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ABSTRACT
Sol–gel processing is well-known to be a powerful technique for
designing materials for optical applications. Here, some recent
applications of functionalized sol–gel coatings in optics are briefly
reviewed. Lanthanide-doped oxide nanocrystals form a new prom-
ising class of nanophosphors allowing the easy sol–gel preparation
of transparent and luminescent films for the development of light-
emitting devices. Recent experiments on organized mesoporous
films show their potential applications in optics, such as stable low-
index layers in interferential antireflective devices or as silica
binders in TiO2-photocatalytic devices.

Introduction
It is now well-known that the mild synthesis conditions
offered by the sol–gel process allow for the incorporation
of optically active organic molecules into the glassy matrix
to form doped gels with specific optical properties. A
variety of shapes, including thin films and monoliths, can
be prepared, exhibiting good optical properties (transmis-
sion in visible range) and mechanical strength (easy
machining) required for optical properties.1 Numerous
silica and siloxane-based hybrid organic–inorganic ma-
terials, mainly as coatings, have been developed in the
past years, showing emission (solid-state dye lasers,
electroluminescent devices), photochromism (optical
switching, information storage), optical nonlinearity (sec-
ond-order NLO, hole-burning) and sensing properties.2

However, a serious limitation for applications of these
systems is generally the rapid photobleaching of the
optically active organic molecules, which drastically limits
their lifetime.

The recent development of both optically active enti-
ties, such as inorganic nanoparticles or clusters, that are
more photostable than organic dyes and transparent

mesoporous silica matrices prepared by reacting alkoxide
precursors in the presence of templates working at the
nanometer scale (amphiphilic molecules or macromol-
ecules) offers new possibilities for the use of sol–gel
processing in industrial applications.

The following Account focuses on three areas of our
recent work on functionalized sol–gel coatings for optical
applications: (1) luminescent and transparent films for
light emission, (2) mesoporous silica films as low-index
layers in interferential antireflective devices, and (3)
mesoporous silica films as binders of TiO2 nanoparticles
in photocatalytic devices.

Luminescent and Transparent Films for Light
Emission
Luminescent materials, also called phosphors, can be
found in a large range of everyday applications such as
cathode ray tubes, projection televisions, fluorescent
tubes, or X-ray detectors. Considerable research activity
is being carried out to improve the chemical stability and
to adapt the materials chemistry to the production
technology of the respective application. Classical doped
solid-state materials are increasingly giving way to new
material classes such as organic phosphors, composites,
and nanostructured films. For example, concerning white
light generation, work on white organic light-emitting
diodes (WOLEDs) has led to the production of high-
efficiency electrophosphorescent devices, and the first
WOLEDs for general lighting are expected to be com-
mercialized in the next years.3 Encapsulation of phosphors
or semiconductor nanocrystals in a GaN layer has also
contributed to the production of white inorganic LEDs.4

Thin phosphor films have been prepared by a variety
of deposition techniques such as chemical vapor deposi-
tion (CVD),5 spray pyrolysis,6 pulsed laser deposition,7 or
laser ablation.8 These techniques are often difficult to
control for complex oxide matrices or doping composi-
tions, so the liquid route seems to be more appropriate
to produce transparent films, for instance, by dispersion
of light emitters in polymers or sol–gel silica matrices.
Different luminescent coatings have already been ob-
tained by sol–gel processing from alkoxide precursors9,10

or from inorganic salts, using the Pechini method.11,12

However, the production of dense and well-crystallized
layers generally requires a thermal treatment (>800 °C),
which is not compatible with the thermal stability of
industrial substrates (glasses and plastics).

An alternative way to develop white emitting devices
consists of the dispersion of nanophosphors, that is,
luminescent nanocrystals, in transparent polymer or sol–
gel matrices.13,14 In a first step, this requires routes to
synthesize nanophosphors as perfectly individualized and
crystallized particles. The development of colloidal syn-
theses to prepare size-controlled, monodisperse, and
bright nanoparticles has been largely developed in the last
years, especially for semiconducting quantum dots.15

Lanthanide-doped insulator oxides constitute an impor-
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tant other class of nanophosphors for which different
types of liquid-phase syntheses have led to the production
of colloidal suspensions.16 For example, our group devel-
oped the synthesis of lanthanide vanadate (YVO4:Ln) and
phosphate (LaPO4:Ln) nanoparticles as well-dispersed and
highly concentrated colloids by a simple aqueous route
using competition between precipitation and complex-
ation reactions.17 A core–shell strategy was also reported
to improve the chemical stability and the brightness of
the colloidal particles, using the growth of LaPO4·xH2O
and SiO2 protective layers.18 Under UV excitation, the
three primary colors are furnished by YVO4:Eu, LaPO4:
Ce·0.7H2O and LaPO4:CeTb·0.7H2O aqueous colloids, which
emit red, blue-violet, and green light, respectively, under
UV excitation. It is thus possible to screen a large
wavelength range for light emission by changing the
nature of the lanthanide doping ion in yttrium vanadate
and lanthanum phosphate matrices (Figure 1).19

The preparation of stable colloids makes possible the
second key step, which is the elaboration of transparent
luminescent films from a dispersion of nanophosphors
in a sol, which can either be constituted of organic or
inorganic polymerizable species.20,21 The silica-type sol–
gel chemistry enables a fine control of the chemical and
physical properties of the matrix in which the nanophos-
phors are dispersed and is thus an easy way to obtain
transparent and luminescent thin films by spin- or dip-
coating. For example, in a preliminary study, YVO4:Eu
particles were coated with 3-(methacryloxy)propyltri-
methoxysilane (TPM), and the alcoholic sol was spin-
coated on various substrates leading to perfectly trans
parent and highly red luminescent films of about 100 nm
in thickness.22 In spite of the high quality of these films,
the complex functionalization and the use of alcoholic
solvents are significant drawbacks for an industrial ap-
plication. A simpler route consists in a mixing of aqueous
luminescent colloidal suspensions with an inorganic
binder that will ensure good mechanical properties of the
film and preserve the good dispersion state of the par-
ticles. Thin films of YVO4:Eu and LaPO4:Ce,Tb, emitting
in the red and green, respectively, after ultraviolet (UV)

excitation, were obtained using tetramethylammonium
polysilicate (Si-TMA) as inorganic binder. The thickness
of the film varies between 100 and 800 nm depending on
the initial concentration of the colloidal suspension, the
amount of binder introduced, and the viscosity. In order
to improve the brightness while keeping the transparency,
it is possible either to achieve multilayers or to use thermal
treatments (Figure 2). Concerning yttrium vanadate red
films, a heating process for 1 h at 450 °C improves the
luminescence by a factor 2.5, as a consequence of the loss
of OH and organic groups, which are well-known to
quench the luminescence of lanthanide ions.23 For LaPO4:
Ce,Tb green films, special attention has to be paid to
thermal treatments avoiding the oxidation of Ce3+-doped
particles both by the use of a protective shell of
LaPO4–xH2O and by controlling the sintering atmo-
sphere.18 Although the preparation of efficient blue films
remains a challenge, this simple sol–gel route should lead
in a next future to the development of white-light-emitting
devices either by successive depositions of three layers
containing blue-, red-, and green-emitting particles, re-
spectively, or by preparing only a single film containing a
mixture of the three kinds of dispersed particles. The
brightness of the deposited films could be also optimized
using rapid thermal annealing treatments under different
atmospheres.

Cetyltrimethylammonium Bromide
(CTAB)-Templated Mesoporous Films as Low
Refractive Index Layers
Many applications require an increase of the transmit-
tance or a reduction of unwanted surface reflection of
transparent materials. Examples for the former case are
cover glazing for solar collectors and solar cells and wind
screens for cars. Examples for the latter are cathodic ray
tubes or shop windows. The usual technique to ac-
complish this is to apply a thin transparent film on the
glass surface. This antireflection (AR) treatment can be

FIGURE 1. Lanthanide phosphate aqueous colloids under UV light
excitation: top, [(Ce,Tb)PO4·xH2O/LaPO4·xH2O]/SiO2 green and YVO4:
Eu/SiO2 red colloids; bottom, [CePO4·xH2O/LaPO4·xH2O]/SiO2 blue
colloid. Yellow, pink, or white colloidal suspensions can be obtained
by mixing the appropriate amounts of the three primary colors.

FIGURE 2. Transparent spin-coated sol–gel films under UV light
excitation: top, green luminescence provided from LaPO4:Ce,Tb
nanocrystals in transparent films, monolayer (left) and five layers
(right); bottom, red luminescence provided from YVO4:Eu nanocrystals
in transparent films before (left) and after (right) heating treatment
at 450 °C for 1 h.
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described within the Fresnel formalism and effective
medium theories. It follows that the index of refraction
of the film should be the square root of that of the
substrate for optimum AR effect. For example, production
of an antireflective effect at an air/glass interface at a
wavelength of 500 nm requires a film with an index equal
to 1.22 and a thickness of 103 nm. A common way of
achieving this is to work with a porous structure.24

Better results can be obtained by using two thin layers
instead of one. In this case, the four independent param-
eters (indexes and thicknesses) are chosen to yield a
reflectance value near zero at two separate wavelengths
so that the reflectance can be minimized over a wave-
length range, which, for example, can extend over most
of the visible spectrum.

Compared with more traditional coating techniques
(CVD, sputtering), the potential of sol–gel-derived AR
coatings has been clearly shown because the sol–gel thin
film process permits independent tailoring of both chemi-
cal composition and microstructure of the deposited
films.24,26 For example, open structures can be developed
in sol–gel layers obtained by the deposition of silica in
colloidal state.27

Because of their high porosity, organized mesoporous
sol–gel films have been proposed as low refractive index
layers (at optical frequencies) and as low-κ dielectrics (at
microelectronic frequencies, typically 1 MHz).28,29 Meso-
structured silica films are generally synthesized from a
mixture containing the classic cetyltrimethylammonium
bromide (CTAB) or chloride (CTAC) surfactant and a silica
sol prepared by acidic hydrolysis of an ethanolic solution
of alkoxysilanes, such as the tetraethoxysilane (TEOS).28

After spin- or dip-coating deposition, the rapid removal
of solvents allows both the micellar organization and its
stabilization by gelation of a percolative silica network
constituting the wall structure. The organized mesoporous
silica films are then obtained after subsequent removal
of the organic template either by calcination for glass
substrates or by washing with acetone for plastic sub-
strates. Bruinsma et al. have studied the variation of the
refractive index at 500 nm as a function of CTAC/TEOS
ratio.29 Films were prepared with a pore fraction of 64%
and an index of 1.16. Similar values were also obtained
by Balkenende et al. using CTAB-templated hybrid films
prepared by co-condensation of TEOS with methyltri-
methoxysilane (MTES).30 They showed that the presence
of hydrophobic organosilane precursors, such as MTES,
can both improve the stability of the index by limiting the
absorption of water in the porous structure and also
drastically reduce the structural organization of mesopores
in films by perturbing the structure of silica clusters.

Here the potentiality of the different mesostructures
observed in spin-coated CTAB-templated silica films as
low index layers for AR applications are examined. A major
problem is the high porosity of these films leading to a
rapid introduction of contaminants from the atmosphere
(water and organic molecules) implying drastic damage
to the dielectric properties. The low index can be signifi-

cantly stabilized in organic–inorganic hybrid mesoporous
films, opening the way to their use for AR applications.

As the CTAB/Si ratio increases in the initial solution,
three micellar structures have been observed that are able
to give highly organized mesoporous silica films:28 a 3D
hexagonal structure (H3D) formed of a dense packing of
spherical micelles, a cubic structure (C) constituted of
ellipsoidal micelles, and a 2D-hexagonal structure (H2D)
constituted of cylindrical micelles. The amount of surfac-
tant used for the synthesis of the films is a parameter that
determines the final volume fraction of the pores and thus
should be a means of controlling the refractive index of
the films. Figure 3 shows the evolution of the refractive
index measured at 633 nm on calcined films (450 °C) by
spectroscopic ellipsometry as a function of the starting
CTAB/Si ratio. As expected the refractive index starts to
decrease for increasing amounts of CTAB but increases
again for higher CTAB/Si ratios. Indeed, as shown by the
shrinkage of films, the 2D-hexagonal mesoporous struc-
ture collapses during calcination, probably because its
walls are too thin to resist excessive condensation between
silanol groups. Mesoporous films with C and H3D struc-
tures present low index values (1.21–1.23), but H3D films
are only considered in the following because they present
the most robust structure and the most precisely defined
structure (Figure 4A) since the C-films are not entirely
textured.31

The porosity of these H3D films was rigorously char-
acterized by ellipsometric porosimetry coupled with in-
frared ellipsometry (Figure 4B).32 The total porosity, as
deduced from the refractive index in the visible range and
the value of the silica skeleton (1.490), reaches 55%. The
mesopores (60% of the porosity) are connected to each
other and to the ambient atmosphere through the mi-
cropores (40% of the porosity). The porosity of the films
is entirely open to the ambient atmosphere (Figure 4C).
Furthermore, the silica walls contain a great amount of
polar silanol groups, which can interact with all kinds of
molecules from the ambient atmosphere, even after a
thermal treatment at 450 °C. As shown by infrared

FIGURE 3. Evolution of the refractive index and of the film shrinkage
as a function of the CTAB/TEOS starting ratio for CTAB-templated
silica films heated at 450 °C and exhibiting different structures
(successively, H3D, C, and H2D by increasing the CTAB/TEOS ratio).
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spectroscopy studies of calcined 3D-hexagonal films left
in ambient air for several months, isolated silanol groups
become rapidly bonded to water molecules or other
silanol groups.32 The introduction of water from ambient
humidity leads to a partial hydrolysis of siloxane bridges,
preferably on the most constrained bonds. After about 10
days, organic pollutants are also present into the films.
The direct consequence of this contamination is a sig-
nificant increase of the refractive index of the films
(already noticeable within a few hours), from 1.23 to 1.41
(Figure 5A).

Silanol groups bound on the surface of pores have to
be eliminated in order to stabilize the optical properties
of the films. A first strategy to solve this problem consists
in a postgrafting process where Si–OH bonds are replaced
by nonhydrolyzable and nonhydrophilic Si–O–Si–(CH3)3

bonds using 1,1,1,3,3,3-hexamethyldisilazane (HMDS) as
reactive agent (2Si–OH + HN–(Si(CH3)3)2 f 2Si–O–Si–
(CH3)3 + NH3). A second strategy consists of the prepara-
tion of well-organized MTEOS/TEOS organosilica films by
an original route recently proposed.33 In this process, the
preparation of the deposited sol is composed of two steps.
Highly reactive silica clusters are prepared by hydrolysis–
condensation of TEOS as in the preparation of pure silica
films. Just before the sol deposition, MTES monomers are
added into the aged silica sol. In this case, in contrast with
a simple TEOS–MTEOS co-condensation, the reactivity of
the silica clusters is not significantly perturbed when
adding partially hydrolyzed MTEOS monomers. Conse-
quently, silica gelation can take place during the fast
evaporation process and stabilized well-organized H3D
MTEOS/TEOS films up to 50% MTEOS. These films can
be also postgrafted by HMDS to suppress the remaining
silanol groups, leading to HMDS–MTES/TEOS films.

The presence of methyl groups, introduced either by
HMDS grafting or by two-step synthesis or both, hinders
water adsorption and clearly improves the stability of films
(Figure 5A). However, the refractive index of hybrid films
is not completely stabilized in agreement with infrared
spectra, which reveal that they are still able to adsorb
organic pollutants. An HMDS–40% MTES/TEOS mesopo-
rous film prepared by CTAB extraction with acetone was
tested as the low-index layer in an interferential AR
multilayer. The mesoporous film (n ) 1.29, 120 nm in
thickness) was deposited on a high-index layer (n ) 1.75,
140 nm in thickness) deposited on a polycarbonate
substrate. The reflectance spectrum of the interferential
bilayer presents the expected W-shape with a value
smaller than 0.5% in the major part of the visible range
(Figure 5B). The AR treatment is stable after 21 days, but
the average reflectance coefficient increases from 0.32%
up to 1.5% after 4 months due to the increase of the index
of the mesoporous layer (from 1.29 to 1.33). This confirms
that more work is required to completely stabilize meso-
porous films toward organic contaminations using hy-
drophobic and oleophobic organic groups.

FIGURE 4. Structural characterization of the 3D-hexagonal films:
(A) transverse HRTEM image and corresponding power spectrum
showing that the film is perfectly organized through all the thickness
with the c axis perpendicular to the substrate; (B) ethanol adsorp-
tion–desorption isotherms at 25 °C showing the presence of
micropores (22% of the total volume) and mesopores (33% of the
total volume); (C) schematization of the porosity distribution in the
film.

FIGURE 5. Graphs showing the stabilization of the organosilicate
films toward water: (A) time evolution of the refractive index of
different mesoporous calcined films stored in ambient atmosphere
(RH ) 40–60%); (B) reflectance spectrum of an interferential AR
bilayer composed of a 40% MTES/TEOS mesoporous film (n ) 1.29,
120 nm in thickness) and a high-index layer (n ) 1.75, 140 nm in
thickness) deposited on a polymer substrate.
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Mesoporous Silica as Binders of TiO2
Nanoparticles in Photocatalytic Films
The extraordinary properties of TiO2 semiconductors in
heterogeneous photocatalysis are now well-known, and
their applications are widely investigated in many fields
such as water splitting, photoelectrochemical cells, de-
contamination, or self-cleaning materials.34,35 These two
latter applications use the remarkable ability of TiO2

pigments to degrade almost any organic molecule under
UV light irradiation.36 The mechanism of this phenomena
has been the subject of numerous investigations.37,38 As
a rough description, absorption of UV photons leads to
the generation of electron–hole pairs, a fraction of which
are rapidly trapped at the surface of the oxide. The charges
may react with adsorbed hydroxyls or oxygen molecules,
yielding radicals, which then react very efficiently with the
surrounding organic molecules, leading to volatile deg-
radation byproducts or entire mineralization into CO2,
H2O, and mineral acids.

In the special case of self-cleaning applications, for
example, on glass windows, TiO2 is deposited on the
surface as a thin film of a few tens of nanometers to a
few micrometers thickness.39 The basic idea relies on the
removal of pollutants by the action of the UV fraction of
the sunlight.40 In addition to the photocatalytic processes
and in the case of outdoor applications, the hydrophilic
properties of the TiO2 allow the removal of dust or
inorganic degradation byproducts by rain.

The TiO2 thin films may be deposited using different
methods such as sputtering,41 chemical vapor deposition
(CVD),42 or sol–gel.43 The sol–gel method consists of the
deposition of the films from a liquid solution containing
either colloidal TiO2 nanoparticles38,44 or TiO2 molecular
precursors that can be converted into nanocrystalline TiO2

after a thermal treatment.45,46 In all cases, the relatively
soft conditions that are used lead to porous films with
poor mechanical properties, recognized as a significant
limitation for many practical applications of the sol–gel
process. Nevertheless, many efforts are still devoted to the
improvement of the sol–gel films, since the process is quite
versatile, does not require costly equipment, and can be
achieved on substrates with complex shapes. One way is
to add in the formulation a compound that can act as a
binder to improve the cohesion between the TiO2 crys-
tallites. Silica is often chosen for that purpose due to its
remarkable ability to be processed by sol–gel chemistry
as a polymeric network. Nevertheless, the presence of a
binder should not hinder the diffusion pathways between
the organic species to be degraded and the radicals
generated at the surface of the oxide. It then appears quite
clear that the optimization of sol–gel photocatalytic films
should be performed through a good compromise be-
tween a high porosity and sufficiently good mechanical
properties, and in addition with a controlled microstruc-
ture of the TiO2 itself.

As an original development of our work on mesoporous
silica films, we investigate a method of elaboration of
photocatalytic TiO2/SiO2 coatings that allows a separate

control of the film porosity and the TiO2 microstructure.
The basic principle of the film synthesis relies on the use
of mesoporous silica as a binder for TiO2 nanoparticles
homogeneously dispersed within all the film thickness.47

The use of mesoporous silica for the elaboration of
photocatalytic materials has been described in several
previous studies.48 In most cases, the TiO2 particles are
formed in situ within the porous matrix after impregnation
with a solution of precursors. Nevertheless, it was shown
that the TiO2 loading is quite low and the crystallinity of
the TiO2 crystallites is strongly limited by the low tem-
perature of calcination imposed by the use of glass
substrates (typically less than 450 °C). Here another
approach is investigated consisting of using preformed
TiO2 particles, obtained through colloid chemistry routes,
which are further redispersed inside surfactant-templated
mesoporous silica films with a controlled porosity.

The synthesis process was directly adapted from our
previous work on the elaboration of mesoporous silica
films using a poly(ethylene oxide)/poly(propylene oxide)
triblock copolymer (PE6800) as the surfactant.47 The films
obtained with a copolymer/Si ratio of 0.01 have been
characterized and exhibit a total pore volume fraction of
about 38%, distributed both as micropores (i.e., pores with
diameter of a few angstroms) and mesopores (size of 5–6
nm) that are arranged with a textured face-centered
orthorhombic structure.49 TiO2 nanoparticles are incor-
porable by the simple addition of a colloidal dispersion
of well-crystallized anatase particles (Millennium S5-300)
into the sol prior to its deposition. The individual particles
consist of 50 nm aggregates of primary 7 nm anatase
crystallites.

The good dispersion state of the particles is preserved
after their addition into the silica sol containing the
copolymer surfactant for Ti/(Ti + Si) molar ratios up to
0.8, and the obtained films are perfectly transparent. Rapid
flocculation is however observed when the particles are
added to the sol without the surfactant, and this is true
even for low Ti/(Ti + Si) ratio. This shows that the
copolymer ensures a steric stabilization of the particles
through its interactions with their surface. Figure 6A shows
a TEM picture of a representative film. The particles are
well dispersed within all the film thickness and the
organized porous structure, observed in pure silica films49

(i.e., with no TiO2), appears to be preserved between the
particles.

The photocatalytic activity of the films was measured
by monitoring the degradation of stearic acid deposited
on the film under UV-A irradiation (Figure 6B). The
degradation kinetics is deduced from the plot of the time
evolution of the 2923 cm-1 band intensity from the CH2

groups.50,51 The kinetics is found to follow a first-order
law over all the degradation curve, with a calculated rate
constant k1 that is typically equal to 0.09 min-1 for a
sample with a Ti/(Ti + Si) molar ration of 0.5. It must be
noted nevertheless that the degradation kinetics exhibit
a more complex behavior than a simple one order rate,
since the k1 values calculated for different experiments
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were found to decrease drastically when increasing the
initial stearic acid concentration.47

For comparison, the degradation kinetics was also
measured in the case of a film with a microporous binder,
that is, obtained in the same way as the mesoporous one
and with the same TiO2 amount but without using the
mesopore templating copolymer (Figure 6B). These films
have a total pore volume fraction of about 16% with an
average pore diameter of 2 nm.47 First-order kinetics
analysis of this sample activity gives a value of k1 ) 0.006
min-1, which is less by a factor of about 15 than what was
found in the case of the microporous film. This gives clear
evidence of the influence of the film porosity on its
degradation efficiency, independent of the microstructure
of the TiO2 crystallites. It can be reasonably assumed that
the beneficial effect of the porosity may be mostly
explained by an improved diffusion of the radicals or a
closer proximity between the surface of the TiO2 crystal-
lites and the organic molecules to be degraded. This latter
effect was confirmed by secondary ion mass spectrometry

(SIMS) profiles of the carbon content just after deposition
of stearic acid (Figure 6C). In the case of the mesoporous
TiO2 films, the organic molecules lie at the surface of the
film, whereas they are found over all the film thickness
in the case of the microporous one. This may explain the
difference of degradation kinetics in two different ways:
first, the average distance between the organic molecules
and the surface of the TiO2 crystallites is much lower in
the case of the mesoporous materials, so that oxidizing
radicals may react much more efficiently.52 Second, stearic
acid deposited on microporous or dense films forms a
layer of significant thickness (about 17 nm in our experi-
mental conditions), which may slow down the diffusion
of oxygen or water molecules that are also involved in the
degradation process.44

Concluding Remarks
For light emission, thin films made from stable lumines-
cent inorganic nanoparticles clearly appear as an alterna-
tive to the existing white light emitters such as organic
light-emitting diodes, polymer light-emitting diodes, and
incandescent light bulbs. A crucial challenge for the
chemist is both to develop efficient blue phosphors and
to shift the excitation wavelength of particles toward the
infrared range. This could be obtained by developing new
systems able to emit visible light by the up-conversion
process, that is, by near-infrared light excitation. Lumi-
nescent inorganic molecular clusters can also be consid-
ered as promising photoactive species for a large range
of optical applications since they usually combine the
photostability of the inorganic nanoparticles with the
monodispersity of the organic molecules.

Although the use of mesoporous organized silica coat-
ings as stable low-index layers still requires the improve-
ment of their chemical stability, it can be noted that these
coatings are very promising for future sol–gel applications
in optics. First, their development is a confirmation that
the sol–gel approach permits microstructural as well as
compositional tailoring, which is not possible by other
coating techniques such as sputtering, evaporation, or
CVD. Second, they open the way to the preparation of
multifunctional coatings as clearly shown by their role in
TiO2-photocatalytic devices in which their structural
(porosity), chemical (hydrophilic character), and mechan-
ical functions are used to optimize the catalytic efficiency.
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