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Abstract

TiO,/WO, supported metal oxide materials were prepared by grafting a tungsten(V)ethoxide precursor onto a titania
support. The supported metal oxides were characterized by Raman spectroscopy under ambient conditions in oxygen and
inert gas atmosphere. Measured under ambient conditions, the samples are sensitive to a variation in laser power. This effect
is a function of the tungsten loading. During calcination of the samples in either inert gas atmosphere (N,) or oxidizing
atmosphere (O,), this sensitivity is not observed. After cooling the samples to room temperature under inert gas conditions, a
sengitivity of the surface structures to a laser power variation is again recorded. The structural changes are due to thermal
effects and not to an adsorption of water. The composite band structure in the Raman spectra of the samples leads to the
conclusion that octahedrally and tetrahedrally coordinated WO, surface structures as well as polytungstates are co-existing
on the surface, and are forming cross linked structures. According to the XPS data, the structure of the metal oxide species
depends on the monolayer coverage on the support. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction highly dispersed metal oxide species on the
carrier. The preparation of vanadia layers on
TiO, using vanadyl akoxides VO(OR;) has
been reported, e.g., by Baker et al. [11,12],
Schraml et a. [13], and Handy et al. [14];
grafting of vanadia onto other supports was also
considered [15]. Grafting a TiO, support with
tungsten(V )ethoxide was first described by Eng-
weiler and Baiker [16].

In this work, we investigated the surface
structure of grafted tungsten oxide catalysts by
Raman spectroscopy. We focused our attention
on the spectral changes in the vibrational modes

* Corresponding author. of the WO, surface species as a function of the

Several methods for the preparation of sup-
ported metal oxide catalysts have been reported
in the literature. The techniques of aqueous
impregnation and incipient wetness using the
salts of metal complexes have been described
by various authors [1-9]. Another preparation
method is solid—solid wetting which is de-
scribed by Leyrer at al. [10] and authors cited
therein. Grafting of metal akoxide precursors
onto a metal oxide support alkoxides results in
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number of grafting steps and the calcination
trestment under ambient conditions and under
inert gas atmosphere. The amount of tungsten
and its oxidation state was determined by XPS.
Moreover, we tried to find out whether a varia-
tion of laser power gives rise to reversible band
shifts in the W=0O stretching frequency region,
or whether laser crystallization of WO, species
can be observed.

The characterization of supported metal ox-
ides with Raman spectroscopy is auseful method
for identifying surface oxide groups. Stencel
[17] has reviewed this method in detail. Based
on the symmetry of tungsten oxide species in
solution and in the solid state, it is possible to
assign the following classes of structural units
for tungsten oxides: (1) tetrahedrally coordi-
nated units of type WO,, (2) octahedrally coor-
dinated complexes of the type WOy, (3) W-O—
W bonds, and (4) lattice modes. A survey of
these vibrational modes and their Raman fre-
guencies is given in Refs. [18—-20]. Hordley et
a. [4] have investigated the structure of WO,
supported on Al,O; by Raman spectroscopy.
Surface tungsten oxide species are strongly
bound on the support surface as was shown by
Chan et da. [3].

TiO, shows strong anatase Raman bands at
520, 643, and 399 cm ! [17,21]. Those features
make the detection of tungsten oxide vibrational
frequenciesin thisregion difficult. At 794 cm™1,
awesak second order feature of anatase is found,
which can be easily distinguished from the sharp
peak of crystalline WO, at 804 cm~*. For
identification of the tungsten oxide species on
the support, the W=0 stretching frequencies of
octahedral tungsten oxide units in the range
from 740 to 980 cm™*, and the W=0 stretching
frequencies of the tungsten—oxygen tetrahedral
units between 913 and 1060 cm~* have to be
recorded. The stronger Raman signal from tetra-
hedral structures of surface tungsten oxides is
due to their higher W—O bond order compared
to the octahedral structures. Thus, the Raman
spectrum of samples possessing both structures
will be dominated by bands assigned to tungsten

oxide tetrahedra [4]. The effect of laser power
on sample spectra has not very often been dis-
cussed in literature. Payen et al. [22] mentioned
reversible spectral changes induced by a varia-
tion of laser power (20-40 mW to 150—200
mW) for a MoO,—y-Al,O, catalyst. The au-
thors observed a reversible line shift of the
Mo=0 vibrational frequency. No transforma
tion of supported polymolybdate into crystaline
MoO, was observed. This was associated with
local heating of the sample which results in a
cacination in air. Therma influence on the
symmetrical (W=0) stretching mode due to
heating of a 7% WO,/TiO, sample in an in
situ cell is reported by Chan et a. [23]. The
authors observed a sharpening and shift of the
Raman feature at 966 cm~! when the sample
was heated to 873 K. After cooling the sample
to 453 K, the sharp and shifted feature re-
mained. The exposure of the sample to an ambi-
ent air atmosphere for 12 h restored the previ-
ous spectrum. Their conclusion was that the
band shift is not due to thermal effects but to
desorption and adsorption of water vapor on the
sample.

The oxidation states of supported metal ox-
ides and the amount of metal at the support can
be determined by X-ray photoelectron spec-
troscopy (XPS). This technique was used for
example for chromium on different supports
[24] and for tungsten supported on Al,O, and
TiO, [25,26].

2. Experimental
2.1. Sample preparation

The TiO, /WO, samples were prepared by a
multi-step grafting procedure which is analo-
gous to the one described in detail in Ref. [27].
TiO, (P25, Degussa) was stirred with distilled
water, dried at 493 K overnight and ground with
a mortar and pestle. The alkoxide precursor,
tungsten(V)ethoxide (ABCR, purity grade 95%)
was dissolved in n-hexane (Fluka, p.a.) dried
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over molecular sieve. All grafting steps were
carried out under an inert atmosphere of Ar.
Samples with one to four grafted layers were
prepared and labeled as xXWTi, where x is the
number of grafting steps. After each grafting
step, the excess amount of precursor solution
was removed by washing the sample three times
with fresh solvent. Then the sample was dried
under vacuum (10~ mbar) for 24 h. No calci-
nation between grafting steps was performed as
described in Ref. [27]. Some uncalcined mate-
rial of the third and fourth grafting step was
stored separately. After the final grafting step,
samples were calcined under a constant N, flux
for 3 hat 573 K.

2.2. Raman measurements

The Raman measurements were carried out
on a confocal Raman microscope (Labram,
DILOR) equipped with an HeNe laser (632.8
nm) and a Peltier cooled CCD camera. The
pinhole aperture was set to 500 uwm. For all
measurements, an ultra long working distance
objective (Olympus, 50 X magnification) was
used. The spectral resolution was set to 4 cm™ 2.
Laser power was attenuated with a neutral den-
sity filter (NG3, Schott). The laser power fo-
cused onto the sample was 2.5 mW for high
laser power applications and 0.26 mW for low
laser power applications. Three spectra were
measured for each sample, first at low power,
second at high power, and finally again at low
laser power. The interval without laser illumina
tion between each measurement was approxi-
mately 2 s, the time necessary to change the
neutral density filter.

Measurements of the samples exposed to air
at room temperature (referred to here as ambient
conditions) were carried out by placing the un-
calcined sample on a microscope slide and
dightly pressing it to obtain a planar surface.
The collection time per spectrum was 40 s, and
five spectra were co-added. The measurements
in an inert atmosphere were performed with a
Linkam TMS 1500 heatable microscope stage

under constant N, or O, flow (60 ml/min).
The stage permits the control of the environ-
mental conditions before and during data acqui-
sition. The sample was placed in the sample
holder and was dlightly pressed to obtain a
planar surface. Then, the temperature was
ramped consecutively at 10 K /min to 573, 673,
773, 873, 973, and finally 1073 K. At each
temperature, the sample was held for 1800 s.
After 600 s of thermal equilibration, the Raman
spectra were collected. For each spectrum, the
collection time was 20 s per spectrum and 10
Spectra were accumul ated.

2.3. Analysis of the spectra

In the region of interest where the WO,
vibrational frequencies are found (860 to 1050
cm™1), the spectra show an intense background
arising from the TiO, support. A background
correction was achieved by fitting a fourth-order
polynomial to the data set and then subtracting
it, according to Went et al. [28].

In order to compare the spectra measured
with low laser power to those recorded with
high laser power, the intensity of the high laser
power spectra were multiplied by the filter
transmission coefficient (0.104). Between 860
and 1050 cm™?, the spectra contain contribu-
tions of tetrahedrally and octahedrally coordi-
nated tungsten oxide species whose bands over-
lap. The composite bands were separated into
contributions from individual tungsten oxide
species using a commercial peak fitting routine
(Lab Calc, Galactic Instruments). Prior to the
fit, the composite band profile was differenti-
ated in order to determine the appropriate num-
ber of component peaks. The quality of the fit
was judged by the mean square deviation y?2,
and from the agreement of fitted line widths
with literature values.

2.4. XPS measurements

XPS measurements have been performed on
a ESCALAB 220i XL instrument (VG Scien-
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tific). The photoelectron spectrometer was
equipped with an auminium anode X-ray source
(hvy=1486.6 eV) which was operated at a
power of 300 W (15 kV, 20 mA). Vacuum in
the analysis chamber was better than 5-10~°
mbar. For the measurements, the instrument was
operated in the constant analyzer energy (CAE)
mode at a resolution of 1 €V. Binding energy
values were referenced to the C 1s (284.6 eV),
and Ti 2p 3/2 (458.7 eV) signals [29]. For the
measurements, the sample material was pressed
into pellets. To quantify the atomic concentra-
tion of the present elements, the cross sections
according to Scofield [30] have been used.

3. Results

3.1. XPS measurements

Two energy levels of tungsten have been
measured in the W 4d and the W 4f region. The
W 4d peak is broad and cannot be used to
determine the oxidation state, but it is useful to
guantify the amount of tungsten on the support.
Analysis of the W 4f region is complicated by
interference from the Ti 3p level of the support,
especially when tungsten is highly oxidized,
i.e, when it has a high binding energy. By
curve fitting it was possible to distinguish be-
tween the two signals, see Fig. 1. Peak position
and peak width of the Ti 3p band was deter-
mined by curve fitting of a TiO, reference
sample. So it was possible to separate the two
contributions properly, and to determine the va-
lence of the tungsten from the position of the W
4f level, for which many reference data are
available. The measured spectra appeared simi-
lar for al samples, and showed identical posi-
tions for the W 4f peaks. Only minor charging
was observed and corrected. The following
binding energies are observed. Ti 2p 3/2: 458.7
eV; Ti 3p: 369 eV; W 4f 7/2: 35.1 eV; O 1s.
530.0 eV. The O 1s binding energy corresponds
well with reference data [29] for the O 1s level
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Fig. 1. XPS spectrum of the Ti 3p/W 4f region of sample 4WTi.

of TiO, (529.9 eV). The dightly higher energy
can be explained by the presence of oxidized
tungsten species which are present in small
quantities and have dlightly higher binding ener-
gies (WO,: 530.4 eV; WO,: 530.6 eV [30]). For
the W 4f 7 /2 level, we find a constant position
of 35.1 eV, which does not match exactly the
value for WO, (35.8 eV), or even less the
binding energy of WO, (32.8 eV) given in [29].
Fiedor et a. [26] found for a W /TiO, system,
which was prepared with another preparation
method, a binding energy of 35.5 eV for W 4f
7/2 and of 37.3 eV for Ti 3p. Both binding
energies are 0.4 eV higher than the binding
energies measured in this investigation. This
may be due to a systematic error. The authors
assigned their peak position to W®* of WO,, as
we do in the present investigation. Only W8+
centers were detected. The differences between
the binding energies of the literature reference
samples and those found in our present investi-
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Table 1
XPS measurements of WO, /TiO,

W content O/Ti W/Ti Monolayer

(at.%) coverage
Tio, 0.0 2.23 0.00 -
3WTi? 3.80 2.83 0.18 111
AWTi® 460 2.58 0.21 1.29
IWTiP 250 2.72 0.12 0.78
2WTiP 2.90 261 0.13 0.85
3WTiP 4.40 2.97 0.22 1.32
AWTiP 3.60 2.91 0.18 1.13

#Uncalcined samples.
PCalcined samples (in N, at 973 K).

gation can be explained by the presence of TiO,
in the neighborhood of the tungsten centers. Our
samples contain a relatively small amount of
tungsten on the TiO, surface, see Table 1. For
the two uncalcined samples, the amount of
tungsten deposited has been confirmed by inde-
pendent atomic absorption spectroscopy (AAS)
measurements. Consequently, most of the tung-
sten is bound to TiO, and forms a compound
with a characteristic binding energy, analogous
the compound CawQ, with a binding energy of
35.0 eV [29]. It should also be mentioned that
some non-stoichiometric tungsten oxides exist
such as Wy,Osg, W50, W5,O148 @A Wy50,56.
Only for W,;0,9 a value of the binding energy
(34.3 eV) is recorded in Ref. [29], which is
again lower than our measured values.

3.2. The TiO, support

At room temperature, the TiO, support shows
the major anatase bands and a weak rutile peak
at 448 cm™ !, as has been reported for P25 in the
literature [21]. With heating of the samples, the
rutile peak vanishes as the anatase bands
broaden, as has been reported by Chan et al.
[23]. Cooling the samples down to room tem-
perature restores the rutile peak again. The cal-
cination temperature in this investigation was
chosen to be always less than 1170 K, the point
were the anatase-to-rutile transformation in the
presence of WO, takes place [31,32].

3.3. Uncalcined samples

The samples 3WTi and 4WTi were measured
under ambient conditions (a) first with low laser
power, (b) with high laser power, and (c) finaly
with low laser power. In Figs. 2 and 3, the
region between 860 and 1050 cm~! where the
tungsten oxide species can be detected is shown.
The sample 3WTi (Fig. 2) exposed to the exper-
imental sequence described above is not influ-
enced by laser power variation. The peak maxi-
mum remains at ~ 960 cm~*. For 4WTi (Fig.
3) trace (&) consists of a broad band between
900 and 1000 cm™* with its maximum at ~ 950
cm~!. The application of high laser power
broadens this band and shifts its maximum to
~ 980 cm™ ! with a steep decline towards 1000
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Fig. 2. Raman spectra of sample 3WTi (uncalcined), measured in
sequence with low (@), high (b), and low (c) laser power, part (A).
As an example, part (B) shows a fit of the baseline corrected
spectrum recorded using high laser power.
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Fig. 3. Raman spectra of sample 4WTi (uncalcined), measured in
sequence with low (a), high (b), and low (c) laser power, part (A).
As an example, part (B) shows a fit of the baseline corrected
spectrum recorded using high laser power.

cm™ 1, trace (b). Applying low laser power again,
trace (c), the original band structure is restored,
indicating a reversible structural change in the
sample. The band maximum is again found at
~ 950 to 960 cm~ . Comparing Figs. 2 and 3
shows that the spectra of the 4WTi sample
exhibit a more complex and broad W=0O
stretching band than those of the 3WTi samples.

3.4. Calcined samples

All spectra were recorded under a constant
gas flow of either N, or O, providing an inert
gas or an oxidizing atmosphere. Each sample
was measured as described in Section 2. The
spectra were recorded always at the same spot
in order to find out whether a variation of laser

power would give rise to the same band shift as
for the uncalcined samples. Laser damage could
be ruled out by visua inspection of the sample
surface. The measurements of the N, calcined
samples demonstrated that upon increasing the
calcination temperature, the changes of band
position and band shape, as described for 3WTi
at ambient conditions, become less significant
and vanish completely for calcination tempera-
tures above 673 K. The O, calcined samples
displayed no laser induced changes at any tem-
perature.

The initial low laser power spectra of the
samples which were treated in an inert gas
atmosphere (N,) at the lowest calcinations tem-
perature of 573 K showed the following charac-
teristics. For every grafting step, a strong back-
ground, less pronounced TiO, bands, and no
species of WO, in the W=0 stretching region
could be detected. This behaviour is shown in
Fig. 4 (trace (a) for 1WTi. After the application
of high laser power, the TiO, bands (not shown)

350 a
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175:
150:

intensity / a. u.

125
100-
75- b
50-
251
]

1 T 1 T 1 ! 1
900 950 1000 1050
Fig. 4. Raman spectra of sample 3WTi at 573 K, N, measured in
sequence with low (), high (b), and low (c) laser power.
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Fig. 5. Raman spectra of sample 2WTi measured during calcina
tion in N, at temperatures increasing from 673 to 1073 K, part
(A). As an example, part (B) shows a fit of the baseline corrected
spectrum at 773 K.

and WO, bands (860 to 1050 cm~') become
more intense, Fig. 4 (trace (b)). Trace (c) (low
laser power) shows no significant difference
with respect to the TiO, and WO, band struc-
ture.

Increasing the calcination temperature to >
673 K, the samples showed distinct TiO, and
WO, features for al measurements. The WO,
band profile consist of two parts, a broad band
between ~ 900 and ~ 975 cm™! and a rela
tively sharp peak at ~ 1000 cm™?, as can be
seen in Fig. 5. The form and intensity of these
two features depend on calcination temperature
and tungsten loading. Regarding the intensity
ratio of broad band and sharp peak, the samples
can be divided in two groups. First, samples
with low tungsten loading (1WTi, 2WTi). For

these, the broad band is less intense than the
peak. Increasing the calcination temperature
causes an intensity increase for the band up to a
temperature of 773 K. Further temperature in-
crease causes an intensity decrease of this band,
as shown for 2WTi in Fig. 5. Second, samples
with high tungsten loading (3WTi, 4WTi). For
the latter samples, the contribution of the broad
band dominates the spectra. The intensity of this
band decreases with a temperature increase, see
Fig. 6.

After cooling the samples to room tempera-
ture still under inert gas atmosphere another
series of spectra with varying laser power was
recorded. In Fig. 7, the spectra of sample 4WTi
are presented. It was found that the peak at
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Fig. 6. Raman spectra of sample 3WTi measured during calcina
tion in N, at temperatures increasing from 673 to 1073 K, part
(A). As an example, part (B) shows a fit of the baseline corrected
spectrum at 873 K.
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~ 1000 cm™~?! had nearly vanished. Besides, the
samples are to some extent sensitive to a varia-
tion of laser power again.

Calcination of the samples in an oxidizing
atmosphere (O,) changes the Raman spectra
drastically compared to a treatment in N, gas
atmosphere. The initial low laser power spec-
trum at 573 K shows distinct TiO, and WO,
bands. For al calcination temperatures and
grafting steps the spectra are dominated by a
peak with its maximum at ~ 1008 cm~* for
AWTi and 2WTi and at ~ 990 cm~* for 3WTi
and 4WTi. The broad band (~ 900 to ~ 975
cm~*) which was observed for the N, calcined
samples is diminished into a shoulder of the
main peak. With increasing temperature, this
shoulder vanishes and no broad band can be
detected, see Fig. 8. After cooling the samples
to room temperature under oxygen, the band
shape changes. The dominating peak vanishes
and is replaced by a broad feature between 900
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Fig. 7. Raman spectra of sample 4WTi after calcination at 1073 K
in N,. The spectrum was subsequently measured after cooling to
room temperature in N, atmosphere using low (a), high (b), and
low (c) laser power.
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Fig. 8. Raman spectra of sample 2WTi measured during calcina-
tion in O, a temperatures increasing from 573 to 1073 K, part
(A). As an example, part (B) shows a fit of the baseline corrected
spectrum at 773 K.

and ~ 1000 cm™*, similar to the one observed
for the N, calcined samples. The spectra show
no sengitivity to a variation of laser power.

4. Discussion
4.1. Amount of tungsten on the support (XPS)

As can be seen in Table 1, the tungsten
concentration does not increase linearly from
the first to the fourth grafting step for the
calcined samples. On sample 3WTi more tung-
sten has been deposited on the support than
after four grafting steps. This is probably an
effect of evaporation during calcination. Calcu-
lating the monolayer coverage of WO, species
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on the TiO, surface shows that for the third and
fourth grafting step, more than one monolayer
of tungsten oxide species were deposited, see
Table 1. The calculation of the monolayer cov-
erage was performed according to the procedure
of Seah [33] with an average free path length
calculated according to Ref. [34] (A, =18.1
A, Aqiy=15.6 A). The model of Bond et al.
[35] which suggests that a fraction of the surface
of the support is covered by towers consisting
of disordered and paracrystaline metal oxide
was not used, because in this investigation, no
crystalline WO, species were detected.

4.2. Raman spectra of the uncalcined samples
(3WTi / 4WTi)

The structure and complexity of the spectra
in the region of the WO, stretching frequencies
provides some information on the number of
distorted WO, species at the surface. The most
important peaks with strong and medium inten-
sity resulting from applying a peak fitting rou-
tine to the spectra are thought to represent ac-
tual WO, species at the support, whereas the
weak features provide only confirming informa-
tion.

The peak positions of the curve fitted spectra
of uncalcined samples in the region from 860 to
1050 cm ™ are listed in Table 2. The spectra of
the 3WTi samples were best fitted with two to
three peaks, compare Fig. 2. For al laser inten-
sities, the largest peak lies at ~ 950 cm™?.
With high laser power, the peak splits into two
components. One remains at 952 cm~* and the

Table 2

Fitted peak positions in the spectra of the uncalcined samples
3WTi (Fig. 2) and 4WTi (Fig. 3)
Sample Pesk position/cm™?
AWTi  920(w) /937(s) /954(s) /969(s) /987(w)  low (trace ()

927(m) /93Aw) /954(s) / 984(s) / 1003(m) high (trace (b))
923(w) /938(m) /956(s) /975(m) /996(w) low (trace (c))

Laser power

3WTi  924(w) /95(s) low (trace ()
936(m) /952(s) /971(w) high (trace (b))
924(w) /95((s) low (trace (c))

other shifts to 971 cm~1. Remarkably, no peaks
that could be exclusively assigned to tetrahedral
species were detected. The spectra of 4WTi
were modeled with five peaks, compare Fig. 3.
Between 913 and 980 cm ™! bands due to octa-
hedrally and tetrahedrally coordinated W cen-
ters overlap. However, peaks above and below
these limits can be unambiguously assigned [4].
The peak positions for high and low laser power
applications are similar within the spectral reso-
lution for the first three peaks (920—927, 937-
939, and 954-956 cm™!). The major peak is
always located at 954—956 cm ™. Increasing the
laser power causes the peaks at 969 and 987
cm™?! to shift to 984 and 1003 cm ™. The peak
at 1003 cm ™! also increases in intensity. Lower-
ing the laser power shifts the peak positions
back to 975 and 996 cm~* while the latter peak
decreases in intensity. The peaks at 984 and
1003 cm~* can be unambiguously assigned to a
tetrahedrally coordinated WO, species. The
weak peaks (987 and 996 cm ') are an indica-
tion that even for the application of low laser
power, a few of these tetrahedrally coordinated
W centers may exist. The changes suggest that
with the application of high laser power, new
tetrahedrally coordinated tungsten oxide species
are formed. The band shifts with varying laser
power (Table 2), i.e., from 969 to 984 cm™*
(A=15cm ') andback to 975cm (A= -9
cm™1), and from 987 to 1003 cm~! (A= 16
cm™ 1) and back t0 996 cm™! (A = —7 cm™Y),
are remarkably lower than the results of Chan et
al. [23] who detected a band shift of the sym-
metric Mo=0 stretch of ~ 30 to 40 cm™~* upon
heating (873 K). The smaller shift in the present
work is possibly the result of a lower tempera-
ture change induced by the laser in the case of
WO, /TiO,.

4.3. Raman spectra of the calcined samples

4.3.1. N, inert gas atmosphere

The spectra of the samples show two features
in the region between 850 and 1050 cm™?, a
broad band between 900 and ~ 980 cm™* and a
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sharp peak at ~ 1000 cm™*. The broad band
was best modeled with one peak for IWTi and
2WTi and with four to five peaks for 3WTi and
AWTi according to an increasingly complex
band shape, compare Figs. 5 and 6. The peak at
~ 1000 cm™~! was best fitted with two peaks
for all samples. With increasing tungsten oxide
loading the intensity of the broad band increases
compared to the intensity of the peak.

4.3.2. O, gas atmosphere

The spectra of the samples show a weak band
around 950 cm ™! and an intense and sharp peak
a ~1000 cm~! for 1IWTi and 2WTi, and
between 988 and 994 cm™~* for 3WTi and 4WTi.
This peak is best modeled by two to three
peaks. An increase in tungsten oxide loading
leads to a decrease in the intensity of the broad
band compared to the peak. Additionally, the
spectra become less complex, contrary to the
results obtained after a calcination in an N,
atmosphere. The broad band is best modeled
with three to five peaks for IWTi, whereby the
number of deconvolution peaks decreases with
increasing calcination temperature. For 2WTi,
3WTi, and 4WTi, the broad band is best mod-
eled with two bands, compare Fig. 8.

4.4. Peak assignment

An assignment of octahedra WO, modes
(below 913 cm™1 [4]) is possible for the highly
grafted N, calcined samples. O, calcined sam-
ples show practically no modes of octahedrally
coordinated WO, species. The peak distribution

depending on calcination temperature is shown
in Table 3. After the third and fourth grafting
step, the N, calcined samples show a significant
change in their spectra. The spectra are of a
more complex structure. The octahedrally coor-
dinated WO, modes are roughly located around
900 cm~ .

Peaks over 980 cm™! can be exclusively
related to tetrahedrally coordinated WO, species
[4]. The peak positions obtained from the fitted
spectra for four representative samples are
shown in Table 4. Most spectra exhibit two
spectral features above 980 cm™!. The peak
positions resulting from the peak fitting are not
atered by increasing the calcination tempera-
ture. Increasing the tungsten loading, however,
shifts the peak positions to lower frequencies
(by 6 to 18 cm™') as can be seen for the N,
calcined samples and as well for the O, cal-
cined samples. Further, the band positions of the
O, calcined samples are located at lower fre-
quencies compared to the N, samples (by 5 to
10 wavenumbers).

The peak distribution of the spectra after N,
calcination agrees with the results of Vuurman
et al. [36] who found tetrahedrally coordinated
tungsten oxide species at low loadings and octa-
hedrally coordinated tungsten oxide species at
moderate loadings under ambient conditions. In
consideration of the XPS results, we can state
that tetrahedrally coordinated WO, species are
found below one monolayer coverage. Above
one monolayer also octahedrally coordinated
WO, species are present. Heating in an inert gas

Table 3

Fitted peak positions of octahedrally coordinated WO, species

Calcination 573 673 773 873 973 1073

temperature (K) Peak position/cm™? Calcination
Sample atmosphere
IWTi /2WTi - - - - - - N,

3WTi 912 896 900 890 - -

AWTi 898 - 890,/904 898 901 896

IWTi 909 911 O,

2WTi /3WTi /4WTi - -
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Table 4
Fitted peak positions of tetrahedrally coordinated WO, species
Calcination 573 673 773 873 973 1073
temperature (K) Peak position/cm™* Calcination
Sample atmosphere
IWTi 998 999 999 995 995 N,

1003 1005 1005 1004 1002 1001
AWTi 995 980 991 987 998 991

1001 997 999 996 998 999
1WTi 991(m) 995(m) 994(m) 995(s) 997(s) 990(m) 0,

1002(s) 1004(s) 1004(s) 1003(s) 1004(s) 1002(s)

1019(w) 1023(w)

AWTi 986 982 982 /989 990 986 977

- 990 991 1003 994 986

atmosphere does not change the structure of the
tungsten oxide surface species compared to am-
bient conditions.

The increasing intensity of the broad band in
the spectra with increasing tungsten loading
suggests that a number of isolated octahedrally
and tetrahedrally coordinated WO, species co-
exist with polytungstate species. The latter
species are represented by a broad band around
960 cm ™ * according to Vuurman et al. [36]. The
stretching modes of the polytungstates were as-
signed by analogy with the vibrational modes of
solvated species like W;0,,(OH)° (ag), W,,.
0% (ag), or W,,0:9"(ag), which al have a
distorted octahedral coordination [37]. The sim-
ulation of the spectra of the samples IWTi and
2WTi calcined in N, exhibits one polytungstate
peak around 941 to 950 cm~ 1. The spectra of
the samples 3WTi and 4WTi exhibit two peaks
between 926 and 958 cm ™.

The shift to lower wavenumbers of vibra-
tiona frequencies of tetrahedrally coordinated
species with increasing tungsten loading indi-
cates that the terminal W=0 bond increases in
length. It may be influenced by an increasing
number of differently distorted, surrounding oc-
tahedrally coordinated WO, surface species. The
samples exposed to an O, atmosphere show
polytungstate species in their spectra after every
grafting step. For the spectra of 1WTi, two to
three polytungstate peaks are located between

~ 920 to 960 cm~ 1. With higher tungsten load-
ing only one polytungstate peak remains which
is located at ~ 950 cm™~!. With increasing the
calcination temperature, the peak intensity of
the polytungstate vibrational modes decreases.
This indicates that isolated tetrahedrally coordi-
nated species are the dominating WO, surface
Species.

To model the band structure of the samples
which were cooled down under in situ condi-
tions, a large number of composite bands was
required. It is interesting that the high
wavenumber features > 1000 cm™* still exist
in the spectra recorded with low laser intensity,
compare Fig. 7. This means that cooling the
samples does not completely change the surface
oxide structure that is established upon hesating,
but instead causes a depletion of isolated tetra-
hedral species in favour of polytungstate struc-
tures. Although the O, calcined samples show a
low intensity of the polytungstate band while
heating, this band dominates their spectra after
cooling. Variation of laser power showed that
the N, calcined samples are still sensitive to a
change in laser power. As can be seenin Fig. 7,
the intensity of the band at 1006 cm™* increases
with increasing laser power (trace (b)). At low
laser power, the spectra (traces (a) and (c))
exhibit a shoulder on the high wavenumber
side, which was modeled using a peak at 972
cm™1. The number of pesks necessary for the
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spectral  simulation decreases with increasing
laser power. Laser heating of the sample brings
about an increase in the intensity of the bands
due to isolated tetrahedrally coordinated species,
whereas with low laser power, the signal of the
polytungstate species are the dominant feature.
The O, calcined samples show no dependence
on variationin laser power. The spectral changes
with heating and with varying laser power indi-
cate that the structure of the surface species
depends on the temperature of the sample, and
is reversible. From the present data, no informa-
tion on the formation of W /Ti mixed oxides
can be derived.

As reported by Chan et al. [38] for the
WO, /Al,O; system at low coverages, tungsten
oxide is in a highly dispersed and amorphous
state on the alumina surface. This is in agree-
ment to the spectra measured in N, at 573 K
(Fig. 2). With increasing calcination tempera-
ture the WO, species disperse over the surface
and form octahedrally, tetrahedrally coordi-
nated, and polytungstate species. A significant
peak shift can be recognized with increasing
tungsten oxide loading. The more tungsten ox-
ide is present at the surface, the less isolated
tetrahedral WO, species can be detected. This
suggests that the tungsten oxide species are
highly dispersed at low coverages and form
cross linked octahedral and tetrahedral WO,
structures at higher coverages.

5. Conclusions

In this study, the WO, /TiO, system derived
from a tungsten(V)ethoxide precursor was char-
acterized by Raman spectroscopy under inert
gas (N,) and under oxidizing conditions as well
as under ambient conditions. The applied laser
power was varied in order to determine the
influence of the laser intensity on the vibrational
modes of the WO, surface species. From XPS
measurements, the amount of tungsten on the
support and its oxidation state were determined.
On al samples, tungsten is in its W®" state.

The decrease in tungsten content for the cal-
cined samples shows that a thermal treatment
may influence the tungsten at the support. For
the third and fourth grafting step more than
monolayer coverage of tungsten oxide species
on the support was achieved. The Raman mea-
surements of the uncalcined samples showed
that laser induced structural changes of the WO,
species depend on the amount of tungsten load-
ing.

The Raman spectra of the samples show sub-
stantial differences between the different calci-
nation treatments in either N, or O, atmo-
sphere. Calcining the samples in an N, atmo-
sphere results in spectra of a complex band
shape dominated by an intense broad band be-
tween 950 and 975 cm™?, which is assigned to
polytungstates. The spectra of the samples cal-
cined in an oxidizing atmosphere do not show
such an intense broad band. They are dominated
by a sharp peak at 990 cm™! assigned to tetra-
hedral species. With increasing calcination tem-
perature, the samples calcined in N, and O,
atmosphere are not affected by a variation of
laser power. This implies a stable, temperature-
dependent distribution of highly dispersed WO,
species which is created during high tempera-
ture calcination. With increasing tungsten load-
ing octahedrally and tetrahedrally coordinated
structures, as well polytungstates, are found.
The structure of the surface species can be
related to the monolayer coverage on the sup-
port. With more than one monolayer coverage
on the support octahedrally coordinated WO,
species are formed.

Cooling the samples to room temperature in
situ after calcination changes their spectra com-
pletely. The signals due to polytungstates be-
come much more intense, whereas the peaks of
the tetrahedrally coordinated species decrease in
intensity but remain observable. The fact that
these changes are taking place while the sam-
ples are exposed to adry N, or O, atmosphere
indicates that the induced structural changes are
due to thermal effects rather than to adsorption
of water.
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