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Abstract

An earlier-proposed model for the molecular structure of VOg4 species on alumina was tested and compared with the pyramid model on a
silica support. The model can be described as a chemisorbed Osupport—V=0(07) species with a similar geometry as on alumina. Results of DFT
calculations on this model are consistent with the experimental Raman and EXAFS data collected on low-loaded silica-supported vanadium oxide
catalysts. The band observed at 915 em~ s assigned to an O-O stretch vibration. The thermal motion of the bound O, molecule can explain
the broadness of this band. These findings, in combination with our previous work, demonstrate that the umbrella model is a viable, internally
consistent model for supported vanadium oxide catalysts at least at low loadings.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Supported vanadium oxide catalysts represent an important
class of heterogeneous catalysts that are widely used in the
chemical industry in various selective oxidation reactions, as
well as for the selective reduction of NO, emissions [2-5].
These catalysts consist of an active vanadium oxide phase de-
posited on the surface of a high-surface area oxide support,
such as SiO;, Al,O3, TiO,, and ZrO,. The molecular struc-
ture of these supported vanadium oxide species has been stud-
ied by a wide variety of spectroscopic techniques, including
Raman, 'V NMR, UV-vis-NIR, EXAFS, XANES, ESR, and
XPS [6-19]. The reaction rate and selectivity strongly depend
on the metal oxide loading, the support oxide material, and the
degree of hydration. Several review papers have described the
current understanding of these catalyst systems [6,20-22].

The most common opinion is that the VO4 monomeric
species in dehydrated supported vanadium oxide catalysts can
be envisaged as a pyramidal structure with one V=0 bond
and three V—Oygyppore bonds (Figs. 1d-1f) [23-27]. This model
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is characterized by a vibration at ~1030 cm™! [28]. Through
comparison with reference compounds, this band has been as-
signed to the V=0 stretch vibrational mode [28]. A second,
rather broad Raman band has been observed at ~915 cm™! that
increases in intensity with increasing vanadium oxide loading,
leading to the assignment of this band to polymeric species,
that is, either a V-O-V or an O-V-0O vibration [17]. Thus,
two Raman features—the 1030 and 915 cm™! bands—have
been clearly documented. Based on the foregoing interpreta-
tion, these features have been used as fingerprints to distinguish
monomeric and polymeric surface VOy units. '30 labeling ex-
periments, in conjunction with Raman spectroscopy [29], pro-
vide evidence for this assignment.

Recently, two groups have challenged the assignment of the
second band at 915 cm™! to a polymeric vibration. Magg et al.
[30] ascribed the IR band observed at approximately 915 cm™!
for their VO,/Al,O3 catalysts to the AI-O-V stretch vibration.
They cannot make that claim when vanadium oxide is sup-
ported by silica, however. We recently proposed [1] an alterna-
tive model, called the “umbrella” model (Figs. 1a—1c), in which
the VO4 unit, now containing one V=0 unit and an active
oxygen “molecule” bound to the vanadium atom, is linked to
the surface via only one V-0 support bond. This proposal was
based on DFT calculations and temperature-dependent Raman
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Fig. 1. The molecular structure of six cluster models (umbrella a—c and pyramid d—f) for a supported vanadium oxide (VOyq4) catalyst used for DFT calculations in

this paper.

spectroscopy data on AlpOs3-supported vanadium oxide cata-
lysts, which could not be explained with the pyramidal model.
In our current view, the “polymeric” band at 915 cm~! cor-
responds to an O-O stretching vibration, whereas the peak at
1030 cm™! still is assigned to a V=0 stretch vibration.

In another paper from our group on a VO,/Al,O3 catalyst
[31], it was shown with EXAFS that on a low-loaded vanadium
oxide catalyst, the V atom is surrounded by four oxygen atoms,
three of these present at a distance of 1.72 A and one present
at a much shorter distance of 1.58 A, thus providing support
to the “umbrella” or “pyramidal” structure. But this article [31]
demonstrated that the V-O—V bonds did not exist, whereas the
915 cm~! Raman band was observed for this catalyst. Thus the
exclusive assignment of this band to a polymeric species does
not seem valid.

In the current study, we expand our discussion of the um-
brella model [1] to the silica support. Previously, it was shown
that the VO4 species is only monomeric on this support [17,28].
A series of well-defined VO,/SiO; materials with increas-
ing vanadium oxide loading was prepared and analyzed with
EXAFS and Raman spectroscopy, and the data were compared
with those from DFT calculations. To sum up, we evaluate
the umbrella and pyramid models by giving an overview of
the experimental data that the models are able to explain and
commenting on the implications for the reactivity of supported
vanadia oxide catalysts.

2. Experimental
2.1. Catalyst preparation

A series of well-defined supported vanadium oxide cata-
lysts with increasing vanadium oxide loadings were prepared
using SiO> (homemade; pore volume, 0.70 ml g_l; surface
area, 600 m” g~ ') as the support oxide. The SiO; support was
prepared by the sol-gel method according to a slightly altered

Table 1

Overview of the supported vanadium oxide catalysts under investigation, to-
gether with their corresponding sample code, vanadium oxide loading, surface
density and surface monolayer coverage

Sample wt% V VO, / nm~2 % of monolayer
coverage reached
1V-Si 1.05 0.118 5.1
2V-Si 2.08 0.236 10.3
4V-Si 4.05 0.470 20.4
8V-Si 8.33 1.011 43.9
12V-Si 12.90 1.648 71.6
16V-Si 16.40 2.183 94.9

recipe [32], using HNO3 instead of HCI. The catalysts were pre-
pared with the incipient wetness impregnation technique using
a NH4VO3 (Merck, p.a.) solution with oxalic acid (Brocacef,
99.25% pure). The catalysts were dried at room temperature for
16 h at 393 K, then calcined at 773 K for 3 h. Table 1 lists
all of the catalysts under investigation together with the cata-
lyst code used throughout the paper. The amount of VO, nm >
on the catalysts is compared with the theoretical monolayer for
monomers as described by Khodakov et al. [33].

2.2. Spectroscopic characterization

Raman measurements were carried out on dehydrated cata-
lyst samples in a special cell with a quartz window. Details on
this equipment can be found elsewhere [34]. Dehydration was
performed in a stream of Oy (40 mImin~!) at 723 K for 3 h.
Raman spectra (exposure time of 50 s, 50 accumulations) were
collected at room temperature with a Kaiser RXN spectrom-
eter equipped with a 532-nm diode laser. A 5.5” noncontact
objective was used for beam focusing and collection of scat-
tered radiation. EXAFS experiments at beamline E4 in Hasylab
(Hamburg, Germany) and data analysis were carried out as de-
scribed previously [31].



36 J.N.J. van Lingen et al. / Journal of Catalysis 239 (2006) 34—41

2.3. DFT calculations

Quantum chemical calculations were done with the GA-
MESS-UK program [35]. Exchange correlation energy was
added to the calculations using the B3LYP density functional
[36,37]. All calculations were performed with the Lanl.2DZ
basis set and accompanying ECPs from the EMSL basis set
database. The structures of the clusters were optimised to a
maximum gradient of 4.4 x 107>, After optimizing, harmonic
vibrational frequencies were calculated. As is well known, the
calculated frequencies for DFT wavefunctions are slightly too
high compared with experiments [38]. A scaling factor of 0.95
is commonly used to correct for this deficiency [39,40]. This
factor has been incorporated in all data.

Several cluster models were investigated. Fig. 1a shows the
umbrella model presented in a previous paper [1]. The support
of this model consists of one oxygen atom, one silicon atom,
and three OH-groups only. Larger clusters were considered, as
shown in Figs. 1b and lc. In the largest cluster, the support is
modeled by O-Si19027H15, which represents a small part of the
amorphous silica support structure. For comparison, pyramid
model clusters (Figs. 1d, le, and 1f) were designed with the
same support sizes used for the umbrella models.

In the vibrational analysis, the atoms of the support are as-
signed a large weight (2000 amu) to simulate a truly rigid lat-
tice. This removes all vibrations originating from the support
and all couplings between the support and the VO4 species, in-
cluding a possible V-O-Si vibration. Thus, referring to Fig. 1a,
in the case of the smallest umbrella model, we assign a huge
mass to the Si and OH groups underneath the O-VOs;. This
method has been applied to all cluster sizes. In two cases
(Figs. 1b and le), the vibrational frequencies were calculated
with the correct weights assigned to the support to check the
position of the vibrations calculated with the rigidly fixed sup-
port. Raman intensities associated with the vibrations were cal-
culated in the following manner. Because GAMESS-UK does
not support the calculation of Raman intensities with DFT, the
intensities were calculated with HF on the HF-optimised clus-
ters b and e in Fig. 1. In addition, the H atoms of the support
were frozen to prevent them from having a large influence on
the calculated intensities. The vibrations were then linked with
the resulting vibrations from the DFT HESSIAN by comparing
their movement. The infrared intensities were virtually identi-
cal in both cases. Both HF and DFT intensities were calculated
using the TZVP basis set [41].

To get an impression of the influence of structural defor-
mation on the vibrational frequencies, three possible structural
changes from the optimal geometry were simulated on the small
and medium umbrella models (Figs. 1b and 1c¢). In all of these
changes, the geometry was optimised with only the varied para-
meter fixed, after which the vibrational modes were calculated.
First, the VO3 species of the umbrella model was rotated with
respect to the support over 60°. Taking into account the symme-
try of the support, this rotation covers all positions. Second, the
Si—O-V bond angle was altered from 120° to 240°. Finally, the
distance between the centre of gravity of the bound O, mole-
cule and the V atom was changed from 1.5 to 1.8 A.

The relative stability of the umbrella and pyramid models
were difficult to assess, because direct comparison is not pos-
sible. We have tried to estimate it by calculating the reaction
energy of the following reactions:

H3VO4 + Si(OH)4 + (1/2)02

— OV-03-SiOH + 3H,0 + (1/2)0, (D)
and
H3VO4 + Si(OH)4 + (1/2)02

— 03V-0-Si(OH)3 + 2H,0. 2)

These reactions start with the same reactants and model the at-
tachment of the vanadium oxide species to the surface. The first
reaction yields a pyramid model; the second reaction, the um-
brella structure. Calculations on this reaction were performed
with the TZVP basis set to get more accurate results.

3. Results
3.1. Spectroscopic results

Raman experiments on the VO4/SiO; catalysts after dehy-
dration gave the spectra shown in Fig. 2. The blank spectrum,
taken on only silica, shows three peaks in the 800-1200 cm ™!
region, situated at 800, 980, and 1060 cm~!. These peaks can
be assigned to vibrations in the silica lattice. From the spectra
with VO4 present, it can be seen that in the region of 850-
1100 cm™!, three peaks are visible in the spectra at differ-
ent loadings. The first extra peak appears immediately at the
1% loading on top of the silica band at 1060 cm™' and be-
comes more intense with increasing loading. This sharp peak
can be assigned to the well-documented V=0 stretch vibration
at 1040 cm™! [27]. A second sharp peak appears at loading of
12% and higher. This peak at 996 cm™! is commonly assigned
to the formation of crystalline V,O5 on the surface [42]. Finally,
abroad band is seen at around 915 cm ™! at 2% loading and even
perhaps at 1% loading. At least the blank sample shows a flat
spectrum in that region, whereas the 1% catalyst shows sim-
ilar trends as the higher-loaded samples. We have previously
assigned this band to the O-O stretch vibration of the peroxo
group in the umbrella model [1]. Apart from these three peaks,
the intensity of the broad band at 980 cm™! increases with in-
creasing VO4 loading.

EXAFS studies on the 1V-Si sample yielded the following
structural parameters from the R-space fit: The first shell con-
sists of 1 O atom at 1.58 A from the central V atom, and fitting
of the second shell gave 3.07 O atoms at a distance of 1.77 A.
These results are included in Table 2.

3.2. DFT calculations

Optimization calculations on the umbrella clusters depicted
in Fig. 1 resulted in three structures. The most important dis-
tances are shown in Table 2. Also included in this table are
the calculated vibrational frequencies at 800—1100 cm™!, along
with the calculated distances and frequencies for the pyramid
clusters (shown in Figs. 1d and le). Calculating the Hessian
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Fig. 2. Raman spectra of samples (a) 1V=Si; (b) 2V-Si; (c) 4V-Si; (d) 8V-Si; (e) 12V-Si and (f) 16V-Si measured under dehydrated conditions at room temperature.
The spectra have been normalised and positioned above each other. For clarity the y-axis is cut at 3000 units and the labels of the spectra have been put to the right

of them. Important peak positions have been indicated in the figure.

Table 2

Computed data wit the LanL2DZ ecp basis set for the four umbrella structures combined with the EXAFS and Raman results considered in this work. Og is the
support O atom. All distances are in A; vibrational modes are in em™ L. In brackets the coordination number for the atoms at this distance resulting from the EXAFS

experiments or the DFT calculations is given

Umbrella clusters

Experimental Pyramid cluster

Small Medium Large EXAFS Small Medium Large

(Fig. 1a) (Fig. 1b) (Fig. 1c) (Fig. 1d) (Fig. le) (Fig. 1f)
r(V-0Os) 1.75 (1) 1.75 (1) 1.74 (1) 177 3) 1.83 (3) 1.76 (3) 1.74 (3)
r(V=0) 1.81(2) 1.80 (2) 1.80 (2) ’ - - -
r(V=0) 1.59 (1) 1.59 (1) 1.59 (1) 1.59 (1) 1.59 (1) 1.59 (1) 1.59 (1)
r(0-0) 1.54 1.54 1.54

Raman

hv O-O 870 873 867 918 - -
hv V=0 1053 1052 1057 1040 1064 1057 1051
hv Si-O-V 962 980 999 980 647 893 965

with the support atoms at their normal weights (i.e., assuming
a nonrigid lattice for Figs. 1b and 1e) gives a maximum shift in
frequency of 2 cm™!.

Distorting the optimal structure of the umbrella model re-
sulted in the graphs shown in Figs. 3 and 4. These graphs plot
the total energies and frequencies belonging to the vibrations
assigned to the 915 and 1040 cm™' bands against the struc-
tural changes. To allow a clearer comparison between these
three distortions, the scales of the graphs have been kept the
same. A horizontal line is inserted at the 0.001 hartree level,
which is about 1 kT at room temperature. The results for the ro-
tation on the surface of the VOg4 are not shown here, because
this distortion had almost no effect on the energy and frequen-
cies of the clusters. Calculations regarding the stability of the
pyramid and the umbrella model resulted in reaction energies
of 262 kI mol~! for the formation of the umbrella species (re-
action (2)) and 567 kJmol~! for the creation of the pyramid
species (reaction (1)).

4. Discussion
4.1. EXAFS and DFT studies

The change of the support from alumina in our previous
work [1,31] to silica does not really change the optimized struc-
tures for the models, as shown in Figs. la—1f. The umbrella
model has one O atom placed at 1.58 A, another O atom at
1.75 A, and two O atoms at 1.80 10\, which is comparable to the
structure on the alumina support. Also it can be concluded from
Table 2 that these distances do not change significantly when
the tiny support (Fig. 1a) is replaced with one of the larger ones
(Figs. 1b and 1c). The size of the silica support is immaterial in
the umbrella model.

The pyramid models on almost the same supports as the
umbrella models show that the Ogypport—V distance decreases
when using a larger support for this model. This is probably
due to the fact that in the smaller clusters, the V-O-Si angles
are more strained. They can release this strain by increasing the
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distances, which will probably cost less energy than straining
the angles.

The EXAFS fit results in one O atom at 1.58 A and three
O atoms at 1.77 from the central V atom. This compares very
well to the internal distances of the umbrella model (Table 1) if
we take into account that EXAFS cannot distinguish between
1.75 and 1.8 A and sees this as three O atoms at an average of
1.77 A. The same applies for the pyramid models.

4.2. Raman experiments and DFT studies: peak positions and
intensities

Raman experiments (Fig. 2) demonstrate one clear sharp
peak at 1040 cm~! and a weak, very broad band at ca.

915 cm™!. Next to this, the peak at 980 cm~! shows an in-
creased intensity with increasing loading. The same features
were recently observed by Nguyen et al. [43].

DFT Hessian calculations with a LanL.2DZ basis set for the
umbrella model [1] clearly show that an O-O stretching vibra-
tion of the bound O, molecule has a frequency after scaling
at 870 cm~! (Table 2). This is reasonably close to 915 cm~ L
In more time-consuming calculations, however, with a TZVP
basis set using the same scaling factor, the O-O stretching vi-
bration shifts upward by approximately 30 cm ™! to a position at
ca. 903 cm™! (Table 3). Tables 2 and 3 also show a Si—O-V vi-
bration at ca. 980 cm~!. This vibration has a lower intensity in
Raman then the other two vibrations but is still sufficiently high
to be measurable. Its presence explains the increase of intensity
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Table 3
Computed relative intensities in infrared and Raman for the most intense vibra-
tional frequencies involving vanadium calculated with the TZVP basis set

Vibration Frequency Intensity Intensity
(cm™ 1 ) infrared Raman
(kmmol 1) (au.)
Pyramid
V=0 1036 159 2.2
Antisymm O3-V=0 1024 903 6.3
Symm O3-V=0 1046 72 23.6
Si-O-V 906 1789 15.8
Umbrella
V=0 1038 116 14.2
Si-O-V 978 1823 6.9
0-0 903 324 31.7

of the experimental band at 980 cm~!. The intensity of the Si—
O-V vibration in infrared is just the opposite of that in Raman,
with the 980 cm™! band being the most prominent. Thus, this
should be the major peak observed experimentally. An example
of this is the work of Scott et al. [44—46], in which an IR band
at 959 cm~! was observed and assigned to a Si—-O-V vibration,
in agreement with our calculations. Possibly the appearance of
a peak at 1005 cm™! in the IR spectrum of Magg et al. [30] can
be explained by the intense Si—~O-V vibration calculated here.
Together with the V=0 stretching vibration, this gives the three
bands at 915, 980 and 1040 cm™!, which are seen in the exper-
imental Raman spectra at low loadings (Fig. 2).

The calculations done on the pyramid models can explain
the presence of the V=0 vibration at 1036 cm™! in the Raman
spectra. A band proposed by Magg et al. [30] to be a V-0O-Al
mode in the same 900—1000 cm ™! region for the pyramid model
supported by alumina is calculated at around 906 cm~! for a
silica support pyramid, as seen in Table 3. This vibration is an
asymmetric VO3 vibration rather than a Si—-O-V vibration. Ta-
ble 2 shows that the position of this peak actually depends on
the size of the cluster, ranging from 647 to 965 cm™!. This
makes the exact position of this peak doubtful. However, this
peak has the greatest infrared intensity, as shown in Table 3. It
is missing in the experimental IR spectra from Scott et al. [39,
45,46] and Magg et al. [30], however.

In summary, the umbrella models are able to give a theoret-
ical interpretation for the bands at 915, 980, and 1040 cm™!
experimentally observed for silica supported vanadium oxide
catalysts by either Raman or IR. The pyramid models are able
to explain the band at 1040 cm~! as a V=0 vibration and
might explain the existence of the 920 band as an asymmetric
VO3 vibration, but fails to give an interpretation for the peak at
980 cm™!.

4.3. Raman experiments and DFT studies: band widths

The broadness of the peak at 915 cm~! cannot be explained
by the first two obvious possibilities, rotation on the surface
of the VO3 umbrella and altering of the Si—-O-V bond angle
(Fig. 3). These have almost no influence on the frequencies of
the V=0 and O-O bands. The third possibility, however, shows
that the distance from the O, molecule to the V atom can range

from 1.59 to 1.68 A without increasing the energy of the system
by more than 1 kT. This does not affect the frequency of the
V=0 band, but changes the O-O frequency by 27 cm~!. Thus
the change in the position of the bound O, molecule caused by
thermal energy does indeed lead to a sharp V=0 band and a
broad O-O band.

4.4. DFT studies: stability

Concerning the stability of the umbrella model, the follow-
ing conclusions can be drawn. When we consider the reaction
energies of the two reaction equations, the formation of the
umbrella model (262 kJ mol~!) costs half the energy of the for-
mation of the pyramid model (567 kJ mol~!). This difference
is due in part to the strains on angles and distances needed to
form the pyramid model. In the small pyramid molecule formed
in the reaction, this will be less than in a real surface. The
surrounding atoms on the real surface will be less able to com-
pensate for the strains, and thus it will even cost more energy
to put it on a surface. Next to this energy difference, is the fact
that OH groups are rather scarce on the surface. Zhuravlev [47]
states that at 300 °C the average area occupied by one OH group
on the surface of amorphous silica equals 0.42 nm?. This makes
it very hard to find a surface spot with three OH groups close
enough to form a pyramid active site. The umbrella model only
needs one OH group and can be created everywhere once a hy-
droxyl group is present on the surface.

The peroxo group is rather tightly bound to the O=V-Oq
(—352.3 kI mol~! from DFT calculations). High temperatures
are needed to remove the bounded O, molecule. The oxygen
atoms in the O, molecule are very reactive and will react with
impurities or reactants in the catalytic reaction. The presence of
an umbrella model with the peroxo group replaced by two OH
groups cannot be excluded. This will replace the O-O vibra-
tion at 920 cm ™! by two vibrations at around 800 cm™! related
to the symmetric and antisymmetric bending of the OH groups.
Therefore, the species may be present, but it cannot be the only
V-containing unit on the surface, as the 920 cm~! band is ob-
served experimentally.

4.5. Considering the umbrella model

Considering the umbrella model and combining all of the
results from this paper and our previous work [1,31], we can
summarize our conclusions as follows:

— The umbrella model complies with our EXAFS studies on
VOy4 species supported on either silica or alumina.

— Calculations on the umbrella clusters give three vibra-
tions; the V=0 stretch at 1050 cm~!, an Si-O-V mode
at 980 cm~! and the O-O stretch in the peroxo group at
870 cm~! (900 cm™! with the TZVP basis set), which can
be found in our experimental Raman spectra.

— The shift of the 1040 and 920 cm™~! peaks by isotope la-
belling of the O atoms conducted by Weckhuysen et al. [29]
can be reproduced by DFT calculations [1].



40 J.N.J. van Lingen et al. / Journal of Catalysis 239 (2006) 34—41

— The V=0 stretch vibration peak is very sharp in the ex-
perimental spectra, whereas the band at 915 cm™! is very
broad. This broadness can be explained by the thermal mo-
tion of the bound O,, as was shown earlier.

— In a previous paper [1], we showed that the umbrella model
gives the same experimentally observed behaviour when
the temperature dependence of the peak at 1040 cm™! is
simulated on the alumina support. In both the experimental
Raman and theoretical calculated data, the peak position
shifts to a lower frequency with increasing temperature.
The same trend can be seen if we simulate temperature de-
pendence on a cluster supported by silica.

— To form an umbrella structure on the silica surface, only
one surface OH group is needed.

— For a similar reaction where a VOCl3 molecule reacts with
a silica surface, Scott et al. [44-46] found by EXAFS,
NMR, and several spectroscopic techniques that only one
HCI is released per connected VOCI3 unit. This corrobo-
rates the umbrella model. They also found an IR peak at
959 cm™!, which they assigned to a V-O-Si vibration. Our
umbrella model clusters give the same interpretation to this
peak position.

— The umbrella model gives more possibilities for a catalytic
reaction and makes the reaction scheme simpler. Two O
atoms are readily available for the reaction and one for in-
termediate H storage. After all oxygen atoms have been
used, the catalyst can be reactivated by introducing a new
O, molecule at the end of the reaction cycle instead.

— In terms of stability, it takes less energy to form the um-
brella model on the surface than it does for the pyramid
model. The peroxo group is tightly bound to the O=V-0Oyq
structure but highly reactive.

5. Conclusion

The results presented in this paper and previous papers
[1,31] show that the umbrella model is a more viable inter-
nally consistent model for supported vanadium oxide catalysts
at low loadings compared with the pyramid model. The um-
brella model can be described as a chemisorbed V=0(0,)
species. All three oxygen atoms point away from the support
surface. Two equal V-0 distances are found at 1.79-1.80 A,
and one shorter V=0 bond is seen at 1.59 A. The equivalent
oxygens are separated by only 1.44-1.46 A. The observed vi-
brational frequencies in the range of 900-1100 cm~! can be
assigned to V=0 (1030 cm™!), 0O-O (915 cm™!), and Si—
0O-V (980 cm™!) without invoking the presence of polymeric
species. Thermal movement of the bound oxygen molecule can
explain the broadness of the band at 915 cm~!. The presence
of other molecular structures (e.g., where the peroxo group is
replaced by two OH groups) may not be excluded. Multiple
species may very well be present on the surface.
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