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Titania films were deposited from sols peptized in acidic conditions and subsequently
autoclaved. The microstructural, morphological, optical, and photocatalytic properties of
titania films were studied with respect to sol-gel processing parameters. It is shown that
films deposited at room temperature are well-crystallized and exhibit good optical quality.
Their photocatalytic activity was verified through malic acid decomposition tests. From
comparisons with a previous work, processing the sol in acidic conditions is found to be
more advantageous than in basic conditions. Using this low temperature approach, titania
films could be deposited on thermally sensitive polymer substrates for new photocatalytic
applications. © 2003 Kluwer Academic Publishers

1. Introduction

The sol-gel process is a wet chemistry versatile method
based on the hydrolysis/polycondensation of metal
alkoxide precursors, which leads to a large variety of
oxide materials with multiple properties. Since pioneer-
ing studies performed on sol-gel derived photocatalysts
in the early 90’s [for instance see ref. 1], sol-gel process-
ing of photocatalytic TiO; films has been the subject of a
growing interest. Under U V-irradiation with photon en-
ergy equal to or greater than TiO, band gap (for anatase:
hv > 3.2 eV, i.e., A < 380 nm), photocatalytic titania
films yield the oxidative decomposition of organic mat-
ter [2—4]. Thus, sol-gel deposited TiO, films have been
studied for self-cleaning, depollution, deodorizing, and
anti-fouling applications [5-10]. However, good pho-
tocatalytic activities of such films necessitate (i) an
efficient photo-induced electron-hole pair generation,
and (ii) an efficient charge separation, which requires
in turn preparations of well crystallized titania films,
preferably in the anatase polymorphic form [2]. Since
crystallization of amorphous sol-gel TiO; films requires
a post-deposition thermal treatment at relatively high
temperature, photocatalytic applications were essen-
tially restrained to supports of high thermal stability,
such as fused silica or mineral glasses.

To exploit photocatalytic properties of sol-gel de-
rived titania films deposited on thermally sensitive sub-
strates, such as polymer supports, a crystallization oc-
curring at low temperature is required. An attractive
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way to produce photocatalytic films at low temperature
relies on the possibility to prepare liquid suspensions of
crystallized TiO, particles to be deposited using tradi-
tional liquid phase deposition techniques, such as spin-
or dip-coating. Several works have been devoted to sol-
gel preparations of TiO, crystallites either in acidic
[11-14] or in basic [15, 16] aqueous solutions. In this
case, a peptization mechanism is promoted by electro-
static repulsion between either protonated (acidic pepti-
zation) or deprotonated (basic peptization) hydrolyzed
species, which counteracts the particle agglomeration
induced by natural attractive Van der Waals forces and
reduces the polycondensation rate. The sols were then
refluxed [11, 12, 14-16] or autoclaved [13, 15, 16] for
several hours or days in a temperature range of [80—
250°C], which led to TiO; crystallite formation. Most
of these studies have been devoted to ceramic applica-
tions, where the crystalline powder was recovered by
centrifugation after thermal treatment of the sol, or re-
stricted to fundamental studies of the crystallite struc-
tures and crystallization mechanisms. To our knowl-
edge, photocatalytic properties of those powders have
rarely been studied and no work reports on sol-gel
preparation of stable suspensions compatible with the
deposition of optical quality photocatalytic TiO films.

In a previous work, we have proposed a new sol-
gel approach based on a liquid phase processing of
solutions compatible with a room temperature deposi-
tion of photocatalytic TiO; films on polymer substrates
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[17]. Nanocrystalline films of rather good optical trans-
parency could be produced. TiO; nanocrystallites were
formed in basic aqueous solution, which was either
refluxed or autoclaved. We showed that better results
could be obtained after autoclaving. The film photoac-
tivity appeared to be similar to this of sol-gel films
crystallized at high temperature. However, this liquid
solution approach suffered from some limitations since
the film optical quality remained partly affected by the
presence of micro-particles related to a sol process-
ing in basic conditions. The amount of micro-particles
could only be reduced by lowering the TiO, precursor
concentration in the sol, which imposed a long multi-
layer deposition procedure to obtain films of conse-
quent thickness. Besides, the preparation of an aqueous
sol was not compatible with a deposition of homoge-
neous films, due to the high surface tension of water that
promoted de-wetting effects. Thus, a reconcentration/
exchange procedure was performed after the sol heat-
treatment. The reconcentration step aimed at increas-
ing the final TiO, concentration, in order to reduce the
multi-layer procedure duration, and the exchange step
was performed with ethanol, to take advantage of the
low surface tension of this solvent. The aqueous sol was
first thermally reconcentrated 10 times to evaporate the
major part of water. It was then diluted with 66 volume
fractions of absolute ethanol and subsequently ther-
mally reconcentrated 67 times. During this last step,
most of the remaining water was evaporated in the form
of a water-ethanol azeotrope. This yielded a quite long
overall sol processing.

In this paper, we describe the sol-gel processing
of TiO, crystallite suspensions from sols prepared in
acidic conditions and subsequently autoclaved. Thin
films were deposited at room temperature from the
resulting sols. The experimental conditions are de-
scribed and discussed with respect to morphological,
microstructural, optical, and photocatalytic properties
of the films. With respect to films deposited from ba-
sic sols, the present method is shown to be much more
flexible and efficient for photocatalytic applications on
thermally sensitive substrates.

2. Experimental

A mother solution was prepared from TIPT (tetraiso-
propyl orthotitanate from Fluka) diluted in absolute
ethanol and peptized in acidic conditions. The TIPT
concentration was fixed at 0.40 M. Various amounts
of hydrochloric acid were used to study the effect of
pH in the final aqueous sol. This mother solution was
then added dropwise at room temperature into a given
volume of water under magnetic stirring. Such partial
redilution in water caused slight increases in the solu-
tion pH and correspondingly slight decreases in TIPT
concentration. Compositions of aqueous sols tested in
this study are summarized in Table I: pH, TIPT con-
centration (Ctipr) and water to TIPT molar ratio (ry)
in aqueous sols were varied in ranges of [1.27-2.00],
[0.24-0.40 M] and [0.8-90], respectively. Compared to
a previous approach, for which a high ry, value of 1860
was used [17], we tested here very low ry, values in
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TABLE I Water to TIPT molar ratio, pH, and TIPT concentration, for
solutions peptized in acidic conditions. Experimental data correspond
to the composition of the autoclaved aqueous sol. The pH value was
calculated from the hydrochloric acid amount. For solutions Al, A2,
A3, and A6, pH variations correspond to dilutions effects induced by
mixing the mother solution with water. For solutions A4 and AS, the pH
was adjusted by varying the amount of hydrochloric acid in the mother
solution. Solution A7 was prepared in the same conditions as solution
A6 and additionally reconcentrated twice after the exchange procedure

Solution Tw pH CripT

Al 0.8 1.27 040 M

A2 15 1.31 0.36 M

A3 30 1.35 0.33M

A4 30 1.60 0.33M

AS 30 2.00 0.33M

A6 90 1.48 0.24 M

A7 90 1.48 0.24>048M

order to simplify the subsequent exchange procedure
with ethanol. Sols were then heat-treated for 6 h in a
stainless steel autoclave placed in a tubular furnace. Au-
toclaving temperatures from 100°C up to 200°C were
studied. Thermal regulation was achieved using a ther-
mocouple inserted in the wall of the autoclave. After
thermal treatment, an exchange procedure with ethanol
was performed in order to remove water. Sols were
first thermally reconcentrated 10 times and then diluted
10 times in ethanol. Compared to a previous work, this
procedure was, therefore, much shorter. A complemen-
tary reconcentration was also tested in order to prepare
sols with greater Crpr. Sols were finally ultrasonicated
for various times between 1 and 6 h. The overall proto-
col is summarized in Fig. 1. More detailed conditions
are presented as part of the results.

Thin films were deposited by spin-coating at room
temperature. Liquid volumes between 2 and 6 ul were
radially spread with rotating speeds between 2500 and
6000 rpm, depending on the substrate nature and sol
viscosity. Film depositions were performed on (100)
silicon wafers for routine characterizations and on
polycarbonate (PC) substrates for punctual UV/visible
transmission and photocatalytic activity measurements.
Films of different thicknesses were deposited using a

TIPT solution in ethanol
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TIPT in acidic aqueous solution

!

Autoclaving

!
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¥
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Ultrasonic stirring

Figure 1 Overall protocol used for the processing of acidic TiO, sols.



multi-layer deposition procedure, i.e., each single-layer
was heat-treated at 100°C for about 30 s before depo-
sition of another layer. Such heat-treatment was nec-
essary to remove a rest of water still present in the sol
after the exchange procedure. When water was not cor-
rectly eliminated, cracks appeared in the film during
the multi-layer deposition procedure.

The sol viscosity was measured using a rotat-
ing cylinder viscosimeter (Rheovisco ELV-8). Fourier
transform infrared (FTIR) transmission spectra of
films deposited on silicon were recorded in a [4000—
250 cm~!] range with a resolution of 4 cm™! using a
Bio-Rad FTS-165 spectrometer. Spectra of 300 scans
were measured at room temperature. They were ana-
lyzed after subtracting the bare Si substrate spectrum.
For transmission electron microscope (TEM) investi-
gations, small fragments obtained by scraping thin film
samples were deposited on copper grids coated with a
carbon film. A JEOL 200CX microscope was used in
a configuration allowing large tilt angles of the spec-
imen (£45°) and a lattice fringe resolution of 3.2 A.
A Philips XL 30 scanning electron microscope (SEM)
was used to study film surface morphologies. The sur-
face quality of films was also investigated from optical
microscopy (Leica DMLM) in dark field mode. Thick-
ness and refractive index of films deposited on silicon
were measured using a Sentech ellipsometer at 632 nm
wavelength. Visible transmittance spectra of films de-
posited on PC were measured in a [200—1100 nm] range
using a Jasco V-530 spectrophotometer.

The photocatalytic activity was measured at room
temperature. Titania films deposited on Si or PC
were settled in a photoreactor containing malic (2-
hydroxybutanedioic) acid aqueous solution (3.7 x
10~* mol/1) and exposed to UV-irradiation provided by
a Philips HPK 125 UV-lamp using a Corning 0.52 fil-
ter (A > 340 nm). Small solution aliquots were period-
ically withdrawn in order to measure the concentration
variations of malic acid as a function of time. Malic
acid analysis was performed by liquid chromatogra-
phy (HPLC) using a “Waters 600” chromatograph,
equipped with a SARASEP CAR-H column (eluent:
H»S04, 5 x 1072 M; flow rate: 0.7 ml/min; detection at
A = 210 nm). The photocatalytic activity was identified
as the rate of disappearance of malic acid. This acid has
been chosen as a model molecule of carboxylic acids,
which are the best representatives for the main con-
stituents of intermediate products in oxidative degra-
dation processes [2].

3. Results and discussion

3.1. Acidic sol preparation

When mixing the ethanolic mother solution in water,
we observed that gelation occurred rapidly when the
initial solution was not preliminarily aged for a suffi-
cient time. Since acidic peptization inhibits the poly-
condensation reaction, chemically stable sols should
be obtained. However, it is known that the peptization
process is thermally activated and its rate drops dra-
matically below 80°C [14]. For this reason, a sufficient
aging time at room temperature was necessary to pro-
tonate the titanium species and to achieve an efficient

peptization. Thus, the solution was aged for 60 h at
room temperature before being mixed with water. We
also observed that precipitation occurred rapidly dur-
ing mixing with water when the initial solution did
not already contain a small amount water. Conversely,
when a small quantity of water was preliminarily di-
luted in the initial solution, no precipitation occurred.
In a previous work, we showed that optimal stabiliza-
tion effects could be obtained using a solution with
Crier = 040 M, pH=1.27 and ry, = 0.8 [18]. This
solution was finally used as mother solution. The stabil-
ity of the derived aqueous sols was promoted by acidic
peptization effects. The hydrolysis reaction proceeds
rapidly in the presence of a large excess of water. In
acidic conditions, protonation of hydrolyzed species
occurs all the more easily as less acidic species are
formed, i.e., when the Ti—O—Ti species are few con-
densed. Consequently, acidic conditions favor a stabi-
lization of weakly cross-linked species and the particle
growth is inhibited by peptization in the early stage
of polycondensation. Let us note that basic conditions
promote a reverse trend. Since basic peptization occurs
all the more easily as more acidic, and thus more poly-
condensed, species are formed, basic conditions biase
the sol-gel transformation toward particle growths. For
instance, it is known that three-dimensional silica par-
ticles are formed via the sol-gel route in basic condi-
tions, while in acidic conditions linear Si—O—Si chains
tend to be formed [19]. The three-dimensional parti-
cle formation is all the more marked in the case of
titanium solutions. Owing to a strong sol-gel reactivity
of titanium alkoxides in nearly neutral pH conditions,
dense three-dimensional particles are obtained for pH
exceeding a value of 3, while short Ti—O—Ti chains
are obtained for pH lower than 2 [18, 20]. Accordingly,
aqueous sols prepared with pH between 1.27 and 2.0
remained transparent and stable for the whole r,, range
studied here (Table I). Only a slight increase in viscos-
ity was measured after mixing with water, which was
probably due to a limited sol-gel reaction. These good
stabilization features allowed us to process sols with
high TIPT concentrations (0.23 to 0.4 M). Conversely,
larger particles induced by basic peptization conditions
tended to sediment rapidly, which imposed to process
very weakly concentrated sols (2.8 x 1072 M) [17].

3.2. Sol processing

Aqueous sols were autoclaved at temperatures between
100 and 200°C. After autoclaving, the sol with ry, = 0.8
appeared to be transparent, while thick pastes were
observed to form and to sediment for the other sols
(Table I). These pastes could easily be redispersed
through ultrasonication or magnetic stirring for a few
tens of minutes. The sol was then exchanged with
ethanol. After exchange, the sol with ry, = 0.8 remained
transparent and stable. All the other sols became milky
and tended again to sediment rapidly. A new ultrasonic
treatment was necessary to minimize sedimentation.
Sedimentation features and milky appearance of sols
arise from aggregation of oxide particles, which are
partially linked together by some remnant Ti—O—Ti
chains promoted by the acidic conditions. These chains
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are likely broken though ultrasonication. After de-
agglomeration, oxide particles are stabilized in the so-
lution by acidic peptization effects. Such effects will
be discussed below with respect to the optical quality
of films. Ultrasonication was performed for 1 to 6 h,
depending on the sol processing conditions. Sols pro-
cessed at 200°C, with a pH between 1.35 and 1.5 and
a ry > 30, necessitated shortest ultrasonic stabiliza-
tion times and exhibited weakest sedimentation effects,
while longer ultrasonication times were necessary for
other sols. After optimization of the ultrasonication du-
ration, only a very slow sedimentation occurred during
subsequent aging of sols at room temperature. This be-
havior probably arises from a progressive particle re-
agglomeration resulting from the competition between
electrostatic repulsion and natural attractive Van der
Waals forces. In any cases, a short magnetic stirring
performed before deposition allowed us to obtain films
of good optical transparency. The sol viscosity was ob-
served to depend closely on experimental conditions: it
increased with ry, and Crpr. For instance, a viscosity
of 6 cP was measured for a sol autoclaved at 200°C
with ry, = 30 and Crpr = 0.33 M. Values up to 10 cP
were measured for higher Ctppr or ry. Thus, the film
deposition conditions had to be adjusted with respect to
the sol processing conditions. The viscosity also tended
to increase with time after sol processing, but aged sols
recovered their initial viscosity after magnetic stirring
for a few minutes. In such conditions, thin films could
be deposited in reproducible conditions over a solution
aging period of several months.

3.3. Crystallization features

Fig. 2 shows the FTIR spectra of films issued from
sols autoclaved at 100 or 200°C for 6 h with different
rw and pH values. For a sol autoclaved at 100°C, with
rw = 0.8 and pH = 1.27, the film spectrum exhibits
a broad band centered at around 470 cm™!, with sev-
eral additional small bands located between 1000 and
500 cm™!. It is the typical spectrum of TiO, oxopoly-
mer corresponding to an amorphous TiO, network
with chain-end alkoxy or hydroxyl groups [21]. This
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Figure 2 FTIR spectra of films deposited from various sols: (a) sol au-
toclaved at 100°C with ry, = 0.8 and pH = 1.27, (b) sol autoclaved at
200°C with ry, = 15 and pH = 1.31, (c) sol autoclaved at 100°C with
ry = 30 and pH = 1.35, (d) sol autoclaved at 200°C with ry, = 30 and
pH = 1.35, and (e) sol autoclaved at 200°C with ry, = 30 and pH = 2.00.
Small and sharp peaks located around 670 cm~! and below 400 cm™!
correspond to atmospheric CO, and H;O, respectively.
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spectrum indicates that crystallization does not occur by
autoclaving for a ry, value as low as 0.8. For ry, > 15,
all the spectra exhibit two bands at around 440 and
330 cm~!, which correspond to transverse optical (TO)
vibration modes of anatase [22]. In our previous study,
we showed that band intensities and shapes are closely
related to film crystallization degrees and crystallite
sizes [17]. For amorphous films, both bands overlap
and constitute a single broad band around 400 cm~!.
As crystallization takes place, they increase in intensity
and sharpen, thus forming two separate bands. Well-
resolved bands observed in Fig. 2 indicate that for ry, >
15, crystallization takes place in a large extent after 6 h
autoclaving, in the whole range of pH (between 1.3
and 2.0) and autoclaving temperatures (between 100
and 200°C) tested here. Let us note that for crystalline
films, traces of water but no alkoxy groups could be
detected by FTIR.

Fig. 3 shows a selected area electron diffraction
(SAED) pattern and corresponding bright and dark field
TEM images, as well as a high resolution TEM image,
for a film deposited from a sol autoclaved at 200°C with
rw = 30. These TEM images show that crystallite sizes
are less than 10 nm. Rings of reflections observed on the
corresponding SAED pattern are characteristic of a well
crystallized anatase phase, i.e., ring positions and inten-
sities are in good agreement with a calculated pattern
from crystallographic data [23] and electron scattering
amplitudes of Ti and O elements [24]. In some cases, a
diffraction ring was also observed at about 2.2 /0\‘1,
which corresponded to traces of brookite. In agree-
ment with FTIR experiments, additional TEM analysis
showed that anatase nanocrystallites were produced in
the whole range of experimental conditions tested here,
provided that the sol was prepared with ry, > 15.

During the sol-gel transformation of titanium alkox-
ides, hydrolysis and polycondensation usually take
place simultaneously. The so-formed oxide species
are thus affected by non-hydrolyzed alkoxy groups,
which act as structural impurities in the oxide net-
work and inhibit the particle crystallization. Amor-
phous TiO,(OH),(OR); particles (where R is an alkyl
radical) are formed in this case. To promote crystalliza-
tion, it is therefore important that hydrolysis goes to
completion before polycondensation proceeds signifi-
cantly. In other words, a good balance between hydrol-
ysis and polycondensation reaction kinetics is required.
FTIR and TEM studies show that this requirement
was reached from acidic sols prepared with ry, > 15.
Above this water amount threshold, hydrolysis is fa-
vored by acidic catalysis conditions via a nucleophilic
attack mechanism. On the other hand, polycondensa-
tion is partly inhibited through acidic peptization ef-
fects, i.e., by electrostatic repulsion between protonated
hydrolyzed species [11, 14]. In such conditions, alkoxy-
free TiO,(OH), hydroxyl species are formed. During
autoclaving, these species polycondense and cross-link
to form pure oxide clusters, which act as nucleation
centers for a subsequent growth of TiO, anatase crys-
tals [11-16]. Thus, the formation of pure oxide nucle-
ation sites depends on a sufficient amount of water and
on an efficient peptization process, which is controlled



Figure 3 SAED pattern (a) with corresponding bright (b) and dark field (c) TEM images, and high resolution TEM image (d), for a film deposited
from a sol autoclaved at 200°C with ry, = 30. The dark field image was obtained by selecting part of the first electron diffraction ring. Reflections
are identified on the SAED pattern by comparing with a simulation of the anatase diffraction pattern. Diffraction peak positions are given in Q

units (A* by,

by the pH. Both reactions are also thermally activated.
However, from FTIR and TEM results it appears that,
above a ry, threshold of about 15, both the role of pH
(between 1.3 and 2.0) and autoclaving temperature (be-
tween 100 and 200°C) become minor because polycon-
densation is sufficiently inhibited and hydrolysis suffi-
ciently catalyzed. These results are in agreement with
those of Bischoff et al. who mentioned that, in the pres-
ence of a large excess of water, crystallization of sol-
gel TiO; particles was governed by kinetics rather than
by thermodynamics [14]. Wang et al. have also reported
that autoclaving conditions do not influence noticeably
the size and crystallization degree of sol-gel derived
anatase particles, provided that thermal treatment be
performed with a sufficient amount of water [25]. For
acidic peptization conditions, our results confirm that,
in the thermal [100-200°C] range and above a r, value
around 15, crystallization would be a kinetic process
promoted by balanced hydrolysis/polycondensation
kinetics.

3.4. Optical quality and morphology

of the films
Fig. 4 shows UV/visible transmission spectra and op-
tical microscopy dark field images for multi-layer
films of various thickness deposited on polycarbonate

substrates. The sol was autoclaved at 200°C with vari-
ous ry (sols A2, A3, and A6 in Table I), and finally ul-
trasonicated for 1 h. For the sol prepared with r, =15,
light transmission was observed to continuously de-
crease with increasing thickness, which depicts signifi-
cant optical losses (Fig. 4a). The corresponding optical
microscope image of Fig. 4a shows the presence of nu-
merous large particles at the film surface, with a wide
size distribution (a few tenths to several tens of mi-
crometers), which explains the poor optical quality of
this film. For a sol with r,, = 30 (Fig. 4b), the spectra
exhibit pronounced interference effects, which are due
to multi-reflections at the film-air and film-substrate in-
terfaces. For a transparent film of high refractive index
deposited on a transparent substrate of lower refrac-
tive index, transmission maxima are obtained when the
film optical thickness corresponds to even multiples of
the quarter-wavelength. At these wavelengths, the film
is theoretically optically non-active, i.e., for an opti-
cal quality film, the transmission values should fit the
bare substrate transmission. Transmission minima are
obtained when the film optical thickness corresponds
to odd multiples of the quarter-wavelength, i.e., when
the mismatch of refractive indices between substrate
and film induces a maximum of reflection. In Fig. 4b,
the transmission maxima observed in a [500—1100 nm]
spectral range appear to fit closely the transmission
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Figure 4 UV/visible transmission spectra and optical microscope dark field images for multi-layer films of various thickness issued from sols
autoclaved at 200°C with: (a) ry, = 15, (b) ry = 30, and (¢) ry = 90. For transmission measurements, the films were deposited on PC, and their

spectra are compared with that of a bare PC substrate.

level measured for the bare substrate. Optical losses
in the visible range are therefore negligible. In a [400-
500 nm] range, the transmission losses remain weak
(about 1%). No transmission could be measured below
400 nm, because of the PC substrate absorption. The
corresponding image of Fig. 4b shows that the amount
of large particles is considerably reduced, compared
to the image of Fig. 4a. In particular, largest particles
of several tens of micrometers have completely disap-
peared. SEM observations of this film (not illustrated
here) depicted a homogeneous granular surface with a
grain size of about 100 nm. Such grains correspond to
aggregates of nanocrystallites. Aggregates presumably
result from a competition between electrostatic repul-
sion and Van der Waals forces within the sol. Similar ag-
gregates were observed for all the films deposited from

3950

sols autoclaved with r, > 15. Note that for r, = 0.8,
the optical transparency appeared very good and any
aggregation was not observed, but in that case, no crys-
tallization occured.

The optical transmission is also excellent for films
obtained at r, = 90 (Fig. 4c). In this case, the amount
of large particles appears even smaller than that de-
picted in Fig. 4b. A similar optical quality was also
obtained from a solution with ry, = 90 reconcentrated
twice (final Ctpr of 0.48 M instead of 0.24 M, sol
A7 in Table I). In summary, only 1 h ultrasonication
yielded very good optical films for sols autoclaved at
200°C with ry, > 30 and a pH between 1.35 and 1.5.
Let us recall that the film optical quality could be repro-
duced using the same solution over a period of several
months. For lower r, and temperature or greater pH, the



optical quality was less good after 1 hour ultrasonica-
tion. This was related to a greater amount of large grains
at the film surface. However, a good optical quality was
again obtained when increasing the ultrasonication du-
ration up to 6 h. This behavior agrees fairly well with
aforementioned sedimentation features. The presence
of large grains at the film surface is directly related
to the sol processing conditions. Since in acidic so-
lution, crystallization competes with the development
of Ti—O—Ti chains, these chains tend to link the crys-
tallites and favor the formation of aggregates, which
undergo sedimentation and affect the film optical qual-
ity. In adequate hydrolysis/peptization conditions, this
competitive mechanism is biased toward crystalliza-
tion, which reduces the agglomerate formation. Be-
sides, Ti—O—Ti chains can readily be broken after a
short ultrasonic treatment and crystallites are rapidly
de-agglomerated. Conversely, for lower ry, and tem-
peratures, as well as for greater pH, the sol-gel reaction
in autoclave is biased toward chain formation, which
promotes greater crystallite bonding. Consequently, a
longer ultrasonic treatment is necessary. Note that in ba-
sic conditions, large three-dimensional particles could
not be broken by ultrasonication. Therefore, acidic con-
ditions yielded a significant improvement compared
to films derived from basic sols, for which, in opti-
mized conditions, the optical losses were 1-2% in the
visible range and increased up to 5% below 500 nm
[17].

3.5. Film thickness and porosity

The good optical quality of films deposited from acidic
sols allowed us to reliably measure their thickness
and refractive index by ellipsometry. Fig. 5 shows the
film thickness and refractive index variations versus
the number of single-layers, for multi-layer films de-
posited from sols autoclaved at 130°C with ry, = 30
or 90 (sols A3 and A6). The film thickness monotoni-
cally increases with the number of single-layers, which
demonstrates a good control of the deposition condi-
tions. Fig. 5 also depicts a slight increase of the re-
fractive index, which suggests that the film density in-
creases with the number of single-layers. It might be
possible that, after each single layer deposition, part of
the liquid penetrates inter-granular pores of the previ-
ously deposited layer, allowing smallest crystallites to
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Figure 5 Thickness and refractive index versus single-layer number for
multi-layer films deposited from sols autoclaved at 130°C with (a) ry, =
30, and (b) rv = 90.

TABLE II Refractive index and porosity of films deposited from sols
autoclaved at 130 or 200°C with ry, = 30 or 90. The refractive in-
dex corresponds to the average value calculated from films with various
thickness (see text). The film porosity was estimated from the refractive
index value, using the Lorentz-Lorentz relationship

I'w T (°C) n (632 nm) P (vol%)
30 130 1.87 £0.07 29+4
30 200 1.70+0.04 39+3
90 130 1.96 £0.06 2444
90 200 1.85£0.05 30£3

fill in the pores. Fig. 5 also shows that films deposited
from a sol with r, = 90 exhibit a greater refractive
index (n = 1.96 + 0.06, depending on film thick-
ness) than films deposited from a sol with r, = 30
(n = 1.87 £ 0.07). Such an effect of r,, was also ob-
served for sols autoclaved at 200°C (Table II). In addi-
tion, Table II shows that films deposited from sols auto-
claved at higher temperature exhibit weaker refractive
index. For instance, a refractive index of 1.70 £ 0.04 or
1.85+£0.05 was measured for films deposited from a sol
autoclaved at 200°C with ry, = 30 or 90, respectively.
Reasons for such features have not been elucidated yet.
According to FTIR and TEM results, we can assume
that nearly pure TiO; films were deposited. In that case,
the film porosity can be fairly well estimated from
the refractive index value, using the Lorentz-Lorentz
relationship [26] and the bulk anatase refractive in-
dex (n ~2.50) [27]. For the aforementioned films, the
porosity was estimated to range between about 25 and
40 vol%, depending on film thickness and sol process-
ing conditions (Table II).

3.6. Photocatalytic properties

Our results indicate the possibility to deposit crys-
talline films at room temperature. Consequently, such
films could be deposited on PC substrates. The photo-
induced decomposition of malic acid was studied for
films of similar thickness (about 200 nm) deposited on
PC and silicon from a sol autoclaved at 200°C with
rw = 30 (Fig. 6). It appears that about 18 mol% of
malic acid is decomposed after 2 h UV-irradiation for
the film deposited on silicon. For the film on PC, the
photocatalytic activity is about 25% weaker. Such an
influence of the substrate was previously observed for
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Figure 6 Malic acid photocatalytic decomposition curves for 200 nm
thick films deposited on (a) silicon, and (b) PC substrate.
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Figure 7 Concentration of decomposed malic acid after 2 h UV-
irradiation versus film thickness. The films were deposited at room tem-
perature on Si from a sol autoclaved at 200°C with ry, = 30 (0), and on
Si (A) or PC (A) from a sol autoclaved at 130°C with ry, = 90.

films deposited from basic sols [17]. It was attributed to
multi-reflections of the UV radiation occurring within
films deposited on silicon, which favored the creation
of additional photo-induced electrons and holes. In the
present work, the lower activity observed on PC could
not be correlated with any sample degradation. In par-
ticular, no photocatalytic decomposition of the organic
support could be evidenced. It is therefore assumed
that, here again, the greater photoactivity on silicon
was due to optical effects. Fig. 7 shows the thickness
dependence of the photocatalytic activity for films de-
posited on silicon and PC from sols autoclaved at 130°C
(r = 90) or 200°C (ry = 30). Fig. 7 confirms that the
photoactivity of films deposited on PC is about 25%
weaker than that measured for films on silicon. From
Fig. 7, it also appears that the photocatalytic activity
continuously increases with the film thickness, mean-
ing that the inner part of films participates to malic
acid photodecomposition. This observation implies that
stronger catalytic activities can be reached for thicker
films. However, Fig. 7 shows that this photoactivity in-
creases more slowly than film thickness. For a true het-
erogeneous catalytic regime, the reaction rate is directly
proportional to the mass of catalyst [2], i.e., the pho-
toactivity should increase linearly with film thickness.
In addition, films deposited from the sol autoclaved at
130°C with ry, = 90 exhibited a stronger photoactivity
than films deposited from the sol autoclaved at 200°C
with ry, = 30. Since crystallization degrees, which de-
termine the photo-induced charge carrier generation in
TiO, grains, are similar for both sols, it is concluded
that differences illustrated in Fig. 7 are induced by an-
other factor. Let us recall that the volume porosity was
deduced to be around 25 and 40% for films deposited
from the sol autoclaved at 130°C with ry, = 90 and
the sol autoclaved at 200°C with ry, = 30, respectively.
The film porosity is another factor that could account
for thickness effects illustrated in Fig. 7. For a same
thickness, denser films are richer in TiO, particles than
porous ones, which would explain in part the stronger
photocatalytic activity of films deposited from the sol
autoclaved at 130°C with r,, = 90. Besides, liquid or
gaseous reactants adsorbed at the film surface might
be able to diffuse through the pores, inducing a greater
quantity of TiO; particles involved in the photocatalytic
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reaction. In that case, the reactant diffusion should be
favored by a greater porosity and, for a same thick-
ness, the photoactivity of more porous films should be
stronger than that of dense films. This assumption is
denied by variations illustrated in Fig. 7. On the other
hand, TiO; particles that are not directly in contact with
the matter to be photocatalytically decomposed might
be able to participate in the photocatalytic process, pro-
vided that an efficient transfer of charge carriers occurs
between particles [9]. A too high porosity could reduce
the intergranular transfer, thus limiting the photocat-
alytic activity of the film, which seems to be illustrated
in Fig. 7. The thickness dependence of photoactivity
might therefore be governed by an intergranular trans-
fer. In this case, the recombination of photoinduced
electron-hole pairs, occurring during migration from
the deeper layers toward the surface in contact with
matter to be decomposed, could in turn affect the pho-
tocatalytic activity. Such a recombination is known to
severely limit the efficiency of photocatalytic reactions
[2, 28]. An increase of the recombination probability
might explain the non-linear increase of photoactiv-
ity with increasing film thickness. The photoactivity of
densest films deposited at room temperature on silicon
from acidic sols (T = 130°C, ry, = 90) appeared to
be very close to this measured for sol-gel TiO, films
crystallized at high temperature [17, 29]. It can there-
fore be concluded that the crystallization degree ob-
tained through liquid phase sol-gel processing is com-
parable to that obtained after a high temperature film
treatment.

4. Conclusion

Crystalline TiO; films were deposited at room tem-
perature from sol-gel solutions peptized in acidic con-
ditions and subsequently autoclaved. It is shown that,
compared to basic sols, acidic sols can be processed
more flexibly in a wide range of experimental condi-
tions compatible with a deposition of crystalline films
of good optical quality. The formation of TiO, crystal-
lites depends on balanced hydrolysis/polycondensation
reaction kinetics, which requires in turn a sufficient
amount of water and suitable acidic pH. For ry, > 15,
crystallization was achieved in a pH range of [1.3-2.0],
for autoclaving temperatures between 100 and 200°C.
On the other hand, greater ry, and temperature values
and smaller pH values were observed to favor the de-
position of optical quality films. Good crystallization
degrees achieved from acidic sols promoted in turn the
deposition at room temperature of films with a high pho-
tocatalytic efficiency. Consequently, this study opens
the field to new applications involving the deposition
of photocatalytic films on thermally sensitive materials,
such as polymers [30].
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