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In this report we investigate the behavior of nanosize Ti-W
mixed oxides with anatase structure in the photoelimination of
toluene using sunlight-type excitation. These systems were pre-
pared by a microemulsion method and their physicochemical prop-
erties characterized by a multitechnique approach using X-ray
diffraction and photoelectron spectroscopy, as well as Raman, in-
frared and UV-vis spectroscopies. The preparation method al-
lows the incorporation of up to ca. 20 at.% of W in substitu-
tional positions of the anatase network. The photoactivity of the
substitutionally disordered Ti-W mixed oxides grows in paral-
lel with the W content of the material and improves the perfor-
mance of a single anatase sample prepared in a similar way and
also that of the Degussa P25 material. The chemical/physical ba-
sis of such behavior is discussed in light of the characterization
results. (© 2002 Elsevier Science (USA)

Key Words: photocatalysis; binary mixed oxides; anatase; Ti-W
mixed oxides; visible light absorption; pollutant and toluene miner-
alization and degradation.

INTRODUCTION

Photocatalytic destruction of organic pollutants in the
presence of TiO, appears to be a viable decontamination
process of widespread application, no matter the state (gas
or liquid) or chemical nature of the process target (1, 2).
However, its technological application seems limited by
several factors, the most restrictive of which is the need
for an ultraviolet (UV) excitation source. The efficient use
of solar light, or in other words light from the visible region
of the spectrum, may then appear to be an appealing chal-
lenge for developing the future generation of photocatalytic
materials.

The study of TiO, doping at low concentrations, e.g., be-
low a few atomic percent, is not new and wide surveys
of Ti-M mixed oxide photoreactivity using UV light have
been reported (see, for example, Ref. (3)). Also, recently
Li, V, and Cr substitutional doping of TiO, anatase was
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shown to yield materials able to absorb visible light and
having good/enhanced activity for phenol (4) or NO, pho-
toelimination (5, 6). Theoretical analysis of substitutional
doping shows, however, that the threshold energy of ra-
diation absorption decreases with increasing dopant con-
centration; in fact, for a random distribution of substitu-
tional acceptors/donors of charge dopants, a gaussianlike
density of states appears at the upper/lower part of the va-
lence/conduction band (7). The corresponding density of
states is directly proportional to the dopant concentration,
thus giving a clear tool for managing visible light absorption.
Nevertheless, high doping concentrations may have detri-
mental effects because tunneling between trapped charge
carriers makes a significant contribution to (charge) recom-
bination, so that the photocatalytic rate constant typically
decreases with the shortening of the electron-hole pair dis-
tance, e.g., with a growing level of dopant (8).

We recently explored the doping of the anatase struc-
ture using high concentrations of nine different dopants and
showed that W can be one of the best options for toluene
photodegradation using sunlight-type excitation (9). In that
case, a microemulsion preparation method was used since
it facilitates, as much as possible, the homogeneity of chem-
ical composition at a nanoscale level as well as the produc-
tion of particles with a narrow size distribution (10). Nano-
size materials can have enhanced photochemical properties
with respect to bulk specimens because they minimize band
bending, facilitating the presence of both types of charge
carriers (electron and holes) at the surface of titania (n-type
conductor), being thus readily available for both reductive
and oxidizing steps of the photocatalytic process (11, 12).

In this work we study the influence of the doping level
of W on the photoactivity of nanosize anatase-type sam-
ples for the mineralization of toluene. The study is intended
to give a picture of the physicochemical characteristics of
the materials and the influence of such parameters on the
mentioned reaction, paying particular attention to the high
load region of doping. It will be shown that our careful
preparation method allows insertion of up to ca. 20 at.%
of W in substitutional positions of the anatase structure. To
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assist in interpreting the photocatalytic behavior of these
highly loaded samples, reference systems consisting of W
low-loaded and W-deposited specimens were also analyzed.
Toluene photoactivation was chosen to test activity, as it is
thought to be an important constituent of anthropogenic
emissions in urban atmospheres. Additionally, its photoox-
idation is a very demanding reaction and thus constitutes a
tough chemical test of the potential of the Ti-W systems in
the photoelimination of organic pollutants.

EXPERIMENTAL PROCEDURE

Mixed Oxide Synthesis and Characterization

Materials were prepared by addition of Ti tetraiso-
propoxide to an inverse emulsion containing an aqueous
solution (0.5 M) of ammonium tungsten oxide dispersed in
n-heptane, using Triton X-100 (Aldrich) as surfactant and
hexanol as cosurfactant. The resulting mixture was stirred
for 24 h, centrifuged, decanted, rinsed with methanol, and
calcined under air for 2 h at 723 K. Ti:W composition
was analyzed by using inductively coupled plasma and
atomic absorption (ICP-AAS) and the W atomic percent-
age present in the sample was used to label them (see
Table 1). Reference samples were produced by deposition—
precipitation of W (by slow addition of acetic acid to a
reverse microemulsion containing the above-mentioned
tungsten salt) over TiO, (prepared by microemulsion in
a previous step) and are denoted as Wxx TiO,, where xx
describes the weight percentage of W as WO3. The BET
surface areas were measured by nitrogen physisorption
(Micromeritics ASAP 2010). Particle sizes were measured
with XRD using the Scherrer equation and validated in
key cases with transmission electron microscopy. Lattice
parameters were calculated by fitting using Pearson
VII functions and the Winfit! Program (© S. Kumm;
http//www.geol.unerlangen.de). XRD profiles were ob-
tained with a Seifert diffractometer using Ni-filtered Cu K,

TABLE 1

Main Characterization Results of Ti-W Mixed Oxide
and Reference Samples

W atomic BET surface area Crystal size

Sample percentage? (m?g1) (nm)
TiO, — 106 8.5
WO; — 4 28
W27 27 81 -
W19 19 122 5.0
W14 14 108 8.5
Ww0.9 0.9 75 10
W 3.4 TiO, 1.2 51 12

“ Cation basis (100 x W/(W +Ti)) by ICP-AAS.
> Not measurable by XRD with confidence.

radiation. Samples for transmission electron microscopy
(TEM) were prepared by crushing them in an agate mortar,
dispersing them in isobutanol, and depositing them on per-
forated carbon films supported on copper grids. TEM data
were obtained on a JEOL 2000 FX II system (with 3.1-A
point resolution) equipped with a LINK probe for energy-
dispersive spectroscopy (EDS) analysis. UV-visible diffuse
reflectance spectroscopy experiments were performed
with a Shimadzu UV2100 apparatus and Raman data were
acquired using a Bruker RFS-100 FT-Raman spectrometer.

Photoelectron spectra were recorded with a Leybold—
Heraeus spectrometer equipped with an EA-200 hemi-
spherical electron multichannel analyzer (from Specs) and
a 120-W, 30-mA, Al K« (1486.6 eV) X-ray source. A Pen-
tium IIT PC was used for controlling the instrument and
recording the spectra. The powder samples (200 mg) were
slightly pressed into small (4 x 4 mm?) pellets and then
mounted on a sample rod and introduced into the pretreat-
ment chamber, where they were outgassed at 423 K for 1 h,
until a pressure below 2 x 1078 Torr (1 Torr = 133.33 N/m?)
was achieved; they were then moved into the ion-pumped
analysis chamber, where they were further outgassed un-
til a pressure below 2 x 10~ Torr was attained (2-3 h).
The C1s signal at 284.6 eV was used as reference for
peak energy calibration. The W 4f peak overlaps with the
Ti 3p3/» one; the corresponding spectral region was then
fitted using the UNIFIT. 2 program (13), as formed by
a doublet (with relative intensity and spin-orbit coupling
constant fixed to the WOs3 values) and a singlet (for Ti
3ps,2). Ti-related corrections correspond to 5-10% of the
intensity except in the W 0.9 case, where the area cal-
culated for the W contribution can only be considered
indicative.

Photoreactivity Measurements

Activity and selectivity for the gas-phase photooxidation
of toluene were tested in a continuous-flow annular pho-
toreactor (described in Ref. (12)) containing ca. 100 mg of
photocatalyst as a thin layer coating on a pyrex tube. The
reacting mixture (100 ml/min) was prepared by injecting
toluene (Panreac, Spectroscopic grade) into a wet oxygen
flow before insertion at room temperature into the pho-
toreactor. After flowing the mixture for 1 h (control test)
in the dark, the catalyst was irradiated by four fluorescent
daylight lamps (6W, Sylvania F6W/D) with a radiation spec-
trum emulating sunlight (UV content of 3%), symmetri-
cally positioned outside the photoreactor. Reaction rates
were taken in (vide supra) steady-state conditions, typically
3 to 4 h after starting irradiation. No change in activity was
detected for all samples within the next 6 h. The concen-
tration of reactants and products was analyzed using an on-
line gas chromatograph (HP G1800C) equipped with a HPS
capillary column (0.25-mm. I.D. x 30 m) and an electron
ionization detector.
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Fourier Transform Infrared (FTIR) Measurements

For the infrared (IR) experiments, a Nicolet SZDX-FTIR
spectrometer equipped with a MCT detector (4-cm™! reso-
lution) was used. The samples were pressed into thin wafers
(15 mg/cm?) and placed in an IR Pyrex cell equipped with
NaCl windows and greaseless stopcocks. The cell could be
evacuated by connecting to a conventional vacuum line
(residual pressure: 1 x 10~* Torr). For irradiating the wafer,
the IR cell was introduced into an apparatus (lamp type and
geometrical setup) similar to that used for performing the
photoreactivity tests.

The IR spectra of two different samples (TiO,, pre-
pared by microemulsion, and W 19) were recorded after
the following treatments performed at room temperature:
(i) evacuation for 2 h; (ii) dosing of 5 Torr of toluene (Pan-
reac, Spectroscopic grade; distilled in vacuum before use)
into the IR cell and subsequent introduction of 50 Torr of
oxygen; (iii) irradiation for 1 h; and (iv) evacuation of the
sample for 15 min.

RESULTS

In Table 1 we report the main characteristics of the ma-
terials synthesized; the microemulsion method is able to
obtain Ti-W mixed oxides after 723 K calcination with sur-
face areas ca. 75-125 m? g~! and with particle sizes ranging
from 5 to 12 nm. As mentioned, particle size was estimated

m i w7

w19

. w14
S
L

- wo.9
Q
o

W 34T,
Tio,
. T , T , T . T , T .
20 30 40 50 60 70 80
29 (degrees)
FIG.1. XRD spectra of Ti-W specimens and references. *, WO3 peaks.

from XRD (Table 1, Fig. 1) and confirmed by using TEM
(see, for example, Fig. 2). The TEM image also illustrates
the precise control of particle size (narrow size distribution)
obtained upon employment of the microemulsion prepara-
tion method.

X-ray diffraction (Fig. 1) and Raman spectroscopy
(Fig. 3) of the systems give evidence that all samples contain
titania in an anatase-type structure, with the crystallinity of
the material decreasing with the W content. No significant

FIG. 2. Bright-field TEM image of the W 19 sample.
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FIG. 3. Raman spectra (A) and detail (B) of Ti-W specimens. (Solid

line) Calcined samples; (dashed line) postreaction samples.

differences are encountered from XRD results concerning
postreaction specimens (not shown). Cell parameters and
volume are summarized in Table 2. The TiO, XRD results
are in good agreement with literature reports (JCPDS-84-
1286 (14)) and show that the presence of W mainly produces
a decrease in ¢ parameter and cell volume. The absence of

TABLE 2

XRD-Derived Anatase-Type Lattice Parameters of Reference
TiO; and Ti-W Samples

Cell parameters (A)

Sample a=b c Cell volume (A3)
W19 3.7906 +0.0022 9.274 £0.007 133.25
W14 3.7842 +0.0007 9.468 £ 0.003 135.6
Wwo0.9 3.7804 £+ 0.0006 9.512 £0.003 136.0
TiO, 3.7830 £ 0.0008 9.511 £0.001 136.1
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FIG.4. FWHM and peak position of the £, Raman mode of the
anatase-type structure present in Ti-W and reference samples. (Squares)
Calcined samples; (triangles) postreaction samples. (Closed symbols)
FWHM; (open symbols) energy position. (Dashed lines) Used only as
a reference guide for the aids.

well-developed, bulklike hereto-atom single-oxide phases
was confirmed using both techniques, with the exception
of the W 27 case, where a mixture of orthorhombic WO;
(3.9% weight) and a Ti-containing anatase-type structure
was obtained. This weight percentage was estimated after
recording XRD spectra of physical mixtures of the W 27
material and the orthorhombic WOj single oxide prepared
by microemulsion (which displays an average particle size
similar to that present in the mentioned sample, according
to XRD results). Analysis of the FWHM and energy po-
sition of the E, anatase Raman mode as a function of the
W at.% present in the materials is depicted in Fig. 4. The
figure gives evidence of the presence of a break point in
both observables for a W content around 15 at.%.

Surface characteristics of the Ti-W samples were fol-
lowed by using the Raman band at ca. 970 cm~!, corre-
sponding to W=0 bond stretching (15), which suggests that
materials with a 14-19 at.% level of doping have surface
wolframyl moities (Fig. 3B). Notice that this (W=0O) stretch
displays a different frequency in the Ti-W and W-supported
specimens. No other W species is detected for these sam-
ples; however, an additional Raman band at 807 cm™! ap-
pears on the W 27 spectra. This contribution is character-
istic of the W=0 bond stretching of well-developed WO;
single-oxide particles (15), in accordance with XRD results.
For the W 0.9 sample, there is an absence of the above-
mentioned W-related Raman peaks; this, however, is com-
mon for anatase samples with doping levels close to 1 at.%
(see, for example, Ref. (16)). On the other hand, no signifi-
cant W or Ti segregation was detected using XPS, as shown
by the data displayed in Fig. 5. XPS also shows the exclusive
(or highly dominant) presence of Ti(IV) and W(VTI) species,
with binding energies of 458.5 £ 0.1(Ti 2p3,2) and 35.8 £0.2
(W 4f7),) eV, respectively, for all samples studied (17).
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FIG.5. W atomic percentage measured by XPS plotted vs the same
observable measured by atomic absorption (AAS). (Squares) Calcined
samples; (triangles) postreaction samples. (Closed symbol) W 3.4 TiO,
sample. (Dashed line) The bisecting line of the graph.

The presence of W also has influence on the electronic
properties of the material synthesized. Figure 6 shows the
UV-vis-DRS spectra of the samples, which display an ab-
sorption threshold onset that continuously shifts to the visi-
ble region with the W content of the calcined material. This
redshift is also visible for the W-deposited W 3.4 TiO, ref-
erence sample. Also, a tail is clearly observed in the W 27
specimen, evidencing again the presence of WOj3 entities.

4.0
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FIG. 6. UV-vis spectra of calcined Ti-W specimens and references.

TABLE 3

Reaction Rate of Ti-W Catalyst and Reference Materials for
the Gas-Phase Photooxidation of Toluene under Sunlight-Type
Excitation

Rate 10%° Rate 108 Selectivity*

Catalyst (mol-s~'-m™2) (mol-s~'.g7!) (%)
TiO, 1.0 1.0 5
TiO, P25 (Degussa) 0.65 0.35 14
WO; 4.6 0.1 100
W27 2.9 2.2 13
W19 33 4.0 13
W14 1.8 1.9 16
W 0.9 1.2 0.9 7
W 3.4 TiO, 1.4 0.8 15

“To benzaldehyde (the only other detectable product being CO,).

Nosignificant differences are encountered from results con-
cerning postreaction specimens (not shown).

Photocatalytic activity of the Ti-W mixed oxides in the
gas-phase toluene mineralization is presented in Table 3.
Also included in this table is the activity of some single ox-
ides (TiO,, WO3) prepared by microemulsion and the com-
mercial (anatase + rutile) P25 (Degussa) material. Analysis
of Table 3 gives evidence of an enhanced toluene mineral-
ization photoactivity upon W doping. Result of the Ti-W
series shows that photoactivity increases with W content,
exhibiting a maximum for the W 19 specimen,; it is also ap-
preciated that the presence of W favors selectivity to ben-
zaldehyde to a small extent, although no specific trend can
be established in this respect. Samples with small quantities
of W, either deposited onto or into the anatase phase, can
exhibit an improved performance with respect to titania, al-
though the reaction rate increase is very modest or absent.

Using EPR, a weak signal of symmetric lineshape at
g = 2.003 and A H,, ~ 9 G, probably arising from surface or
near-surface (as its amplitude significantly decreases when
recording the spectrum under air atmosphere) toluene-
derived carbonaceous species, was detected for W 14 and
W 19 samples after use in the reaction, but, unfortunately,
no correlation was observed in this experiment between
signal intensity and the amount of W cations present in the
samples.

An infrared study was carried out for the W 19 and TiO,
samples (Fig. 7A and B, respectively). In order to reveal
more clearly changes induced on the catalyst surface upon
each treatment of the sequence described under results,
each specturm was subtracted from the subsequent one.
All the FTIR spectra display a very broad absorption in
the 3800- to 2800-cm~! range, which is attributed to inter-
acting OH groups (i.e., affected by hydrogen bonds) and
adsorbed molecular water. The large intensity of this ab-
sorption, which produces the (near) saturation of this area
of the spectra, is mainly due to the high surface area dis-
played by the catalysts. Since it was not possible to obtain
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FIG.7. IR difference spectra of W 19 (A) and TiO, (B) samples fol-

lowing treatments: (a) evacuation for 2 h at room temperature; (b) dos-
ing of 5 Torr of toluene into the IR cell and subsequent introduction of
50 Torr of oxygen; (c) irradiation for 1 h; and (d) evacuation of the sample
for 15 min.

any information from this part of the spectra, only the range
between 1750 and 1200 cm™! is depicted in the figure.

The room temperature outgassing of W 19 (Fig. 7A,
spectrum a) produces a decrease in the broad band of ad-
sorbed water centered at 1634 cm~!. Upon toluene adsorp-
tion (Fig. 7A, spectrum b), narrow bands are formed at
1600, 1493, 1458, and 1378 cm ! and attributed to adsorbed
toluene (18). The subsequent irradiation of the sample
(Fig. 7A, spectrum c) causes a decrease in the bands at-
tributed to adsorbed toluene and the appearance of several
weak bands at 1643, 1593, 1577, 1455, and 1224 cm ™!, which
are attributed to adsorbed benzaldehyde on the catalyst
surface (18-20). The irradiation also leads to a partial re-
covery of the band due to adsorbed water. This indicates
that water is being produced and adsorbed during the
irradiation process due to the complete mineralization of

toluene molecules to CO, and H,O upon visible excita-
tion. The fact that the generated water band is much more
intense than the benzaldehyde ones suggests that a signif-
icant amount of the photooxidized toluene is completely
mineralized to CO; and H;O, in agreement with selectivi-
ties observed in the reactivity measurements (Table 3). Af-
ter a subsequent outgassing at 295 K (Fig. 7A, spectrum d)
the toluene bands disappear but not those of benzaldehyde,
which is indicative of the different energy of adsorption of
these organic molecules.

On the other hand, the irradiation of TiO, with visi-
ble light (Fig. 7B spectrum c,) produced a decrease in the
toluene bands, but there is little evidence of significant pho-
tooxidation reaction since only weak product bands (e.g.,
mainly from water) were formed during the irradiation pro-
cess. The small intensity of product bands contrasts with the
results from other TiO, specimens under UV-light excita-
tion (18); however, the approximately one order of mag-
nitude lower activity displayed under visible light irradia-
tion makes comparisons difficult. A subsequent outgassing
at 295 K (Fig. 7B, spectrum d) induces the desorption of
toluene from the surface.

DISCUSSION

Physicochemical Characterization

The XRD spectra (Fig. 1) indicate the dominant pres-
ence of an anatase-type crystalline phase in all Ti-W bi-
nary oxide samples, the crystallinity of which decreases
with W content. The additional presence of a minor con-
tribution from the orthorhombic WOj3 phase is exclusively
detected in the W 27 specimen. No significant alteration
in the type and characteristics of the mentioned phases
occurs during the photooxidation reaction. Raman spec-
troscopy (Figs. 3A and 3B) further supports the conclu-
sions concerning the existence and stability of the men-
tioned crystalline phases, although a certain tendency to
give less-intense Raman peaks after exposure to reactants
is evident. The latter may be likely related to carbonaceous
residues accumulated on the surface during the reaction.
Therefore, based on the joint consideration of XRD and
Raman data, the solubility limit of W in the anatase net-
work (using the microemulsion preparation method) can
be ascertained to be roughly 20 at.%.

On the other hand, XPS shows that cations are in Ti(IV)
and W(VI) formal oxidation states in both fresh (calcined)
and postreaction specimens, irrespective of the W con-
tent (Table 1). The absence of reduced (Ti (III) or W(V))
cationic states was further confirmed by using EPR spectra
taken at 77 K (data not shown). This agrees with previous
results from Ti—-W mixed oxides (21). The stoichiometry of
the mixed oxide is thus Ti;_, W, O,,,. Such an O/(Ti + W)
ratio higher than 2.0 can, in principle, be accommodated
in the anatase lattice in several ways. One would be the
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appearance of interstitial O ions, in same number as that
of W ions (which would be substituting for Ti ions in the
octahedral cationic sites of the lattice). However, intersti-
tial oxygen is unlikely to be in Ti oxide networks (22). The
only other simple possibility is to have cation vacancies,
one for every two W ions introduced substituting for Ti
ions. Although this implies the disappearance of a num-
ber of Ti cation—O anion bonds, it is likely that the higher
strength of W-O bonds (expected from the higher ionic
charge of the W ions) will significantly compensate for this.
Of course, complex defect combinations can be also envis-
aged. For example, it is known that the introduction of Fe**+
substituting for Mg?* in MgO takes place by forming cation
vacancies while other (Fe) cations are displaced to intersti-
tial positions (providing a tetrahedral oxygen coordination
around those cations), with all this occurring in defect as-
sociations of a specific configuration (the so-called Koch
clusters (23)). Since the antase lattice is derived from that
of MgO by suppressing 50% of its cations in a specific or-
dered way, one might consider also in our case the possible
formation of similar cation interstitials/vacancy complexes.
However, significant fractions of tetrahedral W interstitials
are unlikely to be present here (at least for the W 14 and
W 19 samples), since such species are expected to give spe-
cific Raman peaks (16), which have not been observed in
these materials.

Therefore, the existence of a structure where the required
MO, , stoichiometry is accommodated by only cationicsite
defects (cation vacancies and W substituting for Ti**)
seems the most likely one in these materials. Since the radii
of both ions are very similar (0.605 A for Ti*+, 0.600 A for
W6+ (24)), one does not expect large length variations in
the shorter cation—O bonds, which are nearly parallel to the
(001) lattice plane, while the longer axial bonds, parallel to
the c axis, leave room for shortening, which is likely to be
promoted by the higher charge of the W ion. This, besides
increasing the average cation—O bond strength, might pro-
vide an explanation for the observed shortening of the ¢
axis, while the a axis length remains nearly constant upon
an increase in W content. It should be noted, though, that
shortening of the c¢ axis has been observed in anatase also
upon doping with Ca, Sr, and Ba (25), an effect which cer-
tainly must have a different origin since the types of de-
fects expected are clearly not the same. Computer modeling
and/or other experimental data (e.g., EXAFS measure-
ments) might be required to clarify this point, which for
the moment remains necessarily speculative. On the other
hand, the fact that the observed ¢ axis shortening occurs
mainly for the higher W contents suggests the possible ex-
istence of a cooperative effect (defect association) in the
region around/above 15 at.%.

Analysis of the presence of defects could be also per-
formed by using the FWHM of the 144-cm~' Raman
peak (E, Raman mode ascribed to the anatase structure;
Fig. 4). On elimination of the contribution of the phonon

confinement (reduced spatial correlation due to the nano-
structure nature of the materials) (26) the net effect of va-
cancies to FWHM can be estimated to be ca. 7.5, 9, and
10 cm™1, respectively, for samples with ca. 0-5, 15, and
20 at.% W. Both cationic and anionic vacancies should con-
tribute to the broadening of the (E,) Raman phonon mode
due to (energy) potential fluctuations induced by them (27).
In our case, it is possible to have also an additional effect
of W presence in cation sites. Further analysis of these data
would require knowledge of the relative distribution of dif-
ferent types of cation and defect sites and, as said before,
lies outside of the scope of the present work.

The presence of W=O bonds at the surface of the
Ti—-W mixed oxides is evidenced by the Raman results
(Figs. 3A and 3B). It is interesting that these bonds have
a W-O stretching frequency with an appreciable shift to
higher wavenumbers with respect to the W 3.4 TiO, refer-
ence sample. As is well known, a direct relationship can be
established between the W-O stretch frequency and corre-
sponding bond length (28), with the latter parameter being
also related to the basic strength of the other W oxide lig-
ands; the stronger the basic character of the “equatorial”
oxide ligands, the weaker the W=0 “axial” bond and the
lower the W-O stretch frequency [29]. The different chemi-
cal environment of the mono—oxo wolframyl species which
are either bonded/grafted to the surface of W-supported
reference/Ti—W binary oxide specimens is then clearly man-
ifested. The observed shift indicates a stronger W=0 bond
when W is located in anatase crystalline positions at sur-
face shells. The corresponding weaker interaction with
the remaining coordination oxygen would certainly mod-
ify the properties of surface hydroxyl groups (see be-
low). On the other hand, XPS analysis (Fig. 5) suggests
the absence of significant preferential surface segregation
of any of the cations on Ti-W mixed oxides. Addition-
ally, in the case of W 27, XPS indicates that the W frac-
tion present as large WOj3 particles (detected by XRD)
is not specifically at the surface of the Ti-W mixed oxide
phase.

Therefore, concerning W insertion into the anatase net-
work, we may thus conclude that our Ti-W samples do
in fact contain substitutional Ti-W mixed oxides with a
maximum W content of ca. 20 at.%. Roughly, W appears
homogeneously distributed in the whole material, with no
important concentration gradient between the bulk and the
surface of the material.

The doping of anatase has several consequences to the
properties of the mixed oxides. First, a decrease in primary
particle size is detected (Table 1). This behavior has been
already observed in Ca-, Sr-, and Ba-doped anatase (25),
contrasts with the sintering process (and concomitant loss
of surface area) favored in supported W-TiO, samples by
coalescence during clacination (see Table 1 and Ref. (30)),
and may be likely related to the type and number of point
defects, the presence of which would limit particle growth
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(upon calcination). The strong decrease in particle size
occurring between samples with 15 and 20 at.% W, can be
then associated with the mentioned increase in cationic va-
cancies and the above-mentioned possible ordering effect
on the defect distribution. Further support of this conclu-
sion can come from comparison with (anion vacancy con-
taining) Ca-, Sr-, and Ba-doped anatase, where reduction
in particle size is strong for doping levels below 5 at.% and
varies only smoothly above such point (25).

The presence of W also has influence on the electronic
properties of the Ti—-W binary oxides. Figure 6 shows a pro-
gressive shift in the band gap absorption onset to the visible
region with W content. In bare anatase, the absorption is
associated with the O?>~—Ti** charge transfer correspond-
ing to electronic excitation from the valence band (having
dominant O 2p character) to the conduction band (Ti 3d
character) (31). The similar energy of Ti 3d and W 5d levels
would suggest that W substitutional doping in anatase only
produces moderate widening of electronic bands (roughly
similar crystal field splitting for both cations, just slightly
differing in the d orbital average size) (31). However, the
presence of donor levels close to the conduction band has
been theoretically postulated (32), and their influence on
the UV-vis spectra can be observed in Fig. 6. The electronic
effects are, on the other hand, expected to become pro-
gressively more important concomitantly with the observed
decrease in c¢ cell parameter and volume (e.g., decreasing
anion—cation bond distances) experienced by samples with
a W content above 15 at.%. Indeed, such a lattice contrac-
tion may make both valence and conduction bands broader,
decreasing the gap between them. It can be also noted that
the W 3.4 TiO, sample also displays a redshift attributable
to W-supported species, the magnitude of which is similar
to that of the W 0.9 sample.

Catalytic Properties

Table 3 shows the reaction rates calculated for toluene
mineralization; this parameter grows with the W content
of the Ti-W mixed oxide, being moderately reduced when
the additional presence of WO;3 phase is detected. The
latter result can be qualitatively explained by taking into
account the catalytic behavior displayed by the W sin-
gle oxide prepared by microemulsion and also included in
Table 3. Considering samples with exclusive presence of Ti—
W mixed oxide, it can be noted that low-loaded W samples
enhance moderately the reaction rate with respect to the
parent pure-anatase sample, with the W 19 specimen giving
the largest enhancement. The higher activity of the Ti-W
samples can be also evidenced by the IR study (Fig. 7).
After toluene adsorption, irradiation in the presence of
oxygen mainly produces (in the experimental conditions)
photodesorption of the organic for TiO, while in W 19 the
presence of benzaldehyde (partial oxidation product and/or
intermediate in total oxidation) and water (with CO, the

products of the mineralization path) is detected in the in-
frared spectrum. Benzaldehyde appears, as mentioned, as a
partial oxidation intermediate of the degradation process,
as happens when using UV-light excitation for pure titania
samples [18].

The differential behavior induced by the presence of W
in the anatase structure may have chemical and/or physical
grounds. In the first place, the adsorption of toluene dis-
plays subtle differences when comparing with IR the TiO,
reference and the W 19 sample; in fact, a consistent redshift
of 4 to 2 cm™! is detected in all IR-active bands (Fig. 7).
This probably indicates some differences between the hy-
droxyl groups present in both surfaces, although IR was
unable to clarify the situation due to the broad and illre-
solved shape of the corresponding region of the spectrum
during the experiments described in the previous section.
The beneficial effect of W on the photoactivity of Ti-W
samples has been, however, mainly explained in the liter-
ature by considering the formation of intermediate W(V)
species by means of a transfer of photogenerated electrons
(33,34). This reduced W species could be oxidized to W(VI)
by transferring electrons to oxygen (35) or by reaction with
holes (h*). Obviously, the first process is a chemical step
of the degradation reaction while the second is one of the
possible paths of the recombination process. The continu-
ous growth of the reaction rate with W content (and the
absence of segregation phenomena, which may alter sur-
face W concentration with respect to nominal one) may in
fact suggest that W mostly acts as an efficient charge trap-
ping center when located at the surface, mainly influencing
oxygen activation and not hydrocarbon one (EPR results)
via next-nearest hydroxyls. Note, on the other hand, that
Raman indicates that W-deposited reference and the Ti-W
samples contain W cations with different interactions with
neighboring oxygen, giving some support to the different
reactivity of such W centers in the toluene mineralization. It
must be stressed that the surface-W potential of being dom-
inantly a (catalytically active) charge trapping or, on the
contrary, a recombination electron-hole center is strongly
dependent on the nanostructure form of the material. As
was mentioned in the introduction, due to the minimization
of the band bending, nanosize (or colloidal) materials can
simultaneously transfer electron and holes to the surface,
being then able to facilitate the attack on the reactants (of
particular interest for our system is the attack on oxygen by
reduced W centers) (11).

Finally, the remaining important term for explaining the
photoactivity is related to the effect of the dopants in the
existence of electronic impurity levels, which in the case of
W are known to be close to the conduction band (3, 7, 32).
Here, the presence of such W-induced electronic levels pro-
duces a redshift in the UV-vis spectra (Fig. 5), allowing a
progressively larger power of absorption in the visible re-
gion in parallel to the growth of the W content. On the other
hand, comparison between photoactivity of TiO, reference
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and W 19 samples using UV- and sunlight-type excitation
displays, respectively, a 1.6 to 3.3 ratio, giving support to the
influence of electronic effects on the enhanced activity of
toluene degradation using solar light. Nevertheless, it can
be pointed out that in the case of our high-loaded samples
(W 14 and W 19), a correlation can be observed between
the concentration of surface, isolated W species detected by
Raman and photocatalytic activity. In addition, the practi-
cal absence of such W species for the W 0.9 and W 3.4 TiO,
samples is likely in the origin of the near constant reaction
rate with respect to the TiO, reference system. Calibra-
tion of the relative importance of W-induced electronic vs
surface charge trapping effects remains, however, to be ver-
ified. On the other hand, these results stress the importance
of the preparation method, as this may allow the tuning of
W surface concentration and chemical (isolated, polymeric,
or aggregated species) distribution. Additionally, it controls
the maximum concentration of W inserted into the anatase
structure and thus the physical properties of the resulting
solid.

CONCLUSIONS

In this work the synthesis of Ti-W mixed oxides with
anatase structure have been pursued and samples contain-
ing up to ca. 20 at.% W mainly in substitutional positions in
the mentioned anatase network were obtained. These ma-
terials do not display significant segregation of W and/or Ti
to the surface of the solid. The substitutionally disordered
Ti—-W mixed oxide samples are nanosize materials and dis-
play a continuous enhanced photocatalytic activity in the
degradation of toluene when increasing the percentage of
W present in the anatase structure. This growth can be ex-
plained on the basis of the presence of W-related charge
trapping centers at the surface of the material as well as of
the electronic influence of W in the creation of electronic
states in the (bare anatase) band gap and the concomitant
decrease of the photoabsorption band gap energy onset.
The charge trapping centers appear to have a nature dif-
ferent from those corresponding to W-supported samples.
The study thus suggests that substitutionally disordered Ti—
W binary mixed oxides having an anatase structure and high
quantities of W may be more efficient photocatalysts in the
degradation of toluene using sunlight-type excitation than
are classic Ti-only based ones.
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