4). 
Analogous fragmentation can also occur through nucleation and growth mecha-
nism. This mechanism occurs in the metastable region between the bimodal and 
spinodal lines and it can be initiated by two reasons: by thermally induced 
microscopic composition fluctuation or by impurities or other inclusions. The 
formed dispersed domains grow as additional atoms or molecules subsequently 
diffuse toward the nuclei. The latter mechanism is proposed to be the one that is 
involved in the formation of the silica domes presented in this thesis. 
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Figure 4. Time evolution of a spinodal decomposing [25].  
 
 
Final structure is formed, when one phase turns from a viscous fluid to an elas-
tic solid as structure freezing by irreversible sol-gel transition is occurring. It is 
initiated by polycondensation reactions of network-forming siloxane species. 
The final structure depends on the onset of phase separation relative to the sol-
gel transition point. The longer the time gap is between these two processes, the 
coarser the final morphology is (or eventually fragmentation occurs). The size 
of phase-separated structures can be controlled by the same parameters which 
affect the sol-gel reactions. 
 
 

3.2 Functional microstructured coatings 

3.2.1 Optical functionality 

Antireflection and light trapping are important qualities for applications like 
solar cells, photodetectors and optical surfaces [28–30] and an approach to 
achieve these qualities is provided by various kinds of surface structuring like 
pyramidal texturing [31], black silicon [32], moth-eye structures [33] and 
microlens [34] (Fig 5) etc. For example, improvement of absorption of incident 
light is needed to enhance photoconversion efficiency in solar cells [35–37].  

Biomimetic approaches have become increasingly popular for designing 
optically functional materials [38]. For example, moth-eye structuring repre-
senting broadband antireflection is a good example from nature [33, 39]. Moth-
eye structuring means that there is a regular array of small bumps covering the 
surface, whereas the spacing and size of the bumps are comparable to the wave-
length of light [40] (Fig 5a). Antireflection is also exhibited with porous or 
irregular surface structures [41, 42]. Random structuring may even lead to a 
better overall performance compared to a regular array of structures [33, 43] 
(Fig 5b). 
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Figure 5. a) SEM images of different moth-eye structuring of corneal nipple arrays in 
two butterflies (the scale bar is 500 nm) [44]. b) SEM images of moth-eye mimicking 
random and periodic arrays [33]. c) Schematic illustration of light behavior with and 
without a microlens array (MLA) for a conventional organic photovoltaic device and 
SEM image of representative MLA [34]. 
 
 
Some results of silica-based optically functional materials obtained via sol-gel 
technology have been already demonstrated. Manca et al. presented durable 
transparent antireflective coating from trimethylsilanized silica nanoparticles 
embedded in organosilica gel matrix [45]. Xiu et al. created a rough silica film 
with superhydrophobic properties with the help of templating agent [46]. In 
addition, rough silica surfaces are suitable to reduce reflections from glass sur-
faces of optical elements and windows [47, 48], where specular transmittance 
may or may not be needed, depending on the application.  
 
 

3.2.2 Water-repellency and surface roughness 

Surface roughness is a one of the key factors determining surface wettability. 
Water-repellent plants, for example Lotus, are known to have self-cleaning 
properties, and developing superhydrophobic surfaces which mimic Lotus leaf 
have been widely reported in literature [49–51]. Surface is considered to be 
superhydrophobic when static water contact angle (WCA) is larger than 150° 
[51]. Exact mimicry of Lotus leaf implies dual-scale surface roughness, where 
microbumps are covered with additional nanoscale structuring (Fig. 6). Water 
droplet sits on the apex of nanostructures which minimizes the contact between 
the surface and the droplet (Fig. 7). Also, extremely small sliding angle is very 
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important property for water-repellent and self-cleaning surfaces. It means that 
water droplets need to roll-off from the surface at minimal tilt, not sticking to it. 
For a great performance the sliding angle should be 5° or smaller [52]. High air 
ratio at the interface between solid and water is important for obtaining a small 
sliding angle [53]. 
 
 

 
 

Figure 6. SEM micrographs of Lotus leaf surface at two magnifications (a, b). Inset of 
a) shows water droplet sitting on the Lotus leaf [50]. 
 

 
 

Figure 7. Schematic of wetting of four different surfaces. The contact area between the 
droplet and the surface is the largest in the case of flat and microstructured surfaces, but 
is reduced on nanostructured surfaces and is minimized on hierarchically structured 
surfaces [50]. 
 
 
There are different models describing wetting behavior on different surfaces 
[51, 53–56]. Wetting models are based on the ideal flat surface described by the 
Young’s equation:  
௒ሻߠሺݏ݋ܿ  = ఊೞ೒ିఊೞ೗ఊ೗೒        (2) 

 
where γsg, γsl and γlg are surface tensions at solid-gas, solid-liquid and liquid-gas 
interfaces, respectively. In reality, there are no ideally flat surfaces. Wenzel 
took the surface roughness into account while assuming that the liquid fills the 
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protrusions on the rough surface (Fig. 8a). It is also called homogeneous wet-
ting state. This modification can be described with the following equation:  
 cos( (ௐߠ = ݎ cos(ߠ௒)      (3) 

 
where θW and θY are Wenzel’s and Young’s contact angles and r is the rough-
ness factor defined as the ratio of the actual area of a rough surface to the geo-
metric projected area. Heterogeneous wetting state describes the surface as a 
two-material system, where one of the materials is trapped air between protru-
sions and water droplet contacts only the top of protrusions (Fig. 8b). This sys-
tem is described by Cassie-Baxter’s equation: 
  cos(ߠ஼஻) = (௒ߠ) ௙݂ cosݎ + ݂ − 1    (4) 
 
where f is the contact area between water droplet and solid surface and rf is the 
roughness factor of the wet area. However, these models are not sufficient to 
describe the real situations as there might be cases, where both approaches need 
to be considered, especially for multilayered or complex roughness (Fig. 8c). 
The latter makes the evaluation of accurate roughness factor complicated in real 
situations, therefore, in the present thesis these formulae are not applied. 

 
Figure 8. Wetting states of Wenzel (a), Cassie–Baxter (b) and combined models (c) 
[51]. 
 

3.2.3 Structured biointerfaces 

Cells have highly complex and dynamic interaction with surrounding environ-
ment – extracellular matrix (ECM) and other cells. ECM plays an essential role 
in cell growth processes – migration, differentiation and proliferation [57]. Pre-
vious studies have shown that cell behavior can be influenced and possibly di-
rected by modifying properties of the environment surrounding the cells. The 
topography has important role in cell adhesion, shape and movement [58, 59]. 
Cell growth is affected by the mechanical properties [60], surface chemistry 
[61], micro- and nanostructure [62, 63] of the surrounding environment. Addi-
tionally, materials’ electrical properties are significant as electrical stimulation 
has been shown to enhance wound healing [64]. Therefore, materials science 
aims at the development of artificial materials (substrates, matrixes, scaffolds, 
etc.) that would enable the elaboration of artificial tissue scaffolds which would 
match the environment experienced by cells in living tissues. 
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Structural biofunctionality is represented in this dissertation. Structured 
silica substrate with round surface features is a more biomimetic approach 
compared to the sharp and edged nano- and micropatterns prepared by 
conventional lithographic methods [65]. Sol-gel silica materials have been 
shown to be biocompatible [66], in some cases also biodegradable [67] and to 
enhance differentiation and proliferation of cells [68]. Silica-based sol-gel 
glasses have also been shown as good bioactive glasses [69, 70]. An additional 
advantage is that the sol-gel processes allow preparation of the silica-based 
glass materials in various forms and shapes, such as coatings [71], fibers [72], 
foams [73], nano- and microparticles [70, 74]. Especially surface coatings are of 
interest as they can enhance biocompatibility for biomedical devices and pro-
mote the healing response without causing any rejection reactions [75]. For 
example, silica-based materials are widely applied in bone tissue engineering 
field [10, 70]. 

 
 

3.2.4 Porous oxide structures 

Sol-gel technology together with various fields of research have been applied to 
synthesize oxide foams. These materials find applications in catalysis [76], 
electrochromic devices [77], high performance thermal insulation [78], chroma-
tography columns [25] and also biomedical materials [73]. As mentioned in the 
sol-gel section (Ch.  3.1.3) porous oxide structures can be prepared along with 
sol-gel phase separation processes. Bimodal pore structures are formed in 
different morphologies from aggregates of nano- and microparticles to macro-
porous monoliths [26, 79, 80]. Emulsion templating have also led to methods 
for preparing macroporous oxide foams [81]. In that case there are immiscible 
emulsion droplets in continuous alkoxide solution, which can be removed by 
evaporation or dissolution after gel forming around these droplets [82–84]. 
Different metal alkoxides allow to produce a wide variety of porous materials. 
Furthermore, porosity can also be formed in the presence of surfactant by 
bubbling the gas through matrix [85] or with an intense mechanical agitation 
[86]. Alternatively, the gas phase may also be created by evaporating a low 
boiling point component from the sol [87]. However, in situ gas phase gene-
ration would be the most attractive approach. With this aim, Chandrappa et al. 
introduced the vanadium oxide foam formation with decomposition of hydrogen 
peroxide [88]. The only work reporting pore forming through H2O2 decom-
position similarly to the method presented in present work has been carried out 
by Vuong et al. [89], but their work is severely lacking as there is no infor-
mation about silica precursor or thorough description about the structure 
forming.  
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4 PREPARATION AND FORMATION PROCESSES OF 
SILICA MICROSTRUCTURES 

4.1 Silica domes [Papers I, II, III] 

Structured coatings were prepared by spin-coating or spraying a sol of TEOS in 
alcohol (1-propanol, ethanol, or methanol) using nitric acid as catalyst (Fig. 9). 
All chemicals were purchased from Sigma-Aldrich. The mixing of chemicals 
was carried out by using a magnetic stirrer at room temperature. The first step 
was dilution of TEOS in alcohol, whereas the alcohol-TEOS volume ratio (T) 
was varied for different concentrations from 1 to 30. Secondly, for hydrolysis 
and condensation reactions, the acid in water was added dropwise to alkoxide 
solution. For varying water-alkoxide molar ratio (R) and acid-alkoxide molar 
ratio (K), different amounts of water (deionized water) and nitric acid were 
added. R was varied from 0.5 to 4 and K from 0.05 to 0.2. Finally, the solution 
was left stirring for 3 hours before spin-coating or spraying. The substrates 
(soda-lime glass microscope slides) were cleaned with methanol and hydrochlo-
ric acid solution (1:1) for 30 minutes followed by methanol rinse in ultrasonic 
bath and drying in nitrogen flow.  
 
 

 
 
Figure 9. Scheme of structured coating formation by spray- and spin-coating. 
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For spin-coating a home-built machine was used at speed of 2000 rpm. The sol 
was dropped with a pipette onto the spinning glass substrate. For spray-coating 
the sols were sprayed onto the glass substrate by using vertically positioned 
fixed spray gun combined with a home-built trigger system and N2 carrier gas. 
The following parameters were varied: amount of solution (A), needle position 
(size of the nozzle opening) and duration of spraying. All the coating proce-
dures were carried out in an ambient lab environment of 23 ± 1°C and 20–49% 
relative humidity, except when studying the influence of humidity. After 
coating the samples were air-dried and then heated at 200 °C for at least 1 hour.  

Applying the solution to a surface, reactions with water from surrounding 
atmosphere and solvent evaporation initiate hydrolysis and condensation pro-
cesses. As partially hydrolyzed TEOS is undergoing hydrolysis and polymeri-
zation reactions, the solubility of this compound is diminishing in solvent me-
dium and droplets of TEOS-rich phase are nucleated inside the continuous so-
lution phase. The formed solid droplets are growing due to subsequent 
polymerization, and simultaneously, the solvent is constantly evaporating. After 
that, the round surface structures are formed when spherical nano- and micro-
scaled droplets are deformed after setting on the glass substrate. In most cases 
the droplets undergo partial flattening as they are not fully gelled. Also, the 
droplets may join to form larger domains with irregular shape by moving on 
substrate. The movement depends on the speed of TEOS condensation and sol-
vent evaporation. Furthermore, sphere-like silica structures are formed under 
the condition where the polycondensation rate within the TEOS-rich domains is 
high enough (and solvent evaporation from the coated layer is slow enough 
compared to gelling) to produce gelled silica spheres before setting on the sub-
strate. In addition to the domes, thin continuous SiO2 film forms onto the 
substrate between the domes. However, the surface chemistry does not vary 
between the domes and the area between them. Also, the differently patterned 
silica surfaces have the same surface chemistry. It is necessary to point out that 
the studied case is significantly different from the phase separation in thicker 
layers that produces porous films [19, 22] as the deposited sol is in all of its 
volume affected by the vicinity of either substrate-sol or sol-air interface [90].  

Spin- and spray-coating methods lead to significantly different results. 
During the spin-coating most of the applied solution spins off the surface. Thus, 
the thickness of the precursor layer in which the phase separation occurs, 
depends on the viscosity of the solution. Spin-coating is more sensitive to 
variations in precursor compositions, resulting in sharper change in the size of 
surface features. With spraying, the domes tend to be larger in diameter and 
height due to the larger thickness of precursor left on the substrate, and the 
amount of precursor that stays on the substrate is also less influenced by the 
viscosity of the precursor. During the spray-coating the total surface area of the 
precursor is maximized in aerosol phase, leading to significant increase in sol-
vent evaporation and exposure to air humidity. While the solvent concentration 
can be adjusted so that the sol is liquid (i.e. not gelled) when it reaches the 
substrate, the hydrolysis and condensation of TEOS is inevitably faster and 
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more sensitive to ambient environment than in the case of spin-coating. Also, as 
the substrate is not rotated, imperfect spreading of the sol can in some cases be 
result in thicker and uneven precursor layers. Thus, although superior in terms 
of scalability, spray-coating also adds complexity to already multi-variable na-
ture of the sol-gel phase separation. Consequently, achieving repeatability and 
determining clear correlations between varied parameters and obtained surface 
structures proved to be challenging. Nevertheless, several tendencies were ob-
servable (Ch. 5.2).  

 
 

4.2 Silica foam [Paper IV] 
Foams were prepared by spraying TMOS-derived and H2O2-containing sol onto 
a substrate coated with MnO2 as a catalyst (Fig. 10). The catalyst is needed for 
decomposing H2O2 at room temperature as without catalyst it can decompose 
only thermally requiring a high temperature. The latter is not preferred causing 
an uncontrollable gelation in the sol. MnO2 was chosen as it is known from 
literature to be an efficient catalyst for decomposing H2O2 [91]. The concentra-
tion of H2O2, solvent (methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol), 
and solvent concentration were varied in order to investigate the influence of 
these parameters on the foam formation. Further details about variation of these 
parameters in numbers are given in paper IV [92], but shortly the preparation 
was as follows. Firstly, two solutions were prepared: HNO3 solutions in 
H2O/H2O2 and TMOS dilution in alcohol. Then the H2O/H2O2/HNO3 solution 
was added dropwise to the TMOS/alcohol solution under vigorous stirring. Last 
step was addition of the foaming agent polyethyleneoxyethanol (Tergitol NP-
10) for foam stabilization. After mixing, the sols were spray-coated onto MnO2-
coated glass substrates by using a vertically positioned airbrush spray gun and 
N2 carrier gas. Different amounts of the sol were sprayed to prepare films with 
different thicknesses followed by aging and annealing up to 600°C.  

Silica foam formation is initiated by H2O2 decomposition on MnO2, which 
results in water and O2 formation. Water leads to further hydrolysis and ac-
celerates the gelation. The foam is formed as these two processes occur in paral-
lel. Sol-gel transition has to occur at the exact point so that the formed bubbles 
would not collapse before sol-gel freezing point. Annealing can also lead to a 
collapse of the macroporous structure as reported by Choi and Paek [93]. How-
ever, novel for this kind of material is the ability to maintain a closed-cell 
morphology even after annealing. 
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Figure 10. Scheme of silica foam formation. 
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5 RESULTS AND DISCUSSION 

5.1 Characterization methods 
The structural features of the obtained silica coatings were investigated by 
scanning electron microscope (SEM) analysis using FEI Helios Nanolab 600 or 
Tescan VEGA II SBU. The samples were tilted at 45° for a more precise view 
of the domes’ shape. The diameters of the domes were evaluated from SEM 
micrographs taken at normal incidence. For electrical conductivity the samples 
were previously sputter coated with a 2–5 nm layer of Au/Pd alloy using a 
SC7640 Auto/Manual High Resolution Sputter Coater. Cross-sections of the 
substrates with cells were cut using focused ion beam (FIB). Optical micro-
scope images of the foams were obtained using an Artray Artcam-500P II CCD 
camera mounted on an Olympus BX51 optical microscope. 

For investigating the roughness and morphology of the structured surfaces, 
atomic force microscope images were obtained with Dimension Edge™ AFM 
System (Veeco Instruments Inc.) in tapping mode at room temperature. Mean 
roughness of the surface, height of the domes and number of domes per area 
were estimated by using Gwyddion software. 

Diffuse reflectance spectra of the coated glass slides were measured with 
Cary 5000 UV-VIS-NIR spectrophotometer using an integrating sphere. Some 
artefacts present in the spectra were further reduced by normalizing against the 
known reflectance of uncoated glass slide measured for reference. 

Complementary light scattering measurements were conducted on a home-
built automated goniometric system in the reversed Kretchmann geometry [94] 
as depicted in figure 11. A laser beam was perpendicularly incident on the 
coated glass slide which was attached to a semicylindrical prism (using an 
index-matching oil). The angular dependence of the forward scattered light 
emerging from the prism was measured with a photodiode. Such configuration 
allowed a more direct assessment of the coated front surface by eliminating the 
reflections from the back surface. The results for s- and p-polarized light were 
averaged to obtain effectively the response for unpolarized light. 

Water contact angles were measured with GIMP software from optical 
micrographs taken with a digital photo camera (Canon EO5 650D with objec-
tive Canon MP65). Samples were stored in a closed box, and rinsed with metha-
nol and dried in compressed air before WCA measurements. WCAs were 
acquired from 4 µl water droplet at three different locations on each sample and 
the obtained values were averaged.  

For imaging different parts (nuclei, cytoskeleton) of cells several staining 
procedures were performed [65]. Immunofluorescence microscopy was carried 
out with an Olympus FluoView FV1000 microscope. For counting of adhered 
cells (counting cells with atypical morphology) Zeiss Axiovert S100 inverted 
microscope was used. Data was collected from four randomly chosen fields 
from four cover slips. Images were analyzed with ImageJ software. 
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Figure 11. Measurement scheme of angularly resolved scattering. 
 

 
 

5.2 Morphology of silica domes and influence of  
preparation parameters [Papers I, II, III] 

One of the aims was to clarify the influence of synthesis parameters on the 
morphology of structured coating. Depending on the variables, structured silica 
surfaces with different dome sizes, shapes and surface densities can be pre-
pared. 

The analysis presented in the present chapter is based on the observations 
made in case of spray-coated materials. As described in chapter 4.1, in com-
parison to spin-coating, spraying adds complexity to the already multi-variable 
nature of the sol-gel phase separation and involves several additional system 
parameters. It is also important to point out that the inherent connections 
between the variables makes it difficult or impossible to isolate the influence of 
a single parameter. Thus, comparison between the absolute values of dome size 
characteristics from different series can be misleading and the presented nume-
rical values should be interpreted as manifestation of characteristic trends rather 
than for deriving universally applicable dependence laws. 

Propanol, ethanol and methanol were compared as polar solvents in the sol. 
Diameter of the obtained domes increased in the same direction as volatility and 
polarity of the solvent (propanol, ethanol and methanol). Phase separation was 
found to be poorly controllable in ethanol and methanol systems as spray-
coating led to surfaces, where the size, geometry and surface density of formed 
features varied to a great extent. In some cases, a continuous gel film was 
formed. This might have been due to a rapid evaporation rate of the solvent 
which led to faster sol-gel transition compared to the nucleation growth in the 
sol which was not yet deposited on the substrate. In the case of propanol, prin-
cipally, the sol-gel transition starts after phase separation onset in the sol layer 
which is already on the glass substrate. This allows time for silica-rich phase to 
form droplets before gelling. As uniform coatings were repeatedly produced 
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only when propanol was used as the solvent, only corresponding samples were 
included in the analysis of further parameters variation. The main results about 
the dependence of the surface morphology on system parameters are briefly 
described in the following sections. 

Overall tendencies about correlation of parameters and surface structures are 
presented in figure 12 and table 1. Influence of amount of sprayed sol (A), 
alcohol-TEOS volume ratio (T), water-TEOS (R) and catalyst-TEOS (K) molar 
ratios are going to be discussed. Also, some examples about multilayered 
structures formed in borderline conditions are shown in figure 12 (m–o). 

The amount of solution deposited onto the substrate significantly influenced 
the dome diameter. Increase of the sprayed sol amount resulted in an increase in 
the diameter of domes (Fig. 12a–c). It is not directly defined by the sprayed 
amount, but several other parameters also determine the amount of solution 
which deposits on the substrate. Solvent viscosity affects the amount of sol that 
is deposited during a definite time. Latter is also related to concentration of 
TEOS, water and catalyst in sol. Volatility of a solvent determines to what 
extent sol evaporates during spraying before depositing onto substrate. There-
fore, there are complex dependences between synthesis parameters and results. 

Overall tendency with TEOS concentration was that more diluted solutions 
led to a decrease in the dome diameter. However, the sensitivity towards other 
parameters also changed with varying concentration. More concentrated (T = 
10) solutions were more sensitive to change of water or catalyst amount than 
solutions with T ≥ 20. When T = 10, the increase in R from 0.5 to 1.5 resulted 
in more densely positioned domes without notable change in their diameter 
(Fig. 12g–i). In case of more diluted solutions, there is no change in dome 
density, but there is an increase in dome diameter from R = 0.5 to R = 1 and no 
change from R = 1 to R = 2. Increased catalyst concentration in more con-
centrated sols resulted in the formation of multilayered structures (Fig. 12o). 
Polycondensation rate within the TEOS-rich domains was high enough to 
produce gelled silica spheres before settling on the substrate, which enabled the 
second layer to maintain almost spherical shape. The secondary structures were 
rather small and flat with more diluted solutions. With T > 20, the diameter of 
the domes of the bottom layer was found to increase with increasing K (Fig. 
12j–l) suggesting that the rate of TEOS polycondensation primarily affects the 
speed at which nucleated droplets grow and has less significant influence on the 
number of nucleated TEOS-rich domains.  
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Figure 12. SEM micrographs of representative structured silica surfaces on glass sub-
strate obtained upon the following choice of sol and spray parameters: A=35 μl, 55 μl, 
75 μl (a–c); T=10, 15, 20 (d–f); R=0.5, 1, 1.5 (g–i); K=0.05, 0.1, 0.2 (j–l). Silica sur-
faces formed at borderline conditions: macroporous film with T=1 (m); two-layered 
structure with R=2 (n); domes with K=0.2 at concentration T=10 (o). The length of the 
scale bar is 5 µm (for insets 400 nm). 
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Another important sol-gel system parameter is the relative humidity (RH). In 
series of experiments conducted by spin-coating, relative humidity was varied 
between 10% and 70%. Overall tendency was that with increasing RH from 
10% to 50% the dome density increased. More water molecules from sur-
rounding air lead to faster hydrolysis and condensation reactions of TEOS. 
Also, solvent evaporation is slower due to higher RH and phase separation can 
proceed further before gelation. With elevated RH from 50% to 70% the dia-
meter of the domes increased (while dome density decreased), which can be due 
to slower solvent evaporation and thus, probable joining of smaller droplets.  

The relative humidity of the surrounding environment was not purposely 
controlled during the preparation of coatings. Coating procedures were carried 
out in an ambient lab environment of 20–49% RH. From application point of 
view, it might be preferable that the ambient humidity does not have significant 
influence on material formation as controlling the humidity of the environment 
would add complicacy and cost to manufacturing. Thus, it would be attractive to 
develop a synthesis protocol, where the structure forming reactions are control-
led and stable in an ambient environment with natural humidity fluctuations. 

 

5.3 Antireflection and light scattering properties of 
surfaces with silica domes [Paper I] 

A set of surfaces with apparently different morphological parameters were 
chosen from the range of prepared samples for optical characterization. A high 
packing density and a large height-to-width ratio of domes is expected to yield a 
more pronounced optical effect [28, 31]. Bearing that in mind six different 
surfaces presented in figure 13 (samples S1–S6) were selected. These samples 
were chosen to also present some systematic variations in surface morphology, 
like having the series of domes with different diameters, change in dome 
density, and single layer and multistructured surface. It is expected that anti-
reflective (AR) or scattering properties occur when the characteristic lengths of 
the surface features match the Vis-NIR wavelengths of light. The morphological 
features of samples S1–S6 is presented in table 2.  
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Figure 13. SEM micrographs of structured silica surfaces selected for optical characte-
rization. The length of the scale bar is 5 µm (for inset 300 nm). 
 
 
Table 2. Morphological characterization (obtained from AFM and SEM measurements) 
and WCA-s of samples S1–S6. In case of S6 two distinct maxima observed in the size 
distribution of domes are presented. 

Sample 
Surface 

roughness 
(nm) 

Height of 
domes 
(nm) 

Diameter of 
domes (nm) 

Height/width 
ratio of 
domes 

No. of 
domes per 
400 µm2 

Water 
contact 

angle (°) 

S1 86 281 ± 36 2194 ± 592 0.1 30 61 
S2 61 189 ± 26 2633 ± 535 0.1 15 57 
S3 17 59 ± 11 364 ± 72 0.2 2176 50 
S4 67 220 ± 31 829 ±151 0.3 500 66 
S5 97 262 ± 39 540 ± 96 0.5 1080 81 

S6 168 535 ± 78 666 ± 77     
1740 ± 234 0.8 223 132 

 
 

Diffuse reflectance and scattering properties were measured to explore possible 
AR and light trapping abilities of the prepared structured surfaces. Vis-NIR 
diffuse reflectance spectra showed a reduced total reflectance for all structured 
surfaces compared to a bare glass (Fig. 14). Typical bare glass reflectance (of 
single surface) is two times lower, as in this type of measurement it was not 
possible to eliminate the reflectance from the back surface of the glass slide. 
Thus, the AR effect of the structured coating is probably a lot stronger than 
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presented in figure 14. But even so, samples S3–S6 had a decrease of reflec-
tance up to 30% compared to the bare glass. 

For samples S3–S5 the drop of reflectance clearly peaked at a specific wave-
length. In contrast, sample S6 had a quite uniform AR effect over the whole 
Vis-NIR spectral range. This is explained by a relatively narrow size distri-
bution of the domes in samples S3–S5 whereas sample S6 had the multi-scale 
hierarchical roughness of domes, which enables AR effect over a wider range of 
wavelengths. Relatively good performance of sample S5 may be due to a more 
dense packing of the domes. Samples S1 and S2 had the wide flat domes and 
they had least effect on the lowering the reflectance. Even though sample S2 
had an additional surface roughness, it only slightly improved the AR.  

 
 

 
Figure 14. Diffuse reflectance spectra of glass slides covered with the silica structures. 
 
 
To study the possible light trapping capabilities of the structured coatings, the 
forward scattering was explicitly studied for samples S2, S3, S4 and S6, which 
had the reflectance minima in or close to the visible spectral range (Fig. 15). An 
incident laser wavelength close to the reflectance minimum was selected. 
Sample S6 had the best forward scattering performance. In this case most of the 
incident light was scattered in the angular range 5–25° and specular transmit-
tance was relatively small. In accordance to these properties, the sample did not 
transfer optical image. Multi-scale roughness occurred also in the case of 
sample S2, similarly to S6, but the domes of the first layer were too flat whereas 
the domes of the second layer were situated too sparsely. Therefore, the spe-
cular transmittance was notably more intense compared to the scattered light. 
Sample S3, and to some extent also S4, had the least effective scattering (even 
though their antireflective properties were comparatively good). The silica 
structures on those surfaces (particularly S3) are sufficiently small, uniform and 
close packed so that the surface looks optically homogeneous and does not 
affect specular transmittance noticeably. The results are in accordance with the 
observable translucency of the slides. 
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Figure 15. Angular dependence of the forward scattered light (relative intensity per 
solid angle spanned by 1° of linear angular range). Laser beam of the indicated wave-
length was perpendicularly incident on the structured surface. 
 

 

5.4 Wetting properties of surfaces with silica domes  
[Paper I] 

Water contact angles (WCA) seen in figure 16 were evaluated from the same 
surfaces, which were optically characterized, namely S1–S6 (Fig. 13 and table 
2). S1 (61°) and S2 (57°) had similar WCA-s while having dome diameters in 
the same size range, whereby the double structures of S2 did not improve the 
WCA probably due to their low packing density. The smallest domes in S3 
resulted in lowest WCA 50°, which had also rather small height to width ratio. 
S5 with WCA 81° had slightly larger height-width ratio and packing density of 
domes compared to S1–S4. S6 had significantly larger WCA 132° as S1–S5 had 
quite similar WCA-s 50°–80°. It seems that the greater height-to-width ratio and 
presence of multi-scale roughness of the domes improve the hydrophobic beha-
vior notably. S6 had both properties leading to a better hydrophobicity com-
pared to the other samples. 
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Figure 16. Photographs of water droplets on samples S1–S6 (for morphology see figure 
13). 
 
 
It is necessary to point out that the surface energy of silica is quite high, which 
means that silica surface is inherently hydrophilic. To demonstrate that, smooth 
film was prepared from aged TEOS solution, where no phase separation oc-
curred, and this reference coating had WCA 25° [95]. This supports the conclu-
sion that the altered wetting behavior of the structured surfaces is the effect of 
surface morphology only. Accordingly, additional covering of S6 with low 
surface energy coating (e.g. fluoropolymer) would most likely lead to a super-
hydrophobic surface (WCA > 150°). 
 
 

5.5 Silica structured surfaces as cell growth substrates 
[Paper III] 

Topographic interactions between normal primary cells – fibroblasts extracted 
from human skin and round silica structures were studied to evaluate the bio-
compatibility of the coatings. More precisely, the spreading and growth of culti-
vated primary cells were studied on patterned substrates with different nano- 
and microstructures. Fluorescence microscopy and SEM analysis were applied 
to evaluate cell viability, adhesion, migration and spreading on prepared sur-
faces. The morphology of the samples selected for cell experiments are shown 
in figure 17 whereas the characteristics of different surface structures are 
described in table 3. Different silica patterns were in this case obtained by 
changing the solvent and TEOS concentration in the precursor solution. Smooth 
sol-gel silica coating and bare borosilicate glass (commonly used for cell 
culturing) substrates were used as a reference in cell experiments. 
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Figure 17. SEM micrographs of silica domes in different sizes for cell experiments. The 
length of the scale bar is 10 µm. The inset a1 shows a magnified area of A1 surface. 
 
Table 3. The characteristics of silica structures selected for cell experiments (obtained 
from AFM and SEM measurements). 

Sample Mean diameter 
of domes (µm) 

Mean height of 
domes (nm) 

No. of domes per 
10 000 µm2 

Water contact 
angle (°) 

A1 0.2 90 51 000 48 
A2 0.5 210 24 000 54 
A3 1 200 4300 15 
A4 10 920 18 34 

 
 
In figure 18, fluorescence microscopy images are presented to demonstrate the 
fibroblasts growth on different patterned surfaces (Fig. 18a–d) and on references 
(Fig. 18e, f). The cell viability was evaluated through characterization of cell 
shape, whether it is normal or atypical: enlarged, spindle shaped or narrowed (Fig. 
18g–i). On a flat surface, fibroblasts usually maintain their “normal” spindle-
shaped morphology (Fig. 18h). The proportion of abnormal cells grown on A1 
and A2 was similar to the amount of atypical cells on the flat surfaces (Fig. 19a). 
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In contrast, cells grown on A3 and A4 displayed increased proportion of enlarged 
cells and decreased proportion of cells with narrow cytoplasm. Typically such 
cells do not proliferate and represent probably either senescent (enlarged cells) or 
stressed cells (narrow cytoplasm) [96]. The reason why fibroblasts grown on A3 
and A4 surfaces contained more enlarged and senescent cells (Fig. 19b) is likely 
related to either attachment deficit or disturbance of normal cytoskeleton (Fig. 
18c, d). Cytoskeleton disturbance by domes is clearly seen in case of A4 from 
fluorescence microscopy image (Fig. 18d, red arrows mark the domes), and less 
in case of A3 (Fig. 18c). Attachment deficit of A3 has been revealed when 
studying cross-sections of fibroblasts growing on domes. 
 
 

 
 
Figure 18. Confocal fluorescence microscopy images of fibroblasts cultured on silica 
domes A1–A4 (a–d), smooth silica surface (e) and glass (f), with visible gamma-actin 
(green) and nuclei (blue). Red arrows mark location of domes. Confocal fluorescence 
images of fibroblasts with different morphology: g – enlarged cell; h – spindle shape 
(normal) cells; i – narrow cells. The length of the scale bars is 50 µm. 
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Figure 19. Graphs describe the percentage of cells with atypical morphology (a) and 
ratio of SA-b-gal positive per 105 normal cells, which indicate existence of senescent 
cells (b). Error bars ± SD. 
 
 
Attachment of cells to the substrate was studied by cutting fibroblasts on silica 
domes with FIB-SEM. Vertical cuts of the cell-substrate interfaces are seen in 
figure 20. Cells grown on A1 and A4 displayed tight attachment to the 
substrate. On A1 the domes were small enough that they were integrated into 
the cell membrane. But in the case of A4, comparatively wide and flat domes 
had wide bending angle which allowed cells easily to spread over the domes. 
On A2 and A3 the fibroblasts attached only to the top of domes which can be 
due to inability of the cell’s cytoskeleton to bend between these domes. There-
fore, the contact surface is decreased between fibroblast and the patterned 
surface and this can result in a decrease in the number of anchoring points. 
However, on A2 there is tendency that there are slightly less senescent cells 
than on A3 (Fig. 19b), maybe because more closely situated domes of A2 
enable to form more anchoring points between cells and domes. 

Spreading and growth characteristics of fibroblasts indicated biocompatibi-
lity of the prepared coatings. It is important to point out that the observed 
changes in cell morphology were due to different surface roughness only as the 
surface chemistry is the same all over the different substrates (on the domes and 
the areas between them). The increase in the size of the structural elements 
presented to the cells in this work thus led to increased inhibition of cell growth, 
altered morphology and enhancement of cell senescence.  
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Figure 20. SEM micrographs of cross-sections of fibroblasts on different silica domes. 
This figure indicates cell-surface integration between different sizes of domes. The 
length of the scale bar is 2 μm. 
 
 

5.6 Morphology of silica foam and influence  
of preparation parameters [Paper IV] 

The influence of different parameters on foam formation were studied to find 
the preparation conditions for high quality foams. The foam should be homo-
genous, have no cracks and have as small bulk density as possible. Visual 
inspection, optical microscopy and SEM were used to evaluate the quality.  

H2O2 concentration was varied from 10 to 70 wt.% in sol. The highest 
quality foams were prepared by using 30% or 40% of H2O2 and hereafter 30% 
H2O2 was used for investigating the influence of different parameters on foam 
formation. By using different alcohols as solvents, methanol, ethanol, 1-pro-
panol, 1-butanol and 1-pentanol (Fig. 21a–e), foams obtained by using propanol 
exhibited the most uniform morphology. Other alcohols used as a solvent 
caused problems with foam quality. 1-butanol and 1-pentanol resulted in 
cracked samples during aging and drying and although all films exhibited a pore 
diameter gradient along the thickness of the foam, the effect was more evident 
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with ethanol and methanol. Therefore 1-propanol was used to study the solvent 
concentration influence on the properties of the films and to vary film thickness. 

Solvent concentration in the sol did not correlate well with the film thick-
nesses. Variation with 1-propanol/TMOS molar ratios of 0.1, 0.3, 0.5 and 0.7 
resulted in film thicknesses of 273, 309, 239 and 171 µm, correspondingly. 
Also, different bulk densities of foams were obtained and the smallest measured 
bulk density was 68.3 kg/m3 with solvent/TMOS molar ratio 0.5. Higher solvent 
concentration resulted in too light foam and it was not possible to measure the 
mass accurately for calculating bulk density. At lower solvent concentrations 
the pore diameter gradient occurred similarly to the use of methanol. 

Film thicknesses were also studied by varying the amount of sprayed solu-
tion from 100 µl to 550 µl (Fig. 21f, g). The optimum for a good foam sample 
was 400–500 µl, as smaller amount did not result in proper foam forming or 
resulted in cracked film, and more than 500 µl resulted in foam destruction by 
prolonged aerosol deposition. 

 
 

 
 

Figure 21. SEM micrographs of cross-sections of foam films prepared with different 
solvents: a) methanol; b) ethanol; c) 1-propanol; d) 1-butanol. The scale bar for a)–d) is 
100 µm. e) Photograph of foams prepared by using (from left to right) methanol, 
ethanol, 1-propanol, 1-butanol or 1-pentanol as a solvent. f) Photograph of silica foams 
prepared by using (from left to right) 100, 200, 300, 400 or 500 µl of sol for film 
preparation. g) SEM micrographs of cross-sections of foam films prepared using 400 or 
500 µl of sol. The length of the scale bar is 200 µm. 
 
 
As previously mentioned the cross-sections of the foams were not homoge-
neous. There was a diameter gradient of the pores so that the bigger bubbles 
were near the substrate and the smaller ones near the surface. This size diffe-
rence is caused by faster sol gelation near the surface due to evaporation-in-
duced solvent concentration decrease and exposure to ambient humidity. Also 
the bubble coarsening is reduced as less gas is able to reach to the upper layer of 
film. 
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These silica foams have a closed-cell macroporous structure with bulk 
density similar to aerogels. This morphology can be superior for thermal insu-
lation properties as materials with closed-cell porosity have very low thermal 
conductivities. Furthermore, the silica foam preparation only includes spray-
coating of sol onto catalyst-coated substrate and annealing. Traditional aerogel 
formation with solvent exchange and supercritical drying of wet gels can be a 
lot more time-consuming and expensive process.  

 
 

5.7 Thermal conductivity of silica foam [Paper IV] 
Foams with different thicknesses were prepared for thermal conductivity mea-
surements (table 4). The sprayed sol was synthesized with 1-propanol/ TMOS 
molar ratio 0.3 and 30 wt.% H2O2 aqueous solution. The amount of sol was 
varied to obtain different thicknesses. Corresponding SEM images of the foam 
films used for thermal conductivity measurements are presented on figure 22. 
The lowest measured thermal conductivity of the prepared foams was 0.018 ± 
0.001 W/(m∙K), which is also similar to silica aerogels. These measurements 
demonstrate that the prepared silica foam materials are potentially applicable as 
efficient thermal insulation materials. 
 
 
Table 4. Thermal conductivity of foams with different parameters. 

Sample Sol amount 
(µl) 

Foam thickness 
(µm) 

Bulk density 
(kg/m3) 

Thermal conductivity 
(W/(m∙K)) 

A 300 304 87.5 0.022 
B 400 393 91.4 0.021 
C 450 339 143 0.018 

 

 
Figure 22. SEM images of the cross-sections of the silica foam films used for thermal 
conductivity measurements. The films were prepared by using 300 µl (a), 400 µl (b), 
and 450 µl (c) of sol. Scale bars correspond to 100 µm. 
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6 PROSPECTS AND CHALLENGES 

Results of the present thesis show the potential of the applied sol-gel phase 
separation method as a single-step coating technology, which enables to prepare 
multifunctional structured coatings with simultaneous optical and superhydro-
phobic functionality. In addition, as demonstrated, spray-coating can be used to 
coat large areas, allowing more straightforward scale-up than conventional 
lithography methods that have been applied in scientific studies where similar 
surface features are prepared. Although the development of industrial spraying 
was beyond the scope of present work, we tested an industrial spray coater 
(sample S6, Fig. 13). As seen on the SEM micrograph, surface features with a 
large height to width ratio were formed, and they could provide superior optical 
and wetting properties. Considering the simplicity and scalability of the material 
preparation, these coatings could be attractive for window glass, for example. 
However, presented preliminary results show that spraying leads to results that 
are significantly different from spin-coated samples, especially in the case of 
industrial spray coater. Thus, while it is possible to draw conclusions about the 
nature and general controllability of the processes, different application methods 
and devices need separate thorough optimization of process parameters.  

When speaking of improving optical and wetting properties of the structured 
surface, there are some limitations. Surfaces with peak-like structures show a lot 
better performance according to literature [97]. Due to the nature of the present 
technique the height of the surface structures cannot exceed the diameter 
because of the spherical shape of the initial droplet. However, as seen in several 
experiments, even a single-cycle coating can have multi-scale structuring. This 
possibility needs further studies in follow-up studies as significant advancement 
in the hydrophobicity of the coatings could be possible achieved by closer 
mimicry of superhydrophobic Lotus structure, especially in combination with 
subsequent surface energy-lowering treatments. 

Although fibroblasts grew on all studied surfaces we decided to continue our 
following studies with more elastic materials because fibroblasts’ natural en-
vironment is soft tissue [98]. There might be better results when silica-based 
materials used as substrates for cells originate from hard tissues such as bone, 
because Young’s modulus of bone tissue is in the same magnitude as silica. 

Bulk densities and thermal conductivities of the prepared foams are com-
parable to silica aerogels. However, from application point of view the film 
thickness presents limitation. In our experiments the maximum film thickness is 
limited to ~550 µm, because due to elongated spraying times in the case of 
larger required sol quantities, the depositing aerosol started to destroy the 
forming foam. 
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7 CONCLUSIONS 

In the present thesis two differently microstructured silica coatings were intro-
duced, where the material formation is based on concurrent phase separation 
and sol–gel transition processes. The main focus was on the structured silica 
coating with a layer of round micro- and nanodomes, whereas the topic of 
macroporous silica foam film was covered more briefly. In both preparation 
processes, the increase in precursor solution viscosity is the key to the micro-
structure formation and the final morphology is determined by the freezing of 
structure evolution due to sol-gel transition. In the case of surface coating with 
domes, the structuring was formed through a continuous separation of the silica-
rich phase from the sol. The foam film coating was prepared with the help of 
purposely created gas phase into the sol. 

Sol-gel phase separation method together with spray-coating is a promising 
bottom-up technique for preparing structured functional silica surfaces and is 
potentially suitable for covering large surfaces. It was demonstrated that by 
choosing suitable alkoxide concentration, solvent type, water- and catalyst-
alkoxide molar ratios and also relative humidity, it is possible to vary the size, 
shape and surface density of the domes. Uniform coatings were repeatedly pro-
duced only when 1-propanol was used as the solvent. However, the controllabi-
lity of developed methods remains a challenge due to the self-progressing and 
stochastic nature of underlying chemical and physical processes. Nevertheless, 
depending on the preparation conditions, it is possible to obtain surface patter-
ning which has a resemblance to the moth-eye structures. Sufficiently dense 
packing of silica domes in sub-µm range and multilayered coating led to notable 
antireflection and light scattering effects in the Vis-NIR spectral range. De-
crease of reflectance up to 30% compared to the bare glass was achieved. As 
some of the produced silica surfaces had water contact angles exceeding 130°, 
simultaneous superhydrophobicity (contact angle > 150°) can be achieved by 
further surface functionalization (e.g. with fluoropolymer). The surfaces were 
also found to be biocompatible and it was shown that growth characteristics and 
morphology of fibroblasts is influenced by the morphology of the substrate. 

Sol-gel process together with catalytic decomposition of hydrogen peroxide 
is a novel method for the preparation of thick silica foam film, where well-
defined closed-cell porosity appears. The smallest measured bulk density was 
68.3 kg/m3 and the lowest measured thermal conductivity was 0.018 W/(m∙K). 
Macroporous characteristics of the prepared foam are similar to silica aerogels 
and therefore, it is a good candidate for high-temperature thermal insulating 
material. 
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SUMMARY IN ESTONIAN 

Mikrostruktuursete ränioksiidsete sool-geel materjalide 
arendamine ja funktsionaalsete omaduste hindamine 

Käesolevas doktoritöös kirjeldame kahe mikrostruktuurse ränioksiidse materjali 
valmistamist, seaduspärasusi selle käigus toimuvates protsessides ja hindame 
saadud materjalide olulisi funktsionaalseid omadusi erinevates potentsiaalsetes 
rakendustes. Nimetatud materjalide mikrostruktuur tekib samaaegselt kulgevate 
ränialkoksiidse lähteaine faasilise koostise evolutsiooni ja soolist geeliks muun-
dumise koosmõjul. Töö põhirõhk on ränioksiidsetel ümarate mikro- ja nano-
struktuuridega pinnetel ning lisaks käsitletakse ränioksiidset makropoorset 
vahtu. Mõlema materjali struktuur hakkab tekkima tänu lähtelahuse viskoossuse 
suurenemisele ja lõpliku struktuuri määrab sool-geel ülemineku hetk. Ümarad 
pinnastruktuurid tekivad ränioksiidi moodustava faasi eraldumisel soolist, 
vahukile saadakse sooli sisse gaasilise faasi tekitamise teel. 

Töös tutvustatav sool-geel-faasieralduse meetod on perspektiivikas alt-üles-
meetod, millega saab valmistada funktsionaalseid struktuurseid ränioksiidseid 
pindeid ning pihustamine võimaldab selle meetodi kasutamist suurte pindade 
katmiseks tööstuslikus skaalas. Doktoritöös näitasime, et ümaraid pinnastruk-
tuure saab valmistada erineva suuruse, kuju ja pindtihedusega, ja uurisime 
tekkiva pinde morfoloogia varieerumist sõltuvalt alkoksiidi kontsentratsioonist, 
lahustist, vee ja alkoksiidi moolsuhtest, katalüsaatori ja alkoksiidi moolsuhtest 
ning suhtelisest õhuniiskusest. Korratavalt saadi kõige ühtlasemad pinded lahus-
tina 1-propanooli kasutades. Struktuursete pindade võimalikku optilist funktsio-
naalsust silmas pidades valmistati pinded, mis on sarnased looduses leiduvate 
optiliste struktuuridega (nt. koiliblika silm). Erinevas suurusjärgus struktuur-
susega pinded, mille elementide diameeter on alla mikromeetri ja pindtihedus 
võrdlemisi suur, omasid märkimisväärseid peegeldumisvastaseid ja valguse 
hajumist muutvaid omadusi nähtavas ja lähi-infrapunases spektrialas. Näiteks 
vähenes tagasipeegeldumine struktuurselt pinnalt 30% võrreldes katmata klaa-
siga. Samuti hinnati valmistatud pinnete märgumisomadusi. Vee kontaktnurk 
ületas mõnede proovide puhul 130°, seega on ilmselt võimalik pinna täiendava 
keemilise modifitseerimisega (nt. fluoropolümeeriga katmise teel) saavutada 
superhüdrofoobsus (kontaktnurk üle 150°). Lisaks näidati doktoritöös, et 
valmistatud mikro- ja nanostruktuursed pinnad on biosobivad ning nende struk-
tuursus omab bioaktiivset mõju, kuna rakkude kasv ja paljunemine sõltuvad 
substraadi struktuuride läbimõõdust ja pindtihedusest. 

Ränialkoksiidsüsteemis toimuvaid keemilisi ja füüsikalisi protsesse kasutati 
ka kombinatsioonis katalüütilise vesinikperoksiidi lagunemisega, et valmistada 
ränioksiidseid makropoorseid vahte, millel on hästi defineeritud suletud poor-
sus. Saadud vahtude makropoorne struktuur on sarnane aerogeelidega. Vähim 
saavutatud massitihedus oli 68.3 kg/m3 ja soojusjuhtivus 0.018 W/(m∙K). Sel-
liste omadustega materjal võib leida kasutust kõrgetemperatuurilise soojus-
isolatsioonimaterjalina.  
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