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Mesoporous titania thin films with accessible porosity and anatase structure were synthesized on conductive

glass or silicon substrates. Ti K-edge XANES was used to assess Ti local coordination. Analysis of the
pre-edge region permitted accurate quantification of the degree of crystalline nature of the inorganic walls

upon thermal treatment. The substrate has a marked effect: film crystallization takes places at temperatures

100°C lower in the crystalline Si, with respect to conductive glass. Accordingly, remarkable photocatalytic
properties are found in well-crystallized mesoporous titania deposited onto conductive silicon.

Introduction efficient photocatalytic or photovoltaic performanéés'® Two

In the past decade, there has been a manifest interest ir]global strategies have been so far reported in order to obtain

A . - nanocrystalline walls: (a) thermal treatment to temperatures
nanocrystalline titania thin films. The photoelectronic properties higher than the amorphotss anatase transition (in the vicinity

of hanoanatase are interesting fqr environmental or cl_ean ENeTOYot 350-400°C); (b) use of preformed nanocrystalline particles
appllcatlons, such as |o_hot0\_/olta|cs and pho_tocataly5|s. C_ry_stal-as building blocks of the inorganic walls. The latter method
I!ne structure and parfucle size are res_pon3|ble for an efficient relies critically on the reproducible synthesis of nanoanatase
I|ght.—sem|conductor mteracﬂohln addmon., there IS aquest  qiidsisie A critical point of the first path is the control of
for high-surface-area coatings that can maximize the interactions o . o
between the oxide phase and the pollutants (in photocatal sis)the nucleation and growth processes taking place within the
P P P y inorganic walls upon thermal treatment and consequent crystal-

or thg electrqutes (in photovplta|c§). ngh-surface-area POTOUS yi7 ation. When crystal size exceeds wall thickness, the continu-
coatings derived from colloidal titania have been explored. ; .
ous mesoporous structure usually collapses, leading to a fragile

However, the pore distributions of these materials are difficult . . g .
to reproduce, are prone to be widely dispersed, and tend to bepacklng of nanocrystallites. The simplest strategy to control this

blocked by reaular-size molecules. such as. usual oraanic SSUe is to perform a slow thermal treatment up to temperatures
pollutants yTheg mechanical stabilit)’/ of these textural ;g)ore below or near the amorphous to anatase transition, which results

) o g9 b . g
systems is also an issue. Surfactant-templated mesoporous thif) contralled crystallizatiof“The “delayed rapid crystalliza

films are indeed an interesting choice, because of the possibilit tion” route relies in a short *flash” treatment at 50000 °C.
; . 9 ’ P . yThis method favors a nucleation burst of nanoanatase, followed
of reproducibly creating high-surface-area electrodes with

) - by a short growth period, resulting in smaller crystallite size.
continuous robust walls, and regular and accessible pore hil d | of the fil li h b
systemg~* Indeed, mesoporous thin films with well-defined While a good control of the film crystalline character can be
or anize.d ore ar,ra s constitute a uniaue chance to build aach|eved, the kinetics of this process is very sensitive to several
“ngnofacilitp” whereycontrolle d rocessgs can be carried out external factors, particularly temperature gradients and heat
. Y5 . p . . transfer, which makes it difficult to control. Alternatively, a
in utterly controlled cavities, which can be tailored at will in b ; b d within th id
terms of wall nature, cavity size, surface, and molecular carbonaceous coating can be created within the pores, to avol
modifications Tailorin, of these feé\tures is:adesired oal in the collapse of the mesostructufeThis procedure adds,

. ) 9ol o 9 however, further steps to the synthesis procedure.
catalysis and photocatalysis applicatiéns.

The possibility to synthesize mesoporous nanocrystalline th PreV|?u”§ thrks rely on Xt-r:ay dQ|ffrac:;F|on (XIRD) .tojéf%ugw
titania thin film$~2 has triggered in the past 3 years a growing W?\'(I:WS);}{ga' lon processf, ‘T' ; erl {SC%n {nu;)uﬂs]y orin-sitd- f
number of works dedicated to the optimization of conditions ne IS a poweriul tool to detect the presence o

leading to the production of functional titania thin films with nanocr_ystals and estimate prystalhte size, Its very nature
(detection of local crystallization events) is not appropriate to

give an accurate view of the behavior of the metal centers
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IUAQ-CAC-CNEA. in order to have a broad picture of the crystallization process,
DF, FCE, UNLP, and INIFTA, CONICET. related to the change in the environments of the metal centers,
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IINQUIMAE, Universidad de Buenos Aires. and to gain in quantitative character. Raman spectroscopy has
* CONICET Buenos Aires. been used to evaluate titania crystal structure and crystallite size;
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however, there are limitations in the assessment of the extentby dip coating at 2 mms withdrawing speed, under controlled
of crystallization!®2?°Due to its sensitivity to local symmetries  humidity conditions (RH 46:50%). As-prepared films were
around a specific absorbent atom, X-ray absorption near-edgesubmitted to successive 24-h treatments at 50% RH and 60,
spectroscopy (XANES) can fill this gap, by affording a 135, and 200°C to improve phase separation of the template
quantitative description of the different Ti(IV) environments and cross-linking of the inorganic netwdtk Thermal treatment
present in the different crystalline phases or even in amorphousof these stabilized coatings up to temperatures of-3lD °C
phases. was carried out in tubular ovens under still air, usirfCImin—!

In anatase the Ti atoms are six-coordinated to oxygen to form temperature ramps; samples were kept at these temperatures for
a distorted octahedron in such a way that the Ti site symmetry 2 h. Under these conditions, reproducibility and accessibility
group isDyq. Thus, the pre-edge Ti K XANES structure arises of the cubic pore systems are ensuted.

from a 1s to 3d dipole symmetry allowed transition. The final  Mesostructures were characterized by two-dimensional (2D)
eXC|ted. states are descrlbeq by a mixing of 4p and '3d orbitals small-angle X-ray scattering (SAXS) at the D11A-SAXS line
from Ti central atom and Ti higher shells, respectiv@y?> 4t the |aboratdo Nacional de Luz Sicrotron (LNLS), Campi-
This orbital mixing takes place only in noncentrosymmetric 55 Sp Brazil using = 1.608 A and a sampiedetector
environments, as in oxygen-defective Ti environments, Ti atoms distélnce, of 656 mm: image plates were used as detectors.
n no_nr_egular or amorpho_us_ er}vwonments, etc. As the degreeMea\surements were performed at normal ahdh8idence, in
.Of mixing depends on HTI d'S‘?‘”CeS' th‘? pre-edge peak order to determine the mesostructure type and orientation.
intensities are affected by the particular medium-range structure .

The X-ray absorption spectra were measured at the XAS

of the sample. Although the precise origin of the individual . .

contributions to this pre-edge structure for titanium oxides is beamline of the LNL.S' ).(ANES spectra at the T|_K-edge (4966

still under discussioA2425 empirical analyses have been eV) were re_cordeq in air at.roc.)m temperature in fluorescence

extensively used to gain information related to the coordination M0de- The intensityo of the incident photon beam was deter-
mined by an ionization chamber mounted before the sample,

geometry of Ti, cationic valence, and medium-range type s
ordering of the Ti-containing oxidéd:2627These analyses are and the fluorescence intensigfrom the sample was measured

based on the existing correlation between the normalized height2veraging the signal from 16 solid-state detectors. The spectra
and energy peak positions with the coordination number 8 Ti. ©f the samples were expressed k. All spectra were
Indeed, it has been established that the intensity of the pre-Calibrated using a Ti metallic foil obtained by measuring the
peaks increases as the central Ti atom site becomes mordntensitieslo andl, from the ionization phampers p_Iaced pefore
noncentrosymmetric due to the increase of the degree of orbitaland after the reference sample. The first point of inflection was
p—d mixing. A slightly different approach for a quantitave Uused to determine the energy edge absorption position. A Si(111)
analysis determining the different contributions from regular single crystal was used as monochromator and the vertical
or nonregular octahedral Ti environments can be successfullyaperture of entrance slits was fixed at 0.5 mm to obtain the
exploited31:32 we deconvolute the relative intensities of the desired energy resolution of about 1 eV at the Ti K-edge energy
individual electronic transitions giving rise to the pre-edge Vvalue.
features, as determined by Gruffeas an improved method for X-ray absorption data were analyzed using standard proce-
assessing Ti coordination, especially for distorted environments dures® a linear background was fit to the pre-edge region and
prevalent specifically in amorphous systems. This procedure isthen subtracted from the entire spectrum, and the jump of the
described in detail in the Experimental Section. spectrum was normalized to unity with the post-edge asymptotic

Because of this unique local sensitivity for chemically value. XANES fits using Gaussian curves for the pre-peaks (A1,
selective studies in particular on Ti oxide based compounds, A2, A3, and B) plus an extra peak that accounts for the edge
their structure, and electronics in nanostructured materials, rising are shown in Figure 3. All spectra were fitted in the pre-
XANES permits assessment of the role of different factors, such edge region (49684980 eV) as in previous studiésusing
as type of substrate, thickness, etc., on both structural andwinXAS33to obtain the relative intensity contribution from each
electronics characteristics of Ti sites in Tifdms. In this work, fitted Gaussian in each spectrum. Particularly, we use the energy
we show how XANES can be advantageously used to gatherpositions of transitions A2 and A3 and their combined area
information on the amorphotsnatase transition in mesoporous  relative to that of all pre-edge features as a measure of Ti 3d
titania films. Such an accurate assessment of these effects irhccupancy. As in the case of the overall pre-edge feature
the crystalline nature of the titania framework is central in the intensity and location, these relative peak areas can be related
design of efficient high-surface-area photocatalytic systems, empirically to Ti coordination numbers (see Characterization
which are useful for depollution processes. of Local Titania Structure by XANES under Results and
Discussion).

Wide-angle X-ray diffraction (WAXRD) patterns were ob-

Mesoporous titania thin films were prepared under controlled tained with a Siemens D5000 apparatus (INQUIMAE, UBA),
deposition conditions (withdrawal spe€f, relative humidity Py performing a low-angle-incidendgscan on the fixed film
(RH)), as previously reportetlnitial solutions were prepared sample; the incidence angle was optimized in order to minimize
by mixing TiCls in ethanol. Nonionic triblock copolymer the substrate signal. Scherrer analysis to estimate the crystallite
Pluronic F127 [(EQbhgPOYo(EO)10d and Brij 58 [(EO}¢CieHs3] size evolution was carried out on the (101) anatase peald, at 2
were used as structure-directing agents; the same mass of= 25.4. TEM images were collected using a Philips EM 301
template (0.675 g) was added to every 0.01 mol of Ti(IV). Water transmission electron microscope (CMA, Universidad de Buenos
was added under stirring. The final molar ratio in solution was Aires, Argentina) operated at 65 kV. Samples were obtained
Ti:H,O:EtOH = 1:10:40. Clean conductive indium tin oxide by scratching the films from the substrate and depositing them
(ITO, Delta Technologies), fluoride-doped tin oxide (FTO), and on carbon-coated copper grids. Field-emission scanning electron
low-resistivity silicon wafers (n-type doped Si:As=5 x 102 microscopy (SEM) and variable-angle ellipsometry were used
Q cm, Crysteco) were used as substrates. Films were producedo assess film thickness. The reported synthesis conditions for

Experimental Section
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standard thin films lead to a film thickness of 150 nm after
heating treatments. a

The photodegradation of salicylate (a model pollutant) was
selected because of the reproducibility and availability of
comparative datét3>Experiments were performed under bias,
in a 3.2 mL three-electrode electrochemical cell using a
homemade potentiostat. The setup design and procedure wer:
extensively described in previous woc® Each experiment
started recording a control voltammogram of the Ffm in
the dark (0.1 mol dm? NaCIlQy, pH 3, N saturated), after which
the electrode was polarized 40.60 V (vs saturated calomel
electrode). The system was subsequently illuminated for 90 s,
the photocurrent intensity was registered and the optics were
adjusted to get maximum photocurrent output. A voltammogram
under illumination was then recorded betweed.55 and 0.9
V, at 50 mV/s using the chopped output of the lamp (Osram
XBO high-pressure xenon lamp illuminating the electrode
between 325 and 850 nm to avoid warming by NIR absorption
and direct photolysis).

After checking and optimizing the system, the NaglO
aqueous solution was replaced by a Nagd6lution containing
104 M sodium salicylate (pH 3), and an oxygen flow of 20
mL/min was maintained into the solution. After obtaining a ]
reproducible voltammogram in the dark, the electrode was i T
biased at+0.6 V and illuminated again during a tiniewhen Figure 1. TEM images of F127-templated mesoporous titania films:
a sample of the solution was taken. The concentration of (a) ITO-supported, treated at 30C; (b) ITO-supported, treated at
salicylate in the solution at timewas measured by the intensity  400°C; (c) Si-supported, treated at 30Q; (d) Si-supported, treated
of the band centered at 296 nm in the Ywis spectrum. Once  at 350°C.
the experiment was completed, a new control voltammogram
was run to confirm that the film remained intact during the
overall process.

Results and Discussion

Sample Characterization.Mesoporous titania films samples
produced using Pluronics F127 or Brij 58 templates were labeled
TF-X or TB-X, respectively. “X” denotes the substrate: “S”
for silicon, “F” for FTO, and “I” for ITO. Film deposition was
followed by a stabilization posttreatment, to obtain robust
samples with reproducible porosity and accessibility. Conductive
glass or crystalline silicon were used as substrates. In all cases
studied here, a mesostructure derived from a [110] oriented
Im3m mesophase, uniaxially distorted in theaxis, was
obtained, as assessed by SA¥SIn the explored conditions, . . ; .
slow 1 °C min! heating ramps were used and samples were 4970 4980 5010 5040
held far 2 h totemperatures between 250 and 480 All films Energy (eV)
treated atT < 350 °C presented ordered mesostructures; no Figure 2. Pre-edge region (left) and complete XANES spectra (right)
appreciable crystalline character was observed by WAXRD or of mesoporous films F127/Si measured in air at room temperature and
TEM/selected-area electron diffraction (SAED). Films deposited Pretreated at 300 (@) and 40 (b). Spectra corresponding to
on glass substrates retained highly organized porosity accordingglrgg ri[:r)]I;?uuds(;I(;k%r'l' é%éfgégggrt]ase (d), rutile (e), and brookite (f) are
to SAXS and TEM until 450°C, as shown in Figure 1. No '
appreciable crystalline character was detected by WAXRD in Scherrer method ranges from 7 to 8.5 nm for Si-supported titania
any sample deposited on plain or conductive glass and treatedreated from 350 to 450C, in agreement with previous work.
until 450 °C, suggesting that the crystallinity is low, and the Coincident with the appearance of anatase, an increasing
samples can be considered to be mostly amorphous. Anataselisorder in the mesostructure can be observed in the TEM
crystallites are detected by WAXRD in glass-supported samples pictures, which can be attributed to rearrangements in the pore
after thermal treatments @t> 500 °C for times longer than 1 walls, due to the confined growth of the nanocrysta®BAXS
h. In those conditions, the mesostructure is practically collapsed patterns show a high degree of uniaxial contraction along
after longer treatments. TEM images of the samples depositedtemperature, as is normally observed in this kind of systeéin.
on Si substrates and treated at temperatures higher thaiC350 Characterization of Local Titania Structure by XANES.
show the emergence of denser walls, corresponding to anatasd@he XANES technique offers a detailed and quantitative picture
crystallites, as assessed by electron diffraction. Accordingly, of the local structure around Ti atoms. Figure 2 shows the Ti K
anatase peaks are found in the WAXRD patterns of Si-supportedXANES spectra for 150 nm thick Ti®Dmesoporous thin film
samples, collected at fixed grazing incidence, in good agreementsamples deposited on Si (TF-S), treated at 300 and®@0shd
with previous workt8-10 Crystallite size estimated by the measured at room temperature, and the XANES spectra for
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Figure 3. Pre-edge Ti K XANES region for anatase BiOThe 400, and 450C in air (labels 2, 3, 4, 5, and 6, respectively). Spectra

experimental data are indicated with open circles. The different Gaussian/@2€led as 1 and 7 correspond to amorphous-like; Bi@ crystalline
fits of pre-peaks are labeled as A = 1-3) and B. An additional anatase Ti@ respectively.
peak at higher energy was also included just to account for the edge

rising. the same deposition and treatment methods and template-free
precursor solutions (see Supporting Information).
reference compounds: amorphous-like Fiénatase, rutile, and High-energy resolution allows distinguishing four peéR&°

brookite. A completely amorphous TiQeference compound  at the Ti K-pre-edge region for anatase (A1, A2, A3, and B,
was obtained according to synthesis procedures describeda? appears as a shoulder at the low-energy side of A3, see
elsewheré® From the comparison of spectra in the pre- and Figure 3). Thus, the qualitative information readily visible from
post-edge regions with the reference spectra, it can be concludedhe spectra in Figure 4 can be quantitatively established by
that the phase transition, when it occurs, leads to an anataseadjusting the positions and areas of these four p&aksThe
like phase. pre-edge region was fitted to four Gaussian curves Al, A2, A3,
As shown in Figure 2 (left), the Ti K XANES pre-edge region and B plus an extra peak C that accounts for the edge rising
is particularly suited to assess changes in the local Ti coordina-(see Figure 3).
tion associated with different postsynthesis treatmé&s. Previous works reported that, as the Fi@natase particle
Titanium dioxide, particularly anatase, is a material extensively sjze decreases, the contribution of the peaks at the pre-edge
studied theoretically and experimentally by XANES!3945 region increases (peaks A2 and A3 in Figuré3§:5°This was
The four pre-peaks in anatase phase (see Figure 3), labeled afterpreted as due to the large fraction of Ti atoms at the, TiO
Al, A2, A3, and B, correspond to transitions of the core electron nanoparticle surface, indicating an increasing distortion from
to Ti 3d4p4s hybridized states. The Al pre-peakis due tg at the octahedral TiQunit. Conversely to Tiin a crystalline anatase
bandlike state, whereas A2 and A3 are the results frgm e environment, a distort@® or defectivé® Ti environment is
bandlike states. Thedand g states represent the components expected in TiQ with poor crystallinity. Thus, the higher pre-
of the crystal field split Ti 3d atomic orbitals (AOs) which are  peak intensity because of the higher orbital mixing between Ti
shifted relative to each other in energy as a result of the and O (as was previously described in this section at the
octahedral oxygen surrounding of titanidft’ The pre-peak  peginning) and/or the lower local coordination (pentacoordinated
Al feature mainly originates from the first shell of four Ti  Tijrespect to six-fold Ti in crystalline anatase) in Ti K XANES
neighbors at 3.04 A, whereas the intensity of pre-peaks A2 and spectrum is representative of the low crystalline order with
A3 is assigned to the transitions due to the second set of Tirespect to the existing order in the crystalline anataseone.
neighbors at 3.78 A The Ti 3d AOs influence each other via Thenl we propose the measurement of the relative amount of
hybridization with the oxygen orbital located in between. Ti with the same local Symme[ry defined by the six oxygen
Transition B has a predominantly Ti 4p character hybridized near neighbors as in crystalline Ti@natase by the measurement
with the Ti 4s and/or O 2p orbitas. Pre-peaks C1 and C2  of the “local anatase character”. Thus this local character can
represent transitions of the core electron toward O 2p statespe obtained by the fitting of the relative intensity of the middle
that are hybrldlzed with Ti 4p states, and D can be attributed to peaks A2 and A3, with respect to the area of the pre_edge region
higher lying p AOs®® at the Ti K-XANES spectra of the samples. A parameter,
Figure 4 shows the Ti K XANES pre-edge region for 150 can be conveniently defined as the sum of A2 and A3 peak
nm thick TF samples after thermal treatment in still air and intensities divided by the total peak ar@g whereAr is the
amorphous-like TiQand anatase Tigspectra for comparison  sum of Al, A2, A3, and B peaks from the crystalline anatase
(spectra 1 and 7, respectively). Samples deposited on ITO (TF-used as standard. = (A2 + A3)/Ar. In this way,L is the
I, Figure 4a) present very slight changes in the spectrum, andnumerical weight, through the pre-peak intensity measurements,
the samples can be considered essentially amorphous afteof Ti in defective, less coordinated Ti environments than in
thermal treatment. The same phenomenon is observed on glassrystalline anatase; it indicates the degree of local resemblance
and FTO substrates, for TB and TF samples. On the other handof Ti in the samples with respect to Ti in crystalline anatase at
Si-supported films show a sharp change in the peak features the first environment of Ti atoms. Thevalue can be calculated
which can be attributed to an amorphous to anatase transition,for crystalline anatase and amorphous Fi@&fining in this way
between the treatments at 30850 °C. Essentially the same the reference values for the corresponding compounds (see
results are observed in nonmesoporous thin films prepared usingdotted horizontal lines in Figure 5) to have a direct and
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Figure 5. (top) L values for 150 nm thick TF samples supported on
ITO (a) and Si (b). The upper horizontal dashed line corresponds to
the L value for amorphous-like Ti§) and the lower one corresponds
to that obtained for crystalline reference anatase.Ti@ttom) Fraction

of crystalline anatase obtained frdnparameter for samples supported
on ITO (with relative errors lower than 2%) and Si (with relative errors
lower than 10%) substrates are shown in (c) and (d), respectively.

300 400 500

guantitative comparison between the Ti environment in the
samples and in those reference compounds.

The determination of thd. values for amorphous and
crystalline anatase titania and the interpolation of a linear
relationship for this parameter in the samples permit assessmen
of the degree of Ti in an anatase crystalline environment.
Reference samples related to two extreme reference compound
were used. The 100% amorphous Ti€andard was obtained
following the procedures indicated by Fernandez-Gegtal.26
a crystalline anatase Tideference compound was taken as a
100% crystallinity reference. It is possible then to calibrate a
crystalline-anatase-like local environment fractiap, by simple
interpolation of the characteristic parameter value obtained

Angelomeet al.

held responsible for the formation of crystalline titania by
Ostwald ripening of nanoparticlég.

Figure 5 shows thé values for 150 nm thick TF samples
supported on ITO and Si, and the corresponding fraction of
crystalline anatase T#Oon these films. The amorphous to
anatase transition is deeply affected by the substrate. A well-
defined transition is observed between the 300 and 50
treatments for the Si-supported films. Thealues of the glass-
supported samples are closer to the values expected for
amorphous titania, and a slow increase of the crystalline
character upon thermal treatment can be observed. This evolu-
tion is indeed incomplete in the conditions explored. The
evolution to anatase seems to be also dependent on film
thickness. Thicker mesoporous TF and TB films (400 nm, see
Supporting Information) exhibit the same trend observed in
Figure 5. However, the evolution to anatase on Si-supported
films takes place between 350 and 4800. The difference
between these two cases can be attributed to preferential
nucleation at the film interfaces; thicker films evolve to
crystalline materials in a slower fashion. Experiments are in
progress to shed light on this.

After thermal treatments, the crystalline fraction in glass-
supported films never exceeds 50%. It is interesting to notice
that all glass-supported systems have not presented crystalline
character by XRD until thermal treatment at 50D for more
than 60 min (Supporting Information). XANES seems to be
more sensitive than XRD in order to determine small “anatase-
like” clusters. On the other hand, for Si-supported samples
treated afl > 300°C, the crystalline character quickly reaches
90% (Figure 5c,d). It is evident from this and Figure 5a,b that
the amorphous to anatase transition on silica is sharper than on
any glass substrate. The slow growth of the titania crystallites
for the TF-I samples can be attributed to the kinetic stabilization
of an amorphous titania, due to migration of Nand S#*
cations to the film. This process can lead to the formation of

lasslike domains between the anatase nuclei detected by

ANES on the titania surface. This glasslike “shell” located
ground the nanocrystals prevents the transport and rearrangement
of Ti(IV) cations into larger crystalline units.

Photocatalytic Activity. The substrate dependence on crys-
tallization found here is extremely important for the design of
photoactive substratdilm electrodes, whether in photocatalysis
or in photovoltaic devices such as photoelectrochemical ¥ells.

It has been previously observed that titania films deposited on

for these standards, assuming linear behavior of the absorptionglass substrates present typically lower crystalline character and

in the pre-edge region. The degree of Ti with local environment
as in crystalline anatasean, was thus determined for each
sample, by using the adjusted linear relationship betvizesmd

Xan: L = 0.31— 0-15(An-

The quantitative XANES analysis presented here permits
assignment of the proportion of Ti in an anatase-type environ-
ment to low-temperature-treated titania samples that are clas-
sified as amorphous by routine XRD. It is interesting to note
that the chloride synthesis route followed in this work seems
to lead to samples with a small albeit noticeable crystalline
character at 206250 °C, for films deposited on all substrates.
This behavior might be related to the high chloride contents of
the precursor solutions, and in the initial stages of film treatment.
It has been reported that titania nanoclusters (i.e., presenting

thus poorer yields for conversion of light:>* This can be
attributed to several factors: (a) an influence of the crystalline
character of the substrate (epitaxy effect), (b) electioole
recombination sites due to migration of substrate components
to the thin film; (c) lack of crystalline character due to the
migration of cations from the substrate to the film.
Photoelectrocatalysis, i.e., photocatalysis under bias, provides
a reproducible method for testing the activity of films in the
photodegradation of organic compourfdshis is due to the
higher band bending produced at positive potentials that
minimizes electrorrhole recombination at the solid electrolyte
interface?® In addition, the method allows a direct measurement
of photocatalytic activity without extra manipulation of the films,
in relatively short times, which ensures minimum changes of

local order) are the actual precursors of the inorganic Walls. the surface by a coupled process, such as photocorrosion.

The presence of chloride during consolidation treatments at

The photocatalytic performance under bias of the 150 nm

moderate temperatures might help rearrangement of these initialthick TF films deposited onto Si or ITO is summarized in Figure
titania nanobuilding blocks into ordered structures, which can 6, where the photodegradation of salicylate measured in situ is
resemble local crystalline order. Concentrated chloride has beenexpressed as the ratio of the absorbance at 296 nm atttime
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Figure 6. Photoelectrocatalytic performance of mesoporous titania thin films deposited on different substrates. Evolution of the relative absorbance
of salycilic acid for TF samples supported on Si (a, left) and on ITO (b, right), and treated at different temperatures.
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Figure 7. Photocurrentvoltage curves obtained for TF-S films treated at 300 (a) and®@5®). The signal modulation observed is a consequence
of dark—light cycles. The red envelope curves are a guide for the eye.

and the accessible surface area available with mesoporous
nanoanatase. Experiments are in progress to systematically study
these issues, which will be presented in further work.

and initial conditions, i.e.t = 0 (A/Ao). Degradation of the
organic molecule, defined as PD% 100(1— (A/Ag)), is low
on the silicon or ITO substrates (PD%12% for Si, estimated
as <5% for ITO). For silicon-supported films, a slight photo- The preceding experiments demonstrate the importance of
degradation (PD% 40%) takes place in the films treatedTat the substrate nature in anatase crystallization and photocatalysis
< 350°C, where the anatase fraction is less than 30% (Figure performance. So far, two features can be identified: the effect
6a). A significant photocatalytic efficiency is observed {85  of the substrate in the crystallization process and the effect of
90% PD% within 60 min irradiation) when films present ca. the substrate itself in the photocatalytic activity.

90% of anatase nanocrystallites. It is well-known that crystalline substrates favor the crystal-
Figure 6b shows the photocatalytic performance of glass- lization of deposited thin films upon thermal treatment. Fast
supported mesoporous titania films. In these samples, theanatase crystallization has been observed in mesoporous titania
degradation is notoriously smaller compared to the Si-supportedfilms deposited on silicon (111), platinum, or quartz substrates,

films, in agreement with trends previously found with methylene in very good agreement with our work. Although no specific
blue over mesoporous titania filmhs13p epitaxial effects have been reported, a monocrystalline substrate
A comparison of the photocurrent voltage curves obtained seems to lead to larger anatase crystallites than a polycrystalline
by irradiating 150 nm thick TF-S films treated at 300 and 450 one; this was attributed to an easier heterogeneous nucleation
°C is shown in parts a and b, resepectively, of Figure 7. The of nanoanatase on a crystalline surfatét is interesting to
shape of the photocurrent voltammogram obtained for the film remark that the reported studies about production of crystalline
treated at 300C is characteristic of an amorphous matetfal;  mesoporous titania films from molecular precursors mostly refer
the photovoltammogram of the high-temperature-treated film to Si-deposited samplé$:11This is also true for the first studies
is attributable to a well-crystallized anatase electrddé.On dealing with the crystallization mechanisms, where a discrep-
the other hand, the maximum value of the photocurrent density ancy can be found in the stages of the nucleatigrowth
is 4 times higher in the film treated at 48C than in the one process; however, a fast and efficient crystallization process was
treated at 300C. This difference agrees with the analysis of always found and accurately followed by XRB'8On the other
XANES spectra and WAXRD. hand, many works report the correlation between diffusion of
The photoelectrochemical response of the films treated to Na™ cations from the glass substrate to the film, low titania
intermediate temperatures is governed by opposing effects, e.g.crystallinity, and poor photocatalytic performar®€dhis process
pore size increasing and surface area decreasing with increasingeems to be responsible for the lack of crystalline character of
temperaturé! The performance of the Si-supported films treated the glass-supported films, and the resulting low photocatalytic
at T > 350 °C compares well with highly crystalline titania  activity. The presence of other cations stabilizes the amorphous
films produced by deposition of clear sols prepared from an titania framework at the interface with the substrate, hindering
alcoholic sot-gel route and treated at 40Q .58 This efficiency the growth of anatase nuclei. This effect can in principle be
is due to the combination of the highly crystalline character avoided by treating the glass substrate prior to thin film
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100 - synthesis conditions, nucleation should not be an obstacle for
90 | CQ crystallization, and growth should be the limiting step. The
80 L o) substrate has a marked effect in film crystallization upon thermal
treatment: significant anatase formation takes place at temper-
70 atures 106-150°C lower for films deposited on crystalline Si,
60 | compared to those made on conductive glass. This can be
i 50 L explained on the basis of migration of highly mobile cations
o 0 from the glass substrate to the mesoporous film: an amorphous
40 r Nat-containing titania phase is formed, which prevents growth
30 - c . of anatase nanocrystals. These amorphous domains might also
20 | - o P o occlude titania surface active sites. Both effects lead to a poor
10 L e ®TF-l OTF-S performance of the mesoporous titania deposited on conductive
glass substrates. Excellent photocatalytic properties are found
0 : : ! ' in well-crystallized mesoporous titania deposited onto conduc-
0 20 40 60 80 100 tive silicon. The combination of a powerful spectroscopic
anatase fraction x 100 technique with structural analysis and photocatalytic behavior

Figure 8. Correlation between the salicylate photodegradation (PD%) Presented here leads to a better understanding of the processes
and the anatase fraction determined from XANES for 150 nm thick needed to obtain porous robust photovoltaic or photocatalytic
F127-templated titania thin films, deposited onto S) or ITO (@) devices based on robust high-surface-area nanocrystalline
substrates. Dotted lines are a guide for the eye. oxides.
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