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a b s t r a c t

This paper presents a brief overview of the work done in our group concerning a versatile approach
for the elaboration of TiO2-based photocatalytic coatings through the use of preformed TiO2 colloidal
particles dispersed within a surfactant-templated mesoporous silica binder. Investigation of the influence
of porosity on the photocatalytic efficiency of these films showed that the major impact arises from
diffusion of the pollutant molecules (stearic acid) within the volume of the film, thus improving the
action of the radicals photogenerated at the surface of the TiO2 particles. Starting from standard films
elaborated using a commercial colloid, we showed that our approach allows a systematic investigation of
any systems available as a colloidal suspension. A first example is given on titanium dioxide nanopowders
(calcined Millennium or Degussa P25 particles). A grinding process was developed allowing the recovery
of these powders as suspension of 120 nm aggregates that can be subsequently incorporated within
mesoporous silica films. The obtained films exhibited photocatalytic performances similar to those of the
standard films directly synthesized with the Millennium colloid. This result implies that the influence

of the microstructure on photocatalytic efficiency is mainly governed by the silica matrix, allowing the
investigation of almost any compounds even those synthesized through conventional solid state reaction
at high temperature. We also developed an original process to prepare colloidal solutions of N-doped
TiO2 particles obtained by nitridation treatment at high temperature. Investigation of the doping and
photocatalytic efficiency under visible light irradiation evidenced the competition between nitrogen
insertion and detrimental Ti4+ reduction. The latter effect may be somewhat limited by a post-treatment

the T
under air that re-oxidize

. Introduction

Titanium dioxide is well known for its exceptional pho-
ocatalytic properties leading to innovative applications [1].
elf-cleaning materials are based on the photo-degradation of
rganic pollutants nearby the surface of a substrate onto which
TiO2 film has been deposited. Such TiO2 films may be deposited
sing different techniques such as sputtering [2], chemical vapor
eposition (CVD) [3] or sol–gel process [4]. Although leading to
lms with a lower durability, the sol–gel chemistry allows the best
ontrol of the microstructure of the films, especially their porosity

nd specific surface area which are known to have a drastic influ-
nce on the photocatalytic efficiency [5,6]. One method to control
he porosity of sol–gel films is to use surfactant micellar templates
7]. This strategy has been successfully studied in the case of photo-

∗ Corresponding author. Tel.: +33 1 6933 4656; fax: +33 1 6933 4799.
E-mail address: thierry.gacoin@polytechnique.fr (T. Gacoin).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.06.029
i3+ while preserving part of the inserted nitrogen.
© 2010 Elsevier B.V. All rights reserved.

catalytic silica/TiO2 composite films in our group and many others
[8–10]. In our case, we focused our attention on a method that relies
on the incorporation of preformed colloidal TiO2 particles within a
mesoporous silica binder [10].

Starting from this seminal work, we discuss here on the influ-
ence of the film porosity that can be finely tuned in our process
by varying the surfactant/silica molar ratio. Results are discussed
in relation with the degradation process that is proposed in the
specific case of these films. The second part of this paper focuses
on the use of preformed TiO2 particles that allows a modulation
of the structure, size and shape of these particles without modify-
ing the overall microstructure of the film that is mainly governed
by the mesoporous silica host matrix. Results are reported on
different particles, among which commercial 50 nm Millennium

particles and P25 Degussa particles obtained after an original grind-
ing/dispersion process starting from the commercial nanopowder.
Finally, we present recent results concerning the sensitization our
films toward visible light using N-doped TiO2. This study was
performed through a process allowing the synthesis of well dis-

dx.doi.org/10.1016/j.jphotochem.2010.06.029
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:thierry.gacoin@polytechnique.fr
dx.doi.org/10.1016/j.jphotochem.2010.06.029
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ersed colloidal particles that were first submitted to a nitridation
reatment at high temperature. Results are discussed in term of
ompetition between the sensitization effects due to nitrogen
nsertion and the concomitant reduction of Ti4+ that drastically
lters the film activity.

. Experimental

.1. Elaboration of colloidal TiO2-based films

The elaboration of the TiO2/SiO2 nanocomposite films was fully
escribed in a previous paper [10]. In a first step, a silica sol
as prepared by hydrolysis and aging of tetraethoxysilane (TEOS)
nder acidic conditions. The copolymer (PE6800, BASF) was then
issolved into the obtained sol, with the appropriate quantity
epending on the copolymer/silica molar ratio (hereafter noted
opo/Si). In “standard” films, the Copo/Si ratio was taken equal
o 0.01. The TiO2 particles were then mixed to the obtained sol
y slowly adding a given volume of an aqueous TiO2. The rela-
ive molar ratio of TiO2 compared to SiO2 + TiO2 is hereafter noted
i/(Ti + Si). This ratio was usually taken equal to 0.5. The sub-
trate is common float glass onto which was deposited a very
hin sodium diffusion barrier of SiO2. Just after deposition, the
lms were dried and calcined under air at 450 ◦C for 1.5 h to
emove the surfactant. Standard films have a typical thickness of
00 nm.

.2. Elaboration of colloidal suspensions from oxide nanopowders

Grinding experiments were performed in air with a planetary
all mill (Fritsch Pulverisette 6). A 80 ml zirconia vial was used with
0 zirconia balls (15 mm in diameter). Ball milling was carried out
n a mixture containing 1 g of the oxide powder (e.g. Degussa P25),
0 g of ZnO (10 g, 99% Fluka) and 25 ml of diethyleneglycol. The
ixture to ball volume ratio was approximately 1/1. The grinding

onditions consisted of 10 cycles of 15 min each at 500 rpm, spaced
y 6 min to minimize heating effects. At this rotation speed, the
rocess involved both homogenization and grinding of the mixture
hrough frictional and impact forces. The recovered suspension was
hen treated with acetic acid to dissolve the ZnO matrix and exten-
ively washed with water. The particles were finally dispersed in a
Cl solution at pH 1.25 with a concentration of ca. 150 g L−1. Pho-

ocatalytic films were synthesized incorporating the suspension
s previously described in the case of the commercial Millennium
olloid.

.3. Nitridation process for the colloidal TiO2 particles [11,12]

TiO2 colloids were first embedded in mesoporous silica pow-
er, following a process similar to the one described above, using
Ti/(Ti + Si) molar ratio of 1/3. The sol was not spin-coated but

ried until getting a powder which was heated at 450 ◦C for 30 h to
emove the surfactant. 1 g of this TiO2/SiO2 nanocomposite pow-
er was inserted in a tubular furnace with 3 g of urea. After Argon
ush during 2 h, the powder was heated at different temperatures
anging from 500 to 800 ◦C for 2 h under neutral atmosphere. After
he thermal treatment, the silica matrix was totally dissolved by
ydrofluoric acid treatment during 2 h (HF, 2 wt% in water). The
btained solution was centrifuged and rinsed with distilled water

t least three times, and then dispersed into an aqueous acidic solu-
ion of HCl with pH 1.25. This colloidal solution was then used
o prepare mesoporous silica films containing N-doped TiO2 NPs,
sing the procedure described above. The TiO2 amount per surface
nit on these N-doped films was 4.6 �g cm−2.
tobiology A: Chemistry 216 (2010) 142–148 143

3. Results and discussion

3.1. Microstructure of the TiO2/SiO2 nanoparticulate films and
influence of the porosity on photocatalytic efficiency

Fig. 1 shows a typical TEM image of a transverse section of
a film containing the Millennium particles as shown in insert.
The particles are clearly well dispersed all over the film thick-
ness (ca. 400 nm). White dots correspond to the mesopores of
the silica binder which size is about 3–5 nm. Fig. 1 (right) gives a
schematic description of the porosity in such films as determined by
porosimetry. In addition to the mesopores, there is a microporosity
(pore size less than 2 nm) which results from to the limited conden-
sation of the silica walls. The global volume fractions of mesopores
and micropores within a standard film are 39% and 9% respectively,
while the overall surface area is about 450 m2 g−1 [10].

Detailed investigation of the degradation kinetics on these films
showed a first order rate over all a degradation experiment, but
with a k1 constant that was found to be inversely proportional to
the initial amount of pollutant (stearic acid) deposited on the film
[10]. Characterization of the localization of the molecules before
their degradation was achieved by considering the carbon profile
as deduced from SIMS analysis. It can be shown that using a 10 g L−1

solution of stearic acid, molecules were completely absorbed by the
film porosity for pore volume fraction larger than 8%. In this case, as
schematically shown in Fig. 2 (right), all the molecules are adsorbed
within the film thickness and the degradation proceeds through the
diffusion of photogenerated radicals from the surface of the TiO2
particles [13]. We infer, from preliminary numerical simulation of
the degradation process, that the complex kinetics behaviour of our
film may be explained by the process shown in Fig. 2 (bottom right),
involving a progressive depletion of pollutant molecules from the
surface of the TiO2 particles.

Fig. 2 (left) shows the evolution of the k1 constant as a function of
the film porosity which was varied by changing the relative amount
of the copolymer template as compared to the silica fraction (the
standard film corresponds to Copo/Si = 0.01 leading to a porosity
of 48%). The curve evidences a linear increase of the activity until
reaching a maximum for porosity values larger than ca. 30%. It may
be inferred that the efficiency of the degradation depends on the
average distance between the pollutant molecules and the surface
of the TiO2 particles where the radicals are generated. This explains
the initial increase observed when crossing the point where part of
the molecules are located at the surface of the film as compared
to the case where the molecules are only dispersed within the film
thickness (threshold value at 10% porosity, see Fig. 2 (left)). Consid-
ering that, for porosity values larger than 10%, the average distance
between the molecules and the particles is not changed, the contin-
uous increase of the degradation rate as a function of the porosity
reveals the influence of the silica matrix. This beneficial effect is
limited to the adsorption of a complete monolayer of pollutant
molecules on the silica walls, explaining the saturation for porosity
larger than 30%.

3.2. Application of the process for the study of other colloidal
particles

As previously mentioned, a decisive advantage of the process is
the ability to synthesize films starting for almost any available col-
loidal suspension of photo-active compounds [10,14]. This allows
studying the influence of the particles themselves without chang-

ing the overall microstructure of the film, which remains mainly
governed by the mesoporous silica host binder. Thus, one can study
the influence of size, crystalline structure and chemical composi-
tion of the particles provided that the compounds can be obtained
as dispersions of NPs with a sufficient concentration.
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Fig. 1. Typical TEM image of a transverse section of a film containing Mil

Colloidal suspensions are generally obtained through colloid
hemistry that relies on reactions of precipitation from precursors
n solution. When optimized, this strategy allows a good control
f the size and dispersion state of NPs. However, this approach
s time consuming and should only be considered in the case of
ystems that have already proven their efficiency. Moreover, the
oderate temperatures that are involved in the synthesis process

imit this strategy to systems like TiO2 that can be obtained in good
rystalline state under these conditions.

In this context, it appeared as interesting to develop a grinding
rocess that would allow studying compounds that are obtained
y solid state reactions at high temperature, i.e. which colloidal
ynthesis is not yet reported. In the context of developing new sys-
ems active under visible light irradiation, large amount of work
ave been done to seek for other compositions than pure TiO2. This
ould be achieved by doping of TiO2, designing heterostructures
hat couple TiO2 to another semiconductor or looking for differ-
nt compounds. For example, BaM1/3N2/3O3 (M = Ni, Zn, N = Nb,
a) [15], compounds of wolframite structure as In0.8M0.2TaO4
M = Mn, Fe, Co, Ni, Cu) [16] have been proposed. Other studies
ave shown the interest of bismuth phases like Bi12GeO20 [17],
i12TiO20 and of heterostructures based on indium InVO4/TiO2 [18]
r iron Fe2O3/SrTiO3 [19] oxides. In most cases, these materials
ere synthesized by solid state reaction routes, which require heat

reatment at high temperatures leading to agglomerated powders.

he potential applications of these materials were then mostly
estricted to air and water purification, or water splitting.

Starting from the results obtained for micronic powders, and
onsidering the targeted application of self-cleaning transparent
oatings, it is necessary to prepare the photocatalytic material as a

ig. 2. Evolution of the kinetic constant, k1 as a function of the film porosity (left), and s
egradation process (right).
m TiO2 NPs (left) and schematic representation the film porosity (right).

colloidal suspension. Instead of developing a time consuming col-
loidal synthesis of these compounds, we decided to investigate a
method that would allow, starting from powders obtained by solid
state reactions at high temperature, to recover particles as suspen-
sions after grinding. In this case, if a good control of the particle size
is difficult, the technique is relatively simple to implement, with the
insurance to preserve particle composition and structural phase at
least for rather low-energy grinding.

The first step of this preparation is thus to reduce the material
to a fine powder by grinding using a planetary ball mill [20–22] and
further disperse the particles in a solvent compatible with the sil-
ica sol–gel synthesis. One drawback often observed after milling is
that the ground particles tend to form aggregates relatively dis-
persed in size. To circumvent this problem, we have developed
an original method that consists in milling in presence of a large
amount of ZnO (Fig. 3). This approach presents several advantages:
(i) improvement the grinding efficiency by friction; (ii) reduction
of the aggregation between particles by matrix effect; (iii) the high
solubility of ZnO in acidic media allows an easy dispersion of the
ground particles in solution.

Diethyleneglycol, a polar solvent with a high boiling point
(245 ◦C), was also added in the ball mill to improve the grinding
efficiency and also to prevent a large agglomeration of the parti-
cles. After grinding, dissolution of the ZnO matrix, and transfer of
the particles into acidic water, the as-obtained suspensions were

−1
recovered with a concentration of 150 g L . These solutions were
then used to deposit SiO2–TiO2 nanocomposite films as previously
described.

One of the main issues is to ensure that the measured pho-
tocatalytic activity merely reflects that of the sample and is not

chematic representation of the stearic acid (SA) localization before and during the
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ig. 3. Schematic protocol of the grinding experiments. The powder is first mixed w
hen removed by washing in an acidic aqueous solution and finally dispersed in a p

ssociated to parasitic effects such as contamination by Zn traces,
article size reduction, increased light scattering in the layer, or
artial structural transition to the rutile phase during grinding for
iO2-based materials [23]. To validate our approach, we first com-
ared the photocatalytic activity under UV light of two films, with
same TiO2 loading, prepared either directly using the commercial
illennium TiO2 colloid (diluted to 150 g L−1), or from the same NPs

ried at 90 ◦C, heated up to 450 ◦C in air for 2 h to form agglomer-
tes. This latter sample was further ground by ball milling following
he previous protocol. In this experiment, it is mostly the aggrega-
ion state of particles which is modified, and not the crystallinity
or the crystal phase, as confirmed by the absence of significant
roadening of the Bragg reflections in the X-ray diffraction (XRD)
rofiles. No anatase to rutile transformation was detected within
he sensitivity of conventional X-ray diffraction. We note that this
ontrasts with the complete conversion observed by Criado and
eal at similar rotation speed and grinding time [24]. We infer
hat this difference arises from the presence of the ZnO matrix
hich acts as a dispersant thus limiting the particle packing and
ecreasing the rate of phase transformation [25].

The second experiment consisted in a comparative study with a
egussa P25 TiO2 powder. This powder is formed of aggregates of
anoparticles of about 25 nm in diameter mainly crystallized (80%
natase, 15% rutile, 5% amorphous).

Dispersions of the calcined Millennium and Degussa powders
btained after grinding were analyzed by dynamic light scattering,
evealing comparable hydrodynamic diameter of ca. 120 nm (Fig. 4,
eft). This should be compared to the 50 nm diameter found for
he commercial Millenium colloid. Films with similar TiO2 content,
hickness and porosity were prepared with the three kinds of par-
icles, i.e. Millennium colloid and ground powder, and Degussa P25
round powder. Due to the larger particle size, the films synthesized
rom the ground powders were slightly more diffusive than the ref-
rence one. Their photocatalytic activities were then evaluated by
onitoring the degradation of the Rhodamine 6G dye deposited

nto the surface of the films (Fig. 4, right).
The degradation curves are very similar for the three samples

nd fit to a first apparent order. Kinetics constants of 14 × 10−3,
1 × 10−3 and 18 × 10−3 min−1 were found for the Millennium
olloid, the Millennium calcined powder and the Degussa P25
anopowder, respectively. The main result is that these values are
ery similar, indicating (i) no decrease in photoactivity resulting

rom the grinding process that could induce a contamination by
n or a partial amorphization as detected at higher energy milling
23] (comparison of the Millennium samples), (ii) the difference
n size (120 nm instead of 50 nm) does not significantly affect the
egradation rate and (iii) the Degussa P25 powder only exhibits a
inc oxide in diethyleneglycol before being crushed in a planetary ball. Zinc oxide is
solution.

slightly improved degradation rate as compared to the Millennium
samples [26].

But the most important conclusion deduced from these exper-
iments is that the microstructure of the particles themselves only
slightly affects the efficiency of the degradation process, proba-
bly because microstructure effects are mostly determined by the
silica host matrix which is the same for all the three samples.
This validates the method thus allowing a correct evaluation of
the photocatalytic activity without artifact related to the initial
morphology of the tested materials and an easy screening of new
photocatalyst materials.

3.3. N-doped TiO2 nanoparticles

According to the work of Asahi et al. [27] followed by many
others, N-doping of TiO2 still appears a promising strategy for the
development of photocatalytic coatings active under visible light.
Nitridation of TiO2 is generally achieved through thermal treatment
(from 600 to 1000 ◦C) with a nitrogen source. It is thus a case for
which direct synthesis through colloidal routes is not possible and
it is thus a case for which the grinding strategy previously described
may be of interest. Nevertheless, we specifically developed another
original route permitting thermal annealing of pristine anatase
TiO2 NPs up to 1000 ◦C without structural change, aggregation and
growth of the particles [11] (Fig. 5).

In a first step of the doping procedure, pristine anatase TiO2 NPs
were dispersed in a sol–gel silica matrix using a copolymer tem-
plate (BASF PE6800) to control the silica mesoporosity. After drying
the sol, a white TiO2/SiO2 nanocomposite powder was obtained
which was nitridated at different temperatures, using urea as the
nitrogen source. XRD analysis indicates that these powders all
present the anatase type structure after heating up to 800 ◦C.

TiO2/SiO2 nanocomposite powders obtained after nitridation
exhibit a strong color from yellow to dark green (Fig. 6). The samples
nitridated below 700 ◦C reflect the light essentially in the yellow,
ranging for yellowish white to orange brown at 650 ◦C. Upon nitri-
dation above 650 ◦C, the color suddenly turned dark green. This
evolution, as observed to the eye, was confirmed by optical absorp-
tion measurements.

For the yellow powder nitridated at 500 ◦C, the absorption range
is extended up to 550 nm as previously explained by the pres-
ence of localized N 2p states above the valence band maximum

of TiO2 [28]. The two types of N-based paramagnetic species, pre-
viously observed by Livraghi et al. [29,30], were detected by EPR
on the yellow powder after nitridation at 600 ◦C. The EPR sig-
nal of the first type, noted Nads. (ads. = adsorbed) is characteristic
of the adsorption of nitric oxide molecules (NO) at the surface
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Fig. 4. (a) Size distribution obtained by dynamic light scattering on a commercial Millennium S5-300A TiO2 colloid or from the same material dried at 90 ◦C, heated up to
450 ◦C for 2 h and then ground by ball milling. Kinetics of degradation of the Rhodamine 6G dye under UV irradiation (at 365 nm) measured on layers containing a same TiO2

loading synthesized: (a) from the commercial Millennium TiO2 colloid or from the same material dried at 90 ◦C, then heated up to 450 ◦C, 2 h and ground by ball milling; (b)
from the commercial Millennium TiO2 colloid or from a Degussa P25 TiO2 powder dried at 90 ◦C and ground by ball milling. The typical error on k0 is estimated to be 10%.
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Fig. 5. Schematic presentation of the experi

f different oxides. The second paramagnetic center, noted Ncryst.

cryst. = crystal), was assigned to species containing a single nitro-
en atom trapped into the structure of TiO2. These Ncryst. species
ave been proposed as responsible for the visible light sensitization
f TiO2 [30–32].

A striking feature is the sudden change of color from yellow-
rown to dark green upon heating above 650 ◦C. Above this
emperature, the atmosphere in the furnace is reductive, due to
he partial decomposition of ammonia, and samples appear to be
xygen deficient. The green coloration is then essentially due to the
resence of Ti3+ ions adding a blue component to the yellow one. As
hown by the absorption of the sample heated at 700 ◦C that covers
ll the visible range, the dark contribution could arise from minor
hases such as TiN and/or titanium sub-oxides.
In a second step, TiO2/SiO2 nanocomposite powders were
reated at room temperature by a diluted aqueous solution of
ydrofluoric acid (HF 2 wt%) to dissolve the silica matrix. Under
ur experimental conditions, elemental analysis shows that silica
as completely dissolved without significant alteration or fluorina-

ig. 6. Picture of the samples after nitridation within the silica matrix (top left), and aft
volution of the defect concentration in N-doped TiO2 NPs as a function of the nitridation
l procedure for the nitridation of TiO2 NPs.

tion of the TiO2 NPs. After purification by centrifugation to remove
the excess of hydrofluoric acid, the N-doped TiO2 NPs powder was
dispersed in an acidic aqueous medium (pH 1.25). This led to a
wide range of colloidal aqueous suspensions of N-doped TiO2 NPs
(up to 50 g L−1) obtained from TiO2/SiO2 nanocomposite powders
nitridated from 550 to 800 ◦C.

The nitrogen doping level of the N-doped TiO2 NPs in aque-
ous suspensions was quantified by elemental analysis. As the
nitridation temperature increases up to 650 ◦C, the doping level
progressively decreases. This could be explained by the temper-
ature evolution of the adsorption/desorption equilibrium for the
nitrogen species at the NPs surface. As expected, the doping level
drastically increases above 650 ◦C, as the reducing atmosphere
facilitates the nitrogen doping due to the formation of oxygen

vacancies. Fig. 6 (right) schematically summarizes the qualitative
evolution of doping species as a function of the nitridation tem-
perature. Nads. species are first formed and their concentration
progressively decreases in nanocomposites up to 650 ◦C while the
concentrations of Ncryst. and Ti3+ species show a steep increase

er silica dissolution and recovery as colloidal suspension (bottom left). Schematic
temperature (right).
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Table 1
Values of the k0 constant corresponding to pseudo zero-order rate for kinetics
curves. These values characterize the photocatalytic activity of mesoporous films
with the same loading of pristine (TF-P) or N-doped TiO2 NPs nitridated at temper-
atures ranging from 500 to 700 ◦C (TF-N500, TF-N600, TF-N700).

k (10−4 min−1) TF-P TF-N500 TF-N600 TF-N700
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0

UV 19 11 9 10
390 nm 0.21 0.24 0.85 4.90

bove 650 ◦C due to the reductive atmosphere and formation of
xygen vacancies.

In a last step, aqueous suspensions of N-doped TiO2 NPs were
ixed in a copolymer/silica sol. Sol–gel thin films (400 nm in

hickness) were deposited on glass substrates using the usual spin-
oating technique. Films were then dried and heated in air at
50 ◦C first to remove the templating copolymer leading to films in
hich the N-doped TiO2 NPs are dispersed in an organized meso-
orous silica binder. Note that, contrasting with the corresponding
Ps powders, no visible light absorption was detected on UV–vis

pectra performed on these N-doped films, as expected from the
eak amount of NPs per surface unit (4.6 �g cm−2 of TiO2 for all
lms). Moreover, it has been shown from thermal analysis exper-

ments that a thermal treatment of N-doped TiO2 NPs in air and
bove 300 ◦C, leads to samples with virtually no Ti3+ but with a
ignificant concentration of Ncryst. species (>1 at.%). Therefore, the
xidative post-treatment of films at 450 ◦C allows suppressing Ti3+

ons which are well known to act as recombination centers for the
hotoinduced electrons and holes, leading to a decreased photo-
atalytic activity [32,33].

The photoactivities of these films were evaluated by monitor-
ng the decomposition of Rhodamine 6G. The dye was diluted
n ethanol (1.5 × 10−3 mol L−1) and spin-coated on the sample
2000 rpm, 60 s). The layer was irradiated under UV-A black-light
r UV-LED (peak wavelength at 390 nm) while the absorption of
hodamine 6G at 520 nm was monitored in situ. The determina-
ion of k0 kinetic constants allows a quantitative comparison of the
ctivity of the different films (Table 1).

Under excitation at 390 nm, the degradation of the TF-N700
esoporous film is increased by a factor 20 compared to the TF-
one, giving a clear evidence of the influence of the N-doping

n the degradation efficiency. The activity order for the films (TF-
700 > TF-N600 > TF-N500 > TF-P) appears as directly correlated to

he concentration of Ncryst. species which increases with the nitri-
ation temperature of the NPs [34,35]. A previously proposed
xplanation is that the excited electrons from the N 2p levels near
he valence band combine with adsorbed oxygen molecules to form
atalytic species such as superoxide anions [28].

However, under UV irradiation, N-doped films exhibit lower
hotocatalytic activity than the TF-P films. In this case, the elec-
rons both in the valence band and in the N 2p levels are excited
o the conduction band. However, as reported by Tafen et al. [36],
oles in the N 2p states are highly localized with a very low mobil-

ty and could act as recombination centers for the photogenerated
harge carriers from the valence band.

. Conclusions

This paper makes a brief review on our work toward the devel-
pment of TiO2-based thin films for the application of self-cleaning
indows. The strategy that we have been exploring is the elab-

ration of thin films consisting in the dispersion of preformed

olloidal TiO2 particles within surfactant-templated mesoporous
ilica film. First aspect of our research concerns the investigation
f the influence of the specific microstructure of these films in
elation with their remarkable efficiency. The main conclusion is

[

[
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that the porosity allows the diffusion of the pollutant molecules
within the whole film thickness, thus minimizing the required dif-
fusion length of the reactive radicals generated at the particles
surface. Second aspect of our studies concerns the investigation
of the nature of the TiO2 particles on the film efficiency. Appli-
cation of an original grinding process allows studying different
materials initially available as powders obtained through high tem-
perature solid state reactions. The comparison between standard
colloidal particles with grounded Degussa P25 TiO2 nanopowder
show similar efficiency. This validates the approach and shows
that microstructure effects are mainly determined by the struc-
ture of the host silica binder. This surely opens the way toward
the investigation of many other compounds with varying compo-
sition. Last part of our work concerns the investigation of N-doped
particles for visible light activation. An original process has been
developed which enables the nitridation of colloidal suspensions
of TiO2 particles while preserving their size and dispersion state.
Characterization of the obtained materials evidences an effective
visible light activation due to nitrogen insertion, although limited
by a concomitant detrimental reduction of part of the Ti4+. The lat-
ter effect may nevertheless be somewhat reduced through a post
annealing treatment under air. Finally, it should be noted that if
the nitrogen doping strategy is an efficient way for visible light
sensitization, its application in self-cleaning transparent devices
appears strongly limited due to a very limited absorbance of the
films. This parameter, which strongly differentiates our targeted
application as compared to others involving powders, evidences
the importance of taking into account the absorption cross-section
of materials when discussing of their application for self-cleaning
windows.
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