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Coatings and Aerogels Based on
Sol-Gel Processes
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Abstract: This article summarizes applications of sol-gel coatings to modify surface properties, and the process
is illustrated with several examples. The use of azobenzene-modified silanes leads to a photoswitchable coating
displaying light-controlled wettability. Silane coupling reactions are used to coat surfaces with polymers, in order
to hinder the ice crystal growth on surfaces. Liquid-like coatings based on poly(ethylene glycol) show anti-adhesive
properties to lime. The preparation of aerogels could be improved by selecting proper silanes as coupling agents
to the inner surface of the pores. These examples illustrate that sol-gel processes based on silianation reactons
are most promising for industrial applications.
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ceramic fibres, inorganic membranes, and
aerogels.[1] However, sol-gel reactions can
be also used to produce coatings.[2] In the
present article, a few possible applications
of sol-gel coatings are summarized. The
sol-gel reactions are based on alkoxysi-
lanes. In aqueous solution, the precursors
undergo hydrolysis and polycondensation
reactions to form a colloidal dispersion.
Scheme 1 illustrates the condensation proc-
ess in an acidic medium, but analogous re-
actions proceed in a basic medium. In the
hydrolysis step, the alkoxide is replaced by
a hydroxide in a nucleophilic substitution
reaction. In the condensation step, the re-
sulting hydroxy-silicon compound reacts
with a second silane, forming a dimer,
which is held together by a siloxane bridge.
Through a sequence of such hydrolysis/
condensation reactions one obtains large
colloidal nanocondensates consisting of a
siloxane network. Sol-gel coatings can be
produced similarly to the wet-chemical
procedure discussed above. After cleaning
and, if necessary, activation of the surface
the coating solution is applied by means
of flood-, dip-, spray-, or spincoating.[3]

Thereafter, the solvent is evaporated and the
resulting gel layer is thermally cured.

Since such coatings are normally well
anchored on a surface, sol-gel coatings are
furthermore well suited to act as primers
between metals and organic polymers.[4]

Another application is the protection of
scratch-sensitive metal surfaces (e.g. gold).
By means of a thin anti-scratch coating
the abrasion resistance is greatly improved
without affecting the optical appearance of
the surface. Furthermore, a welcome side

effect is the increase of the heat-tinting
temperature.[5] Nevertheless, one of the im-
portant applications of sol-gel coatings is
the fabrication of anti-adhesive layers.[6,7]

Such layers have numerous applications,
especially in household or medical tech-
nology as they allow for less cleaning and
improved hygiene. Such coatings further
facilitate the removal of unwanted smear-
ing such as graffiti. Several applications of
sol-gel coatings are described in the follow-
ing.

2. Sol-Gel Coatings Containing
Photoresponsive Azobenzene
Moieties

Surfaces displaying photo-switchable
effects are of great interest for optical and
optoelectronic applications, such as opti-
cal information storage or photoresponsive
coatings. In this respect, very promising
are sol-gel coatings containing azobenzene
moieties, because they undergo reversible
changes in surface wettability upon light
exposure. Azobenzene isomerizes from the
trans- to the cis configuration by irradiation
with UV light with a wavelength of about
360 nm. The reverse isomerization proc-
ess occurs photochemically with visible
light or thermally, since trans-azobenzene
is thermodynamically more stable than cis-
azobenzene by 56 kJ/mol. The dipole mo-
ment of the cis isomer is considerably larger
than that of the trans isomer. Therefore, the
wetting properties of a coating containing
azobenzene depend on the configuration of
the azobenzene, whereby the cis azoben-
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1. Introduction

Surfaces of materials play a crucial role in
determining their physical, chemical, me-
chanical, and optical properties. For this
reason, it is essential to be able to tailor
surface properties of given materials with
appropriate coatings. The aim of such coat-
ings could be to obtain, for example, photo
responsive, lime repellent, or insulating
surfaces. Sol-gel chemistry is particularly
interesting in this context. Sol-gel reactions
are normally used in the production of fine
powders, monolithic ceramics, glasses,
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zene is more hydrophilic due to the larger
dipole moment. A surface coated with
azobenzene thus becomes more hydrophilic
when irradiated with UV light. This effect
was observed previously on self-assembled
monolayers,[8,9] but we describe more ver-
satile sol-gel coatings on glass with silanes
containing azobenzene and their wetting
characteristics.

Synthesis of the azobenzene-silanes is
showninScheme2.Theallylether1waspre-
pared according to literature procedures.[10]

Hydrosilylation of 1 with trimethoxysilane
and a platinum (ii) catalyst resulted in the
azobenzene-silane 2. Hydrolysis and con-
densation of 2 with concentrated hydro-
chloric acid in isopropanol/hexane yielded
a sol, which was applied to glass substrates.
After drying and cross linking, water con-
tact angles were measured. The coated glass
slides were exposed to 360 nm UV radia-
tion, and the contact angle was measured
again. The contact angle decreased from 98
± 5° prior the UV treatment to 86 ± 1° after
the treatment, leading to a more hydrophilic
surface. The contact angle decreased due
to the isomerization of the azobenzene to-
wards the cis state and the corresponding
increase in dipole moment. Thereafter, the
glass slide was exposed to ambient light for
20 h. The contact angle increased to 90 ± 2°

making the surface more hydrophobic. The
increase of water contact angle is due to the
isomerization back to the trans state. This
process could be repeated several times.

This example illustrates that one can
design photosensitive coatings whose hy-
drophilicity can be modified by irradiation
with UV light. Although the effect is small,
it could probably be enhanced on a struc-
tured surface. Substantially larger photo-
switched wettability on inverse opal coated
with a self-assembled azobenzene mono-
layer has been reported.[11] These authors
find that on such a rough surface, the con-
tact angle of water changes from initially
141 ± 3° to 122 ± 4° after UV irradiation.
The advantage of the present sol-gel coat-
ings over self-assembled monolayers is that
they can be applied to many different sub-
strates and they offer interesting mechani-
cal properties in addition.

3. Antifreeze Coatings for Rotor
Blades of Wind Turbines

The sun is our largest energy source. It
radiates approximately 1018 kWh per year
to the earth. This amount of energy corre-
sponds to almost 10’000-fold of the present
energy demand of humanity. About 2% of

the energy of the solar radiation is trans-
formed into wind. Theoretically, wind ener-
gy could therefore more than satisfy world’s
energy needs. The consequence of this large
potential is only one of various factors mak-
ing wind power the strongest expanding
energy industry. Globally, installed wind
power has more than tripled in the period
from 2001 to 2005. In order to fully utilize
the existing wind potential in Europe, wind
turbines have to be erected at sites that are
endangered to icing. Particularly in Swit-
zerland, the wind map shows that the winds
are strongest at high altitudes. Favourable
locations for wind turbines in Switzerland
lie almost exclusively more than 800 m
above sea level in a cold and turbulent cli-
mate, where icing is frequent. Yet, icing is
fatal for wind turbines, as ice accumulation
at the leading edge of the rotor blades al-
ters their profile and finally impedes energy
production altogether. Moreover, falling ice
from iced rotor blades endangers passers-
by. Therefore, technical solutions are re-
quired that permit the operation of wind
turbines under icing conditions. While ice
accumulation represents an urgent problem
for wind turbines, one faces similar difficul-
ties with boats, airplanes, or power lines. To
date, no convincing solutions are available.

An elegant solution for the prevention
of ice accumulation would be an ice repel-
lent coating.[12] However, the development
of such icephobic coatings represents a
challenge, because ice sticks to every-
thing. While several coatings and paints
that should minimize ice accumulation are
commercially available, it is known that
that none of these products can avoid ice
build-up. In fact, ice grows on those surfac-
es with the same speed as on other materi-
als. Nevertheless, the adhesion force of ice
is reduced, such that the ice can be removed
more easily. Such icephobic coatings are
normally selected according to their hy-
drophobicity, that is, their ability to repel
water. A common working hypothesis to se-
lect such coatings is that a surface that has
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little affinity to water would also display
weak ice adhesion. For example, Teflon is
an example of such icephobic coating.[13] A
Teflon surface is water repelling and shows
equally a weak adhesion to ice. However,
the mentioned working hypothesis does not
always apply, and there is significant lack
of knowledge concerning their anti-adhe-
sive properties. In our opinion, no perfect
icephobic coating exists.

Our approach to develop antifreeze coat-
ings is based on the fifty-years-old observa-
tions of the Canadian scientist Scholander.
He wondered how arctic fish could survive
in waters that are colder than the freezing
point of their blood, and suggested that
there was ‘antifreeze’ in their blood. In the
late 1960s the biologist DeVries isolated
antifreeze proteins from the blood of Ant-
arctic fish.[14] Antifreeze proteins create a
difference in the melting- and freezing tem-
perature of water. The blood of the arctic
fish freezes at –2 °C, whereas the ice crys-
tals melt at about 0 °C. This phenomenon
is referred to as thermal hysteresis. It is be-
lieved that antifreeze proteins hinder the ice
crystal growth by an adsorption–inhibition
mechanism. They adsorb irreversibly to the
ice surface and inhibit the growth of the ice
crystals, which would be lethal to the fish.
Recently, insects and beetles were reported
to withstand even lower temperatures with-
out freezing. In this case, one refers to hy-
peractive antifreeze proteins.

Our own as well as the research of oth-
ers[15] has shown that synthetic polymers
show similar thermal hysteresis effects.
Polyvinylalcohol is an example for such
an ‘antifreeze polymer’ and our goal is to
use such polymer on surfaces in order to
obtain antifreeze coatings. In general, little
is known about the behaviour of antifreeze
proteins and antifreeze polymers on sur-
faces. If a supercooled water droplet hits a
surface coated with an antifreeze polymer, it
should not freeze, at least down to a certain
minimal temperature, which is given by the
activity of the coating. Even when the drop-
let freezes, a layer of liquid water between
the ice and the coating will remain, and the
ice can easily slip from the surface. The coat-
ing acts somewhat similar to a heating de-
vice. Since a layer of liquid water remains
on the surface, the ice cannot bind to the sur-
face. Fig. 1 shows a micrograph of such an
experiment. To the right, ice crystals on the
uncoated glass can be seen, whereas to the
left liquid water droplets at the coated sec-
tion can be observed. Since the entire slide
is at the same temperature, this experiment
clearly illustrates that such a coating may in-
deed prevent freezing of water on surfaces.
We are currently investigating how other
polymers on glass substrates prevent ice for-
mation, and we hope that this approach will
lead towards useful coatings to protect rotor
blades of wind turbines from icing.

4. Coatings with Lime-repellent
Properties

Calcification, or scaling, is a problem
known to everyone. Thereby, sparingly
soluble calcium carbonate precipitates and
adheres to surfaces, forming crusts of lime
that are difficult to remove. The formation
of calcium carbonate deposits on surfaces
is most important in hard waters. Water
hardness is defined as the concentration of
dissolved alkaline earth ions, principally
calcium and to a lesser extent, magnesium.
Hard water further increases the amount of
detergents needed for cleaning, and further
influences the taste and appearance of bev-
erages. Hard water occurs in regions rich
in limestone,[16] and originates from the
dissolution of lime, CaCO3, or dolomite,
CaMg(CO3)2.[17] During the dissolution
process, carbonic acid reacts with the car-
bonate forming hydrogen carbonate ac-
cording to the reaction:

CaCO3 + CO2 + H2O ←→
Ca2+ + 2 HCO3

– (1)

Note that calcium hydrogen carbonate
Ca(HCO3)2 is well soluble in water, quite in
contrast to the sparingly soluble CaCO3.[18]

Equally, acid rain and nitrification can lead
to dissolution of lime. The dissolution and
precipitation of lime are therefore complex
chemical processes in which pH-dependent
equilibria are involved. Calcification is the
inverse of the process given in reaction (1).

Scaling can be avoided by water soften-
ing, and the latter can be achieved by ion
exchange. Thereby, calcium and magnesi-
um ions are replaced by sodium ions. This
approach is used in dish washers, for exam-
ple, in order to spare the heating elements
and to avoid stains on dishes.[19] Complete
demineralization can be achieved by a com-
bination of cation- and anion exchangers.
Another method to avoid scaling is by add-
ing complexing agents, which react with the
calcium. Polyphosphates were often em-
ployed, but they lead to over-fertilization of
waters and have therefore been abandoned.

Modern detergents use zeolites as additives,
which act as cation exchangers.

A different approach to avoid scaling is
to inhibit the adhesion of lime at surfaces.
Since little is known about how lime binds
to a material, we have been investigating
various substrates with respect to their abil-
ity to repel calcification. Plastics, metals,
and glass were covered by an aqueous solu-
tion of CaCl2/NaHCO3 from which CaCO3
slowly precipitated. After calcification, the
samples were dipped in water to remove
weakly adhering CaCO3 and dried. The re-
sulting surface coatings were investigated
by light microscopy and scanning electron
microscopy. After 3 h calcification three
calcium carbonate modifications have been
observed, namely vaterite, aragonite, and
calcite.[20] After 16 h the vaterite modifica-
tion disappeared in favour of aragonite and
calcite, which are the thermodynamically
more stable modifications. After 64 h, cal-
cite was the predominant modification on all
surfaces. The hydrophobic polymers, such
as poly(ethylene) and poly(vinylidene fluo-
ride), calcified less after 3 h, however, after
16 h the differences between the individual
materials became smaller and after 64 h all
surfaces were homogeneously calcified. As
hydrophobic surfaces are anticipated to dis-
play only weak interactions with the ionic
calcium carbonate, we investigated highly
hydrophobic surfaces, among them super-
hydrophobic and easy-to-clean coatings.
Still, after 64 h calcification, those surfaces
were calcified just like all others. One con-
cludes that hydrophobicity therefore does
not hinder calcification.

It appeared to us that a more promising
approach could be the development of hy-
drophilic and water-soluble polymer coat-
ings. A promising candidate to obtain hy-
drophilic coatings is poly(ethylene glycol)
(PEG). This water-soluble polymer, also
referred to as polyethylene oxide (PEO),
is obtained by polymerization of ethyl-
ene oxide and has the repeating subunit –
CH2CH2O–. Depending on their molecular
weights, PEGs are liquids or low-melting
solids. PEGs are soluble in water, metha-
nol, benzene and dichloromethane, but
are insoluble in diethyl ether and hexane.
PEGs can be coupled to aliphatic chains
to produce non-ionic surfactants. PEG has
a low toxicity and is used in a variety of
products. All those properties make PEG an
interesting candidate for the preparation of
hydrophilic and liquid-like surfaces.

A methylated PEG with an average mo-
lecular weight of 350 g/mol is bound via
a propyl-spacer to a trimethoxysilane moi-
ety to a glass surface. After usual sol-gel
reactions, a coating of PEG-silane on glass
can be realized. Such coatings efficiently
inhibit calcification (see Fig. 2). If plastic
substrates are pre-treated by low pressure
oxygen plasma, they can also be coated by

Fig. 1. An antifreeze coating. On the left: liquid
water on coated glass. On the right: ice on
uncoated glass. Both sides have the same
temperature (–18 °C).



POLYMERS AND COLLOIDS DIVISION 818
CHIMIA 2008, 62, No. 10

PEG. Fig. 3 shows a microscopic picture
of a calcified poly(ethylene) substrate. On
the left, the substrate coated with PEG is
shown, and in this area only a few calcium
carbonate crystals are observed. On the
right, on the uncoated side, large deposits
of calcium carbonate crystals are observed.
At present, we are investigating the long-
term stability of such coatings.

5. Aerogels as Thermal Insulators in
Construction

Aerogels are solid sol-gel materials with
anextremelylowdensity.Theyarecommon-
ly produced from silica sols by replacing
the solvent with gas, resulting in brittle sili-
ca foams. Aerogels possess the lowest ther-
mal conductivity of all solid materials.[21]

Their flameproof properties represent an-
other advantage. For these reasons, they
belong to the best heat-insulating materials
available. The low thermal conductivity is
a consequence of the porous structure of
aerogels, leading to high porosities (up to
95%) and substantial inner surface areas.[22]

Thereby, the porosity is defined as the vol-
ume of the pores divided by the total volume
of the aerogel. These features of aerogels
represent major advantages as insulating
materials in construction. For these appli-
cations, however, aerogels have also some
disadvantages, particularly, their high price
due to the complex manufacturing process
and their poor mechanical stability.

Silicon dioxide aerogel is produced by
supercritically drying a hydrogel consist-
ing of colloidal silica nanoparticles.[23]

The process starts with a silica precursor,
such as tetraethoxysilane, mixed with eth-
anol, water and an acid catalyst to form a
silicon dioxide gel. Ethanol is removed by
supercritical drying. During this process,

ethanol is first replaced by acetone and
then by liquid carbon dioxide. The carbon
dioxide is brought above its critical point
and is slowly removed. This complicated
procedure is necessary to avoid gas-liquid
phase separation during the drying process
in order to conserve the fragile silica net-
work.

In order to produce aerogels in large
quantities and to make them commercially
interesting, it is necessary to avoid the cost-
ly supercritical drying process. Therefore,
there is a substantial interest to develop al-
ternative procedures to allow an exchange
of liquids against air from the pore space.
However, drying silica gels to obtain aero-
gels under atmospheric conditions is diffi-
cult, as capillary forces induce shrinking of
the gel. Thereby, the hydroxy groups on the
pore surfaces react and form new siloxane
bridges. With progressive drying, the mesh
becomes stiffer, leading to gel shrinkage
and rupture.[22]

In 1992 Smith et al. described the first
synthesis of aerogels with drying under
conventional conditions.[24] Their proce-
dure is based on a chemical modification
of the inner surface of the gel. For exam-
ple, one uses chlorotrimethylsilane, which
reacts with the hydroxy surface groups,
leading to an unreactive and hydrophobic
inner surface. Upon drying, the gel shrinks
as usual, but because the inner surface is
unreactive, the shrinkage is reversible. Af-
ter drying, the gel expands almost to its
original size, which is referred to as the
‘springback effect’.[22] The production of
aerogels by such ‘undercritical drying’ is
an active topic of research, as the process
is potentially cheaper and makes aerogels
produced in this fashion economically in-
teresting. However, given the poor stability
of aerogels they have to be reinforced, for
example, by incorporating fibres. As the re-

action of the gel with chlorotrimethylsilane
liberates large amounts of hydrochloric
acid, one can only use fibres that are stable
in acidic media. Unfortunately, many fibres
used are not stable against acid.

We fabricate high-porosity aerogels us-
ing water glass and tetraethylorthosilicate
(TEOS) as precursors. In the case of water
glass, the sodium ions were first exchanged
against protons. The precursors were dis-
solved in water at different concentrations.
After treating the aerogel with chlorotri-
methylsilane, and subsequent drying, the
porosity was determined.

Fig. 4 shows the porosity of the aerogel
as a function of the mass fraction of SiO2.
One can see that at low mass fractions
(<8%) TEOS leads to higher porosities
than water glass. At higher mass fractions
(>8%), the aerogel from water glass has a
higher porosity. TEOS was thus chosen as
the appropriate precursor, since it leads to
higher porosities.

As mentioned above, the treatment with
chlorotrimethylsilane forms hydrochloric
acid, which is detrimental to the reinforcing
fibres. We therefore investigated the use of
trimethylsilyl acetate as an alternative rea-
gent, as it forms weakly acidic acetic acid
upon reacting with the gel. Fig. 5 shows the
porosity of the aerogel as a function of the
amount of trimethylsilyl acetate employed.
It can be seen that about 6 g trimethylsilyl
acetate per gram gel are needed to obtain
a maximal porosity of about 90%. Below
this concentration, the inner surface of the
aerogel is not completely passivated and the
springback-effect is therefore reduced.

6. Conclusion

The present article discusses various
applications of sol-gel processes to obtain

Fig. 2. Calcification of a coated glass substrate. The left side is coated and
therefore not calcified, whereas the right side is not coated and therefore
covered with lime.

Fig. 3. Microscopic picture of a calcified poly(ethylene) substrate. The left
side is coated and the right side is uncoated.
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coatings and aerogels. Such processes are
based on hydrolysis and condensation reac-
tions of alkoxysilanes leading to a siloxane
nanocondensate. Such condensates show
excellent adhesion properties and are ap-
plicable to a wide variety of surfaces. The
technique is illustrated with sol-gel coatings
having various properties. Photosensitive
coatings are obtained by silane coupling
of azobenzene moieties, while lime repel-
lent or ice repellent coatings are obtained
by coupling various polymers. The prepa-
ration of aerogels can be improved by se-
lecting specific silanes for the ‘coating’ of
the inner surface. The list is not exhaustive,
and due to the versatility of the technique
we expect that many more applications will
emerge in the near future.
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