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NOTES

On the Surface Structure of Vanadia—Titania Catalysts: Combined
Laser—Raman and Fourier Transform—Infrared Investigation

V-Ti oxides represent an important class
of commercial catalysts for several reac-
tions including oxidation and ammoxida-
tion of aromatics and methylaromatics (/,
2) and selective catalytic reduction of NO,
by NH; (3). These systems have also been
found to be effective catalysts for the oxi-
dation of methanol to methyl formate (4, 5).

Depending on the V/Ti atomic ratio and
the preparation procedure, different phases
have been detected, namely pure TiO, ana-
tase, pure TiO; rutile, V,0s, lower vana-
dium oxides, and solid solutions of V** in
both rutile and anatase forms of TiO, (6—
10). Particular interest has been devoted to
the so-called TiO; anatase monolayer cata-
lysts, where the vanadium oxide is sup-
posed to be dispersed in a monomolecular
layer on the support, and different surface
models have been proposed. Véjux and
Courtine (/1) suggested that the remarkable
crystallographic fit of the (010) face of V,0s
with the (001) face of TiO, anatase is re-
sponsible for the specific reactivity of the
vanadia-titania surface. This would imply a
nearly octahedral coordination of vana-
dium. This picture is consistent with the
results of recent TEM investigations (12,
13). Wachs et al. (14), primarily from laser—
Raman data, suggested the presence of tet-
rahedral dioxovanadium centers. This sur-
face model was also proposed by
Kozlowski et al. (15) and Haber et al. (16)
on the basis of EXAFS measurements,
while it has been slightly modified by Bond
and co-workers (I7), who proposed tetra-
hedral oxohydroxy vanadium sites. Other
authors using several different techniques
including EPR, FT-IR, and DR-UV-Vis
spectroscopy provided evidence for the
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presence of nearly octahedral monooxo
VO?* species (18-21).

In this note new laser—Raman data are
reported and compared with FT-IR results.
The aim was to verify the surface models
already proposed in the literature for V-Ti
oxide monolayer catalysts (prepared by im-
pregnation) using a complete set of vibra-
tional data. The question whether these
models apply to catalysts prepared by pre-
cipitation is also addressed. The precipita-
tion method might be preferred when mate-
rials with homogeneous distribution of the
constituents are required, as is the case for
industrial catalysts experiencing severe
erosion problems during operation. Ac-
cordingly, two catalyst samples quoted as
A and B were considered. Sample A (V,0s
nominal content = 7.9% w/w; surface area
= 37 m?/g) was prepared by precipitation at
room temperature from VOCI; and TiCly
(pH = 8), followed by drying and calcina-
tion at 873 K (5). The sample was found to
consist of a solid solution of V4t in TiO,
anatase and surface vanadyl species (35, 10).
Sample B (V,0s nominal content = 10% w/
w; surface area = 48 m?/g) was prepared by
impregnation of TiO, Degussa P25 with a
solution of NH4VO;, drying, and calcina-
tion at 723 K. XRD showed that the sample
consists of TiO, anatase (90%) and rutile, in
relative amounts unchanged with respect to
those of the pure support, and of small
amounts of V,0s. Raman spectra were re-
corded with a Dilor multichannel spectrom-
eter Omars-89 equipped with an array of
512 diodes and microscope Olympus BH-2,
using an Ar* Spectra Physics laser with the
exciting line at 514.6 nm. The laser power
at the sample location was changed from 20
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FiG. 1. Laser—-Raman microscopy spectra of pure
TiO, anatase (a), catalyst B (b—€), and catalyst A (f).
Spectra b and c refer to two different portions of pow-
der B; spectra c, d, and e are recorded on the same
portion by increasing the laser power (¢) 20, (d) 70, and
(e) 150 mW, respectively.

to 150 mW. IR spectra were collected with
a Nicolet MX1 Fourier transform spec-
trometer.

The laser-Raman microscopy spectra
are presented in Fig. 1. Comparison of
spectra b and ¢, which refer to two different
portions of sample B, confirms the hetero-
geneity of the ‘*‘monolayer’’ catalyst, in line
with XRD results. In fact, spectrum b is
essentially that of bulk V,0s5, with main Ra-
man peaks at 995 and 700 cm™! (22), while
spectrum ¢ is dominated by the strong ma-
jor Raman band of TiO, anatase at 640 ¢cm™!
(22). The presence of V,0s in sample B is
also confirmed by the IR band at 1015 cm™!
(Fig. 2a). The broad Raman absorptions
near 920 and 850 cm ! and the sharper ones
at 1030 and 995 cm™I, not present in the
spectrum of pure TiO; and detected in sam-
ple B, are associated with V (compare spec-
tra ¢ and a in Fig. 1). By increasing the laser

587

power without any modification of the posi-
tion of the sample, the band near 995 cm™!
decreases in intensity while that at 1030
cm™~! increases strongly; the other absorp-
tions are almost unaffected (spectra c, d,
and e in Fig. 1). Such a laser beam power
effect parallels that observed for molyb-
dena-alumina (23) and vanadia—alumina
(24), which was interpreted as due to dehy-
dration of the supported molybdenyl and
vanadyl species.

The IR spectrum of sample B in Fig. 2a
(KBr disk exposed to the laboratory atmo-
sphere) is also characterized by a relatively
broad band near 990 cm~!. However, if the
pressed disk of pure powder of sample B is
evacuated at 673 K a band is detected at
1035 cm~! (Fig. 2b); this band is shifted be-
low the cutoff limit of the sample (=1000
cm™!) by subsequent exposure of the sam-
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F1G. 2. FT-IR spectra of vanadium oxide species in
vanadia—titania catalysts. (a) catalyst B (KBr pressed
disk) exposed to air upon subtraction of the spectrum
of the TiO, support. (b) Catalyst B (pure powder
pressed disk) activated in vacuo upon subtraction of
the pure powder exposed to air (below ~1000 cm™!,
the transmittance is nil). (¢) Catalyst A (KBr pressed

disk) exposed to air upon subtraction of TiO, anatase.



588

ple to a wet atmosphere. As previously
shown (25, 26), this behavior can be ob-
served by IR monitoring of the first over-
tone of the band at 1035 cm™!, detected at
2045 cm~', which is shifted to 1950 cm™!
upon water adsorption.

Along these lines it can be assumed that
on increasing the laser power, sample B is
heated, which causes water desorption as
during activation in vacuo. Note that sam-
ple B presents a strong absorption in the
UV-visible spectrum at the wavelength of
the laser exciting line (514 nm). Accord-
ingly the band at 1030 cm~! is assigned to
the vy—o stretching mode of a water-free
surface vanadyl bond, while that at 995
cm~! would be due to the corresponding hy-
drated species. The strict correspondence
of the vv—o Raman and FT-IR frequencies
indicates that these bands cannot be associ-
ated with dioxo species. In this case, two
bands, typically separated by about 10-30
cm~!, are expected in both IR and Raman
spectra with opposite relative intensity
(27). Accordingly, the band at 1030 ¢cm™!
can be assigned to the vy—g vibration of sur-
face monooxo species with a coordinate un-
saturation and the band at 995 cm™! to the
same species which is saturated when the
surface is wet. The vyv—g band of the satu-
rated species accidentally coincides with
the most intense Raman band of bulk V,0s;
however, the most intense IR band of bulk
V,0s is detected at 1020 cm~!. Therefore
the combined use of Raman and IR spec-
troscopies and the analysis of both wet and
dry samples are required to discriminate
between bulk vanadia and surface vanadyl
absorptions. On the other hand, the broad
Raman absorptions centered at 920 and 850
cm~! and the IR band at 940 cm™! (Fig. 2)
may be associated with »yv—o from V.0,
“‘clusters’’ (28), for which previous evi-
dence has been reported by ESR and FT-
IR in the overtone region (27). Based on the
frequencies these clusters may correspond
to tetrahedral dioxo species proposed by
other authors (14-16).

Sample A showed together with the
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bands assigned to V.0, clusters only the
Raman band at 1030 cm™! already at low
laser power (Fig. 1f). This may be ex-
plained by considering that sample A is a
V-Ti oxide solid solution characterized by
the incorporation of V** into the bulk (5,
10). This results in a much stronger absorp-
tion at about 500 nm associated with d—d
electron transitions of the 3d'/V(IV) centers
and eventually causes a stronger tempera-
ture rise in the sample upon exposure to the-
laser power. In any case the IR absorption
detected at 990 cm~! for KBr disks exposed
to air and the 2vy—p overtone at 2045 cm™!
for the pure powder pressed disks activated
in vacuo (almost opaque below 1100 cm~!)
indicate that surface vanadyls similar to
those reported for monolayer vanadium
catalysts are present also in sample A, al-
though the coverage is not complete (5).

In conclusion the above IR and Raman
data indicate that (i) the surface structure of
the ‘‘monolayer’’-type V-Ti oxide cata-
lysts comprises monooxo vanadyl species,
which can be either coordinatively satu-
rated on the wet surface or coordinatively
unsaturated on the dry surface, and by
V.0, ““clusters’’; and (ii) the same model
applies to the surface of precipitated V-Ti
oxide catalysts.
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