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a b s t r a c t

This study reports the results of a combined experimental and theoretical investigation of a bilayered
VOx/TiOx/SiO2 catalyst consisting of vanadia deposited onto silica containing a submonolayer of titania.
Raman spectroscopy indicates that Ti atoms are bonded to the silica support via TiAOASi bonds, and
Raman and EXAFS data indicate that the vandia is present as isolated vanadate groups bonded to the sup-
port through VAOASi and VAOATi bonds. For a fixed vanadia surface density (0.7 V/nm2), the turnover
frequency for methanol oxidation to formaldehyde increases with increasing Ti surface density (0.2–
2.8 Ti/nm2) and the apparent activation energy decreases. These trends are well represented by a model
of the active site and its association with Si and Ti atoms of the support. This model takes into account the
distribution of Ti on the silica support, the fraction of active sites with 0, 2, and 3 VAOATi support bonds,
and the rate parameters determined for each of these active sites determined from quantum chemical
calculations and absolute rate theory.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The selective oxidation of methanol to formaldehyde has been
shown to be catalyzed by isolated vanadate groups supported on
metal oxides, such as SiO2, Al2O3, TiO2, ZrO2, and CeO2 [1–8]. The
structure of the active center has been deduced from evidence ob-
tained by EXAFS and Raman spectroscopy; it consists of a central V
atom bonded to the support through 3 VAOAM bonds (M = Si, Al,
Ti, Zr, Ce) and a single V@O vanadyl bond [7,8]. The activity of
these sites strongly depends on support composition [1,2,5,7,8].
For example, the turnover frequency (TOF) for methanol oxidation
on VOx/TiO2 is roughly 103 higher than that for VOx/SiO2 at the
same reaction conditions. Previous studies have concluded that
the activity of the vanadate sites increases with decreasing Sander-
son electronegativity of the support metal cation [2,5,9]. While this
interpretation leads to a good correlation of catalyst activity with
Sanderson electronegativity, it is not supported by compelling the-
oretical arguments. For instance, if the Sanderson electronegativity
of the support metal cation was the sole reason for the increased
activity, then the thermodynamics of the adsorption step would
vary greatly because it is the only step involving the metal support
atom. Since the adsorption energy of methanol on different metal
oxide supports is comparable [5], a large variation in entropy must
then exist, which is unlikely for the same reaction. By contrast, a
recent theoretical study aimed at understanding the higher activity
ll rights reserved.
of VOx/TiO2 relative to VOx/SiO2 has shown that O-vacancies in
TiO2 can increase the reaction rate by lowering the activation en-
ergy of the rate-determining step [10]. Submonolayer quantities
of titania dispersed on silica have also been found to increase the
activity of dispersed vanadia by over an order of magnitude [11–
14]. The aim of the present work was to develop a deeper under-
standing of the origins of the enhanced activity of isolated vana-
date species supported on silica containing submonolayer
quantities of titania. To this end, theoretical and experimental
studies were carried out to understand the role of Ti atoms on
bilayered VOx/TiOx/SiO2 catalyst. Samples were characterized by
X-ray absorption near-edge spectroscopy (XANES), extended X-
ray absorption fine structure (EXAFS), and Raman spectroscopy.
The rate parameters involved in the oxidation of methanol were
determined using density functional theory (DFT) and absolute
rate theory.
2. Experimental methods

A mesoporous silica support with high surface area, MCM-48,
was prepared as described previously [7]. The BET surface area
was measured by N2 physisorption with an Autosorb-1 instrument.
Prior to N2 adsorption/desorption measurements, each sample was
treated under vacuum for 12 h at 393 K. The single-point BET
method was used to determine the surface area, and the total pore
volume was calculated from the desorption isotherm using the
method of Barrett, Joyner, and Halenda (BJH). The concentration
of silanols on the MCM-48 support was determined by reacting
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Mg(CH2Ph)2�2THF with the Brønsted acid sites and monitoring the
evolved toluene by 1H NMR using a known quantity of ferrocene as
an internal standard [15].

Prior to each metal grafting step, the MCM-48 support was
heated to 393 K under dynamic vacuum (<27 Pa) to remove any
physisorbed water. Titanium was grafted under a N2 atmosphere
onto the MCM-48 via impregnation with a solution of Ti(OiPr)4 dis-
solved in approximately 60 cm3 of anhydrous toluene. The mixture
was stirred for 4 h at ambient temperature and then rinsed 2–
3 times with �60 cm3 anhydrous toluene per rinse before drying
under vacuum. The as-prepared catalyst was then transferred to
a furnace under inert atmosphere, where it was treated in He flow-
ing at a rate of 50 cm3/(min g-catalyst) and heated at 2 K/min from
298 to 573 K. Dry air flowing at 50 cm3/(min g-catalyst) was then
passed over the sample as the temperature was ramped at
2 K/min from 573 to 773 K, where it was held for 4 h. Subsequent
Ti grafting steps were performed in the same manner to increase
the surface coverage of Ti. Vanadium was grafted onto the previ-
ously prepared TiOx/SiO2 sample via impregnation with a solution
of O@V(OiPr)3 in 60 cm3 anhydrous toluene in a manner analogous
to that used to graft Ti onto the support.

Catalyst metal weight loadings were determined by inductively
coupled plasma (ICP) at Galbraith Labs. The surface densities of Ti
and V were calculated based upon the surface area of the catalyst
determined by N2 physisorption after metal grafting.

Raman spectra were recorded with a 532 nm frequency-dou-
bled Nb:YAG laser using a 25 mW power measured at the sample.
The catalyst was pressed into a 20 mg pellet at 28 MPa and was
then pretreated in flowing air at 60 cm3/min from 298 to 773 K.
Heating at 773 K was continued for at least 1 h to reduce the fluo-
rescence background. Samples were mounted onto a holder and
were rotated at 150 Hz in a quartz Raman cell to prevent sample
damage by the laser. Spectra were recorded at a resolution of
2 cm�1 with a collection time of 2 s at room temperature after
pretreatment.

X-ray absorption spectroscopy (XAS) measurements were per-
formed at the Stanford Synchrotron Radiation Laboratory (SSRL)
on beam lines 2–3 and 10–2 using a Si(1 1 1) crystal. Data were ac-
quired at the V and Ti K-edges, and the energy was calibrated using
a metal foil placed between two ionization chambers located after
the sample. The metal edge was calibrated to the first inflection
point of the main peak for V and Ti and set to 5465 and 4966 eV,
respectively. Sample weights were calculated to obtain an absor-
bance of �2.5 in order to obtain the optimal signal to noise ratio
[16], and boron nitride was added to make a self-supporting pellet.
Samples were placed in a controlled-atmosphere cell that could be
heated up to 823 K in the presence of flowing gas [17]. The cell was
evacuated to 6 � 10�4 Pa at ambient temperature and cooled to
84 K before collecting the XAS data. XANES measurements were ta-
ken under flowing gases at reaction temperature.

The XAS data were analyzed with the software IFEFFIT and its
complementary GUIs Athena and Artemis [18,19]. The edge energy
of the sample was defined as the first inflection point after the pre-
edge feature. The data were normalized by subtracting a pre-edge
line fit to the data from�150 to �30 eV relative to the edge energy,
then a quadratic polynomial was fit with a k-weight of 2 to the data
from 150 to 950 eV for EXAFS and 100–300 eV for XANES, both rel-
ative to the edge energy. A cubic spline was then fit to the data
from 0 to 15.6 Å�1 with background frequencies below 0.9 Å min-
imized and subtracted from the data to obtain the EXAFS signal. Fi-
nally, the EXAFS data were Fourier transformed with a Hanning
window over a range from 2 to 11 Å to optimize the signal to noise
ratio. The oxidized samples were fit with k-weights of 1, 2, and 3 in
the range 0.9 < R < 3.4 Å.

Temperature-programmed reaction (TPRx) measurements were
performed after treating the catalyst to 773 K under UHP 20% O2/
balance He for 1 h. Ultra high purity (UHP) He and O2 were flowed
through a methanol saturator held at a constant temperature of
273 K to maintain a reactant mixture of 0.04:0.07:0.89 MeO-
H:O2:He at a total pressure of 101 kPa. The temperature was
ramped from 373 to 773 K at 2 K/min, and the composition of
the effluent gas was monitored with a Cirrus quadrupole mass
spectrometer. The intensities of the peaks recorded for each prod-
uct were normalized using He (mass 4) as the internal standard.
Species concentrations were obtained by inverting the raw data
using matrix deconvolution and a calibration matrix.
3. Theoretical methods

Density functional theory (DFT) was used to determine opti-
mized geometries, vibrational frequencies, and thermodynamic
properties for all species. All DFT calculations were performed
within QChem 3.0 [20]. The B3LYP functional and 6-31G� basis sets
were used for all atoms, except for Ti and V, which were treated
using an effective core potential and LANL2DZ basis sets. All atoms
were allowed to relax during geometry optimization calculations.
The calculated vibrational frequencies were scaled by 0.9614 to ac-
count for the overestimation predicted at the B3LYP/6-31G� level
of theory [21].

The growing string method (GSM) [22,23] was used to deter-
mine an initial guess of the transition state geometry. The transi-
tion state estimate was then refined by performing a transition
state search using the eigenvector following (EF) algorithm in
QChem 3.0. Each transition state search consisted of three parts:
(1) an initial analytical Hessian calculation, (2) a transition state
optimization, and finally (3) a frequency calculation to verify the
presence of one imaginary frequency corresponding to the motion
of atom(s) associated with the transition state. The broken symme-
try approach [24,25] was used to calculate the activation energy
for reactions involving a biradicaloid electronic structure with
multiple spin states, as described in previous work [10,26,27].
The Landau–Zener probabilities for spin-surface crossing reactions
[28–30] were calculated as done previously [31]. The rate constant
for spin-surface crossing was �106–107 times greater than the rate
constant for the rate-limiting step at 550 K for all cases. To obtain
more accurate estimates of the reaction and activation energies,
single-point calculations were performed on all optimized reac-
tant, product, and transition state geometries. All basis sets were
augmented to include diffuse and polarization functions; for in-
stance, all non-metal atoms were treated using the 6-311++G�� ba-
sis sets.

The Gibbs free energy for all structures was calculated using the
standard equations from statistical mechanics [32,33]. The transla-
tional, rotational, and vibrational partition functions were com-
puted explicitly, as done in previous work [10,27]. The standard
state for all Gibbs free energies reported in this work was 550 K
and has been denoted as DG�. The standard state used for gas-
phase species was taken to be 1 atm, and a mole fraction of 1
was used for all vanadia species.
4. Results

4.1. Catalyst characterization

The single-point BET surface area ranged from 1522 to 1567 m2/
g for MCM-48 before grafting. These surface area measurements
are consistent with values reported in the literature for samples
up to 1600 m2/g [34,35]. Total pore volumes of the silica support
ranged from 0.84 to 0.87 cm3/g, consistent with previously re-
ported values [7]. The concentration of silanols on the support
was 1.69 OH/nm2, which is similar to values reported for silica



Table 1
BET surface area, pore volume, and metal surface coverages for each catalyst.

Catalyst Surface
Area
(m2/g)

Avg.
pore
size (Å)

Vanadium
loading
(V/nm2)

Titanium
loading
(Ti/nm2)

0.3 VOx/SiO2 1335 21 0.3 –
0.6 VOx/0.2 TiOx/SiO2 1201 20 0.6 0.2
0.7 VOx/0.9 TiOx/SiO2 1045 19 0.7 0.9
0.7 VOx/1.4 TiOx/SiO2 1059 18 0.7 1.4
0.7 VOx/2.8 TiOx/SiO2 923 20 0.7 2.8
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heated to 723 K [36]. The surface area decreased to �1000 m2/g
after grafting V and Ti, for all but the lowest Ti weight loading, as
shown in Table 1. Similar values for the surface area have been re-
ported previously [34].

The metal weight loadings for all catalysts are shown in Table 1.
Five catalysts with varying Ti coverages were synthesized, includ-
ing a reference sample without Ti. The vanadium surface coverage
for each sample was held constant at 0.7 V/nm2 to ensure isolated
vanadate sites [7], except in the sample without Ti present, as trace
amounts of V2O5 were detected on VOx/SiO2 from Raman spectros-
copy at that coverage.

The Raman spectra in Fig. 1 of the MCM-48 support show broad
peaks centered at 607 and 458 cm�1 indicative of the D1 and D2

bands of silica, respectively [36]. The spectra of the TiOx/SiO2 sup-
ports show additional peaks at 918 and 1080 cm�1, indicative of
SiAOATi vibrations [37,38]. Peaks were not observed at 146, 197,
397, 516, 640, 800 cm�1 or 143, 447, 612, 826 cm�1, characteristic
of anatase [8] or rutile [35], respectively. For this reason, it is con-
cluded that all of the Ti is atomically dispersed on the surface of
MCM-48.

As seen in Fig. 1, the Raman spectra taken after grafting vana-
dium onto the support shows a vanadyl band at 1037–
1039 cm�1. The frequency of this band is consistent with what
has been reported for vanadium supported on SiO2 [7] and TiOx/
SiO2 [39] and matches the vanadyl frequency shown for 0.3 VOx/
SiO2. Broad bands at 500–800 cm�1 and 200–300 cm�1 corre-
sponding to VAOAV vibrations were not observed nor were bands
at 998, 702, 529, or 287 cm�1, characteristic of V2O5 [40]. No evi-
dence of crystalline TiOx was seen upon V grafting, indicating the
absence of anatase or rutile in the sample. The peak at 607 cm�1

is attributed to 3-ring siloxane bridges and shifts towards a broad
peak centered at 659 cm�1 upon V grafting, which could indicate
VAOATi bonds [41].
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Fig. 1. Raman spectra for SiO2, 0.9 TiOx/SiO2, 0.3 VOx/SiO2, and 0.7 VOx/0.9 TiOx/
SiO2. Samples were pretreated in 20% O2/balance He at 773 K. Scans were taken at
ambient temperature in UHP He following pretreatment.
EXAFS and XANES data were acquired at both the V and Ti
K-edges. Examination of the edge energy of Ti in each sample indi-
cates that it is predominantly in the 4+ oxidation state. Farges et al.
[42] have shown that the height and energy of the pre-edge feature
can indicate the coordination of Ti4+ species. Fig. 2 shows that the
pre-edge energy of 4979.7 eV is consistent with 4-coordinated Ti
[42], but the height of the pre-edge feature for 0.9 TiOx/SiO2 and
1.4 TiOx/SiO2 is lower than that found typically for a fully allowed
transition. A reference scan of anatase was used to align the energy
with the data of Farges et al. [42]. These authors propose that a
smaller than expected pre-edge peak could be indicative of a mix-
ture of 4- and 5-coordinated or 4- and 6-coordinated Ti. A lower
pre-edge height, however, can also be attributed to a distorted tet-
rahedral geometry from HOATi(OSiA)3 that one would expect to
see upon grafting and activation on the surface of the silica support
[43], as a consequence of lower 3d–4p Ti orbital hybridization and
less overlap with the 2p O orbitals than could be observed for the
purely tetrahedral case. Most likely, both factors contribute to the
reduction in the pre-edge peak, with coordination effects resulting
in a lower peak for 1.4 TiOx/SiO2 than 0.9 TiOx/SiO2.

After grafting V onto the 0.9 TiOx/SiO2 samples, the Ti K-edge
energy did not change but the pre-edge feature decreased from
0.49 to 0.26, indicating an interaction between V and Ti after graft-
ing and activation. Interestingly, the pre-edge feature decreased in
the higher Ti loading sample to 0.37, but the decrease was less than
that for the 0.9 TiOx/SiO2 sample. This result is expected, since for a
given quantity of VAOATi interactions, the 1.4 Ti sample would
have a smaller fraction of Ti interacting with V than the 0.9 Ti sam-
ple, and hence, the average effect on the XANES would be less pro-
nounced. Therefore, the smaller decrease in pre-edge intensity for
0.7 VOx/1.4 TiOx/SiO2 relative to 0.7 VOx/0.9 TiOx/SiO2 is most likely
a result of a smaller fraction of the Ti interacting with V.

Examination of the V K-edge indicates that most of the vanadium
is in the 5+ oxidation state, since the edge energy, 5484.34 eV, is con-
sistent with the edge energies of both V2O5 and NaVO3, 5484.58 eV
and 5482.78 eV, respectively, as shown in Fig. 3. In addition, the
height of the pre-edge feature, which reflects the hybridization of
the metal 3d and 4p orbitals, is consistent with a 5+ oxidation state.
The V K-edge XANES for the other VOx/TiOx/SiO2 samples and
0.3 VOx/SiO2 are the same as for 0.7 VOx/0.9 TiOx/SiO2 and are not
shown.

The fit of the V K-edge EXAFS data for 0.7 VOx/0.9 TiOx/SiO2,
shown in Fig. 4 indicates that there are two oxygen shells at
1.58 ± 0.01 Å and 1.77 ± 0.01 Å. The shorter VAO bond distance is
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SiO2 and y VOx/x TiOx/SiO2. Samples were pretreated in 20% O2/balance He at 773 K.
Scans were taken at LN2 temperature under vacuum.
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Table 2
Comparison between theoretical and experimental measurements of the active site.
The theoretical values are similar for each of the active sites shown in Fig. 7. The
experimental values for bond lengths are obtained from the EXAFS fit in Fig. 4, and the
vibrational frequencies are from Raman spectroscopy.

Theory Experiment

r(V@O) 1.57 Å, 1.58 Å 1.58 ± 0.01 Åa

r(VAO) 1.76 Å, 1.77 Å 1.77 ± 0.01 Åa

r(VASi) 3.28 Å 3.32 ± 0.19 Åa

r(VATi) 3.40 Å 3.34 ± 0.05 Åa,b

m(V@O) 1030 cm�1, 1033 cm�1 1037–1039 cm�1a

m(SiAOATi) 924 cm�1, 1073 cm�1 918 cm�1a,c, 1080 cm�1a,c

a Present work.
b Cannot discern between VATi and VAV backscattering but assumed to corre-

spond to VATi bond length from Ti XANES and Raman.
c Ref. [39].
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consistent with a vanadyl oxygen, while the longer bond is indica-
tive of a VAO single bond [7] possibly connected to a Si or Ti atom.
A Si shell was fit with a VASi distance of 3.32 ± 0.19 Å from the
absorbing vanadium. A backscattering Ti atom was fit to the data
at a distance of 3.34 ± 0.05 Å, which could be indicative of either
a V or Ti backscattering atom because of the closeness in the atom-
ic numbers of the two atoms, but is more likely attributable to Ti
because of the appearance of a Raman peak at 659 cm�1, character-
istic of VAOATi vibrations [40], and the reduction in Ti pre-edge
intensity in the Ti XANES. These measurements are summarized
in Table 2, and more details of the fit can be found in the Supple-
mentary material for this catalyst. The bond distances obtained
from fitting the EXAFS data for the other VOx/TiO2/SiO2 samples
were similar to those obtained for the 0.7 VOx/0.9 TiOx/SiO2

sample.
4.2. Catalysis

The results of TPRx studies for each of the VOx/TiOx/SiO2 cata-
lysts are qualitatively similar. The TPRx results from the 0.9 Ti
grafted sample are shown as a representative case in Fig. 5. For
each catalyst sample, CH2O and H2O are formed in a 1:1 ratio at
the onset of methanol oxidation. As the temperature rises, CH2O
decomposes to form CO and H2, which rapidly reacts to form water,
and a small fraction of the CO undergoes oxidation to CO2. The pri-
mary difference between VOx/SiO2 and the samples of VOx/TiOx/
SiO2 is the temperature at which CH2O first appears. The peak tem-
perature shifts from 700 K for VOx/SiO2 to 573 K for all samples ex-
cept the lowest Ti weight loading, even though the production of
formaldehyde begins at the same temperature for all samples with
Ti.

Fig. 6 shows an Arrhenius plot with the apparent activation en-
ergy for each catalyst. These results may then be compared to
those reported by Bronkema et al. on silica- and titania-supported
vanadium [7,8]. The apparent activation energy measured for the
VOx/TiOx/SiO2 samples ranges from 21 kcal/mol (for the 0.7 VOx/
0.2 TiOx/SiO2 sample) to 18 kcal/mol (for the 0.7 VOx/2.8 TiOx/
SiO2 sample). These values fall between those for VOx/SiO2

(23 kcal/mol) and VOx/TiO2 (16 kcal/mol), demonstrating that the
activation energy of the reaction decreases as the loading of Ti
increases.
4.3. Theoretical representation of VOx/TiOx/SiO2

Based on the experimental results indicating the presence of
isolated V sites, the titania–silica support was represented by a
model similar to that used to represent isolated vanadate sites
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on silica [26,27] and titania [10], as shown in Fig. 7. In this model,
the support is represented as a silsesquioxane structure (cubic
Si8O12H8 with terminating H atoms), containing either all Si or Ti
atoms. The silsesquioxane model was found in previous work
[27] to provide a very good estimate of experimentally measured
bond lengths, bond angles, D1 and D2 breathing modes, and coordi-
nation environment of Si. The vanadate species is then introduced
by removing one of the corner Si or Ti atoms and replacing it with a
V@O unit. The optimized geometries of such cluster representa-
tions of VOx/SiO2 and VOx/TiO2 were shown to agree closely with
experimental measurements and yielded estimates of the reaction
energetics and the rate parameters for methanol oxidation that
corresponded closely to those measured experimentally [10,27].
Although these DFT calculations considered 4-coordinated Ti clus-
ter models, the geometry, vibrational frequencies, and adsorption
energies for small molecules were shown to be in good agreement
with more extensive slab calculations and with experimental val-
ues, where surface Ti atoms are generally 5-coordinated [10].

The cluster model used previously to describe VOx/SiO2 was
modified by systematically increasing the number of Ti atoms by
replacing Si atoms in order to increase the number of VAOATi
support bonds from zero to three. Active sites with and without
an O-vacancy were considered for species with 1 or more VAOATi
support bonds. O-vacancies have been shown to play a role in the
enhanced activity of VOx/TiO2 [10] and have recently been
Fig. 7. Active sites with 0, 1, 2, and 3 VAOATi support bonds. The s
observed on TiOx/SiO2 samples identical to those used for this
study (see Supplementary material). All sites comprised of 3
VAOASi support bonds were assumed to be free of O-vacancies be-
cause formation of an O-vacancy from a SiAOASi bond in silica is
energetically much less favorable than from a TiAOASi bond or a
TiAOATi bond in titania. For instance, the defect formation energy
on SiO2 is 196 kcal/mol (8.5 eV), [44] compared to 98 kcal/mol
(4.27 eV) on the anatase phase of TiO2 [45] and 46 kcal/mol
(1.98 eV) on V2O5 [45]. O-vacancies next to isolated V atoms are
excluded because DFT calculations introducing such a vacancy re-
sult in the rearrangement and loss of the vanadyl oxygen in the ac-
tive site, thereby forming a V3+ species. Likewise, since the energy
to form a vacancy at a SiAOATi bond is higher than that for the for-
mation of a vacancy at a TiAOATi bond, only vacancy formation
involving the latter type of bond was considered. The seven differ-
ent optimized active site geometries are shown in Fig. 7 and are de-
noted by the number of VAOATi support bonds (zero to three) and
the presence or absence of an O-vacancy (represented by d) as spe-
cies 0, 1, 1d, 2, 2d, 3, and 3d. The replacement of terminal H atoms
with terminal AOH groups resulted in no change in the optimized
geometries or reaction energies for the active sites.

The geometries and frequencies of the seven active sites are in
good agreement with the EXAFS and Raman measurements ob-
served experimentally, as seen in Table 2. Where multiple bond
lengths or vibrational frequencies are listed, these correspond to
the lower and upper values for all active sites shown in Fig. 7. A
single theoretical value is listed when the bond length or vibra-
tional frequency is identical for all seven species. The theoretical
and experimental V@O and VAO bond lengths are in good agree-
ment and differ by less than 0.2 Å; indeed, the calculated VASi
and VATi lengths differ by no more than 0.06 Å from experimental
values. The differences between the cubic cluster model of the ac-
tive site and the structure of the actual catalyst site may be the
cause of the small elongation in the VASi and VATi distances.
Lastly, the calculated V@O stretch and the symmetric and asym-
metric SiAOATi stretches agree well with experimental results.
The calculated V@O, VAOASi, and VAOATi stretching frequencies
do not change significantly as the number of VAOATi support
bonds is increased. The good agreement between theory and
experiment in Table 2 suggests that the species shown in Fig. 7
should provide a reasonable representation of the active sites on
the bilayered support.
4.4. Theoretical modeling of methanol oxidation kinetics

Methanol adsorption on the active sites shown in Fig. 7 can be
achieved by cleaving a VAOASi or VAOATi support bond to form a
pecies 1d, 2d, and 3d in the second row contain an O-vacancy.
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VAOCH3 species and a SiAOH or TiAOH species. Previous theoret-
ical calculations have shown that while formation of a VAOH spe-
cies and a SiAOCH3 or TiAOCH3 species are possible, they are not
preferred energetically [10,27]. Experimental work has also shown
that VAOCH3 species are precursors for the formation of formalde-
hyde [1,5–8].

The adsorption energy for methanol, DEads, was calculated for
each of the seven active sites and is shown in Table 3. Cleavage
of both the VAOASi and VAOATi support bonds was considered
for all cases. DEads was found to be insensitive to the number of
VAOATi support bonds and to sites with and without an O-va-
cancy, ranging from �15.5 kcal/mol for an all SiO2 support (species
0) to �15.4 kcal/mol for species containing 3 VAOATi support
bonds (species 3 and 3d). The small range of calculated values of
DEads suggests that the support has little intrinsic electronic effect
during methanol adsorption.

For all sites that do not contain an O-vacancy and have at least 1
VAOASi support bond (species 0, 1, and 2), the VAOASi bond is the
preferred bond to break upon methanol adsorption. However, the
reverse is observed for sites that contain an O-vacancy and at least
1 VAOASi support bond (1d, 2d), in which case the VAOATi bond
is broken preferentially by 1.0–1.5 kcal/mol. Despite the small dif-
ference in MeOH adsorption energy across either the VAOATi or
VAOASi bonds, the overall rate for methanol oxidation on sites
containing an O-vacancy is one to two orders of magnitude higher
than on sites not containing an O-vacancy.

The rate-limiting step in methanol oxidation involves abstrac-
tion of one of the three methoxy H atoms to the vanadyl O atom.
The broken symmetry approach was used to calculate the activa-
tion energy for this step ðDErlsÞ because the oxidation state of V
changes from V5+ with zero d electrons in the reactant to V3+ with
two unpaired d electrons in the product [26]. The activation ener-
gies for each of the active sites in Fig. 7 are shown in Table 3. For
sites without an O-vacancy, DErls decreases slightly with increasing
number of VAOATi support bonds – from 39.8 kcal/mol for species
0 to 38.6 kcal/mol for species 3. For sites with an O-vacancy, DEzrls

decreases with increasing number of VAOATi support bonds more
dramatically – from 38.6 kcal/mol for species 1d to 34.3 kcal/mol
for species 3d. The reason for the large decrease in DEzrls for sites
with an O-vacancy is the increased flexibility of the support and
the strong H-bond stabilization in the transition state.

The apparent activation energy ðDEzappÞ and apparent rate con-
stant at 550 K (kapp) are defined by Eqs. (1) and (2), respectively
[10,26,27]. The equilibrium constant for methanol adsorption, Kads,
is calculated using Eq. (3). The rate constant for the rate-limiting H-
abstraction step, krls, is determined using Eq. (4).
Table 3
Values for DEads, DEzrls; DEzapp , and kapp for each of the active sites in Fig. 7. The top half
of the table is for sites without an O-vacancy and the bottom half is for sites with an
O-vacancy (denoted as d). Also shown are the values for VOx on TiO2. The support
bond that is broken during methanol adsorption is indicated in parentheses. All
energies are listed in kcal/mol. The value of kapp is reported for 550 K in units of
atm�1 s�1.

Active site DEads DEzrls DEzapp
kapp (atm�1 s�1)

0, SiO2
a �15.5 (VAOASi) 39.8 24.3 8.93 � 10�3

1 �15.0 (VAOASi) 39.1 24.1 9.52 � 10�3

2 �15.7 (VAOASi) 39.0 23.3 9.80 � 10�3

3 �15.4 (VAOATi) 38.6 23.2 1.07 � 10�2

TiO2
b �15.7 (VAOATi) 38.5 22.8 1.17 � 10�2

1d �15.4 (VAOATi) 38.6 23.2 2.40 � 10�2

2d �15.6 (VAOATi) 35.7 20.1 6.81 � 10�1

3d �15.4 (VAOATi) 34.3 18.9 1.35
TiO2-db �15.9 (VAOATi) 31.8 15.9 1.48

a Ref. [27].
b Ref. [10].
DEzapp ¼ DEads þ DEzrls ð1Þ
kapp ¼ Kadskrls ð2Þ

Kads ¼ rads
qMeOH�S
qMeOHqS

exp
PV
RT

� �
exp

�DEads

RT

� �
ð3Þ

krls ¼ rrlsjðTÞ
kBT

h

qzCH2O�S

qMeOH�S
exp

�DEzrls

RT

 !
ð4Þ

In Eq. (3), rads is the symmetry factor, which is equal to the number
of equivalent VAOAM bonds that can be broken during the adsorp-
tion of methanol. The partition functions qMeOH, qS, and qMeOH�S are
for methanol, the active site, and the active site with adsorbed
methanol, respectively. In Eq. (4), rrls is the symmetry factor for
the rate-limiting step and is equal to three, because of the three
equivalent methoxy H atoms that can be abstracted. The transmis-
sion coefficient for tunneling, j(T), is calculated using Wigner’s
approximation [46] and is included in the rate constant because
the transition state involves transfer of a H atom. The partition
function qzCH2O�S is for the transition state leading to the formation
of formaldehyde.

Values for DEzapp and kapp at 550 K are calculated for each of the
active sites and are shown in Table 3. The value of DEzapp decreases
more significantly for sites with an O-vacancy than for sites with-
out an O-vacancy as the number of VAOATi support bonds in-
creases, as can be seen in Fig. 8. For example, DEzapp decreases by
1.1 kcal/mol progressing from species 0 to 3, whereas the decrease
is >7 kcal/mol progressing from species 1d to 3d. The experimental
values of DEzapp for VOx/SiO2 [7] and VOx/TiO2 [8] are also shown
and are in good agreement with the range of values on DEzapp for
sites on VOx/TiOx/SiO2 containing an O-vacancy. The value of kapp

changes by less than 20% as the number of VAOATi support bonds
increases from zero to three for sites without an O-vacancy; how-
ever, the value of kapp increases by over a factor of 60 for sites with
an O-vacancy, as shown in Fig. 9. Thus, the number of VAOATi sup-
port bonds strongly influences the activity of methanol oxidation
for sites containing an O-vacancy.

An alternative pathway for methanol oxidation is the adsorption
of methanol onto an active site containing a surface TiAOH group,
thereby forming a HOAV@O and H3COATiAOH species. One of
the three methoxy H atoms is then abstracted by the vanadyl O to
form a HOAVAOH and H2COATiAOH species. The weakly bound
formaldehyde species rapidly desorbs, and water is released,
reforming a VAOATi support bond. For this pathway, the change
in energy for methanol adsorption is DEads = �8.6 kcal/mol and
the activation energy for H-abstraction is DEzrls ¼ 34:1 kcal=mol.
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Using Eqs. (2)–(4), the value of kapp at 550 K for this pathway is
1.00 � 10�5 atm�1 s�1, which is two orders of magnitude smaller
than the value of kapp on non-defect sites, as shown in Table 3,
and therefore, this reaction pathway was not considered further.
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4.5. Model for the distribution of active sites

To compare the theoretical calculations with the experimental
results, it is necessary to define the distribution of active sites on
the surface. This was done by determining the distribution of Ti
on SiO2 and then V on TiOx/SiO2. Experimental work by Scott and
coworkers [47] has shown that Ti grafts preferentially as TiAOATi
dimers ([(„SiO)Ti(OiPr)3]2O) onto a silica support when Ti(OiPr)4 is
used as the Ti precursor, the same precursor used in the present
study. This work suggests that upon calcination, Ti may exist pri-
marily as OxTiAOATiOx species on the MCM-48 support. Corre-
spondingly, V was assumed to have a low probability of bonding
to only one Ti.

The distribution of V on the TiOx/SiO2 surface was determined
in a manner similar to that for Ti. In this analysis, it was assumed
that the V atoms are mobile on the surface during calcination but
that the Si and Ti atoms are immobile. Calculations were per-
formed to determine whether an energetic preference exists for
V to graft to certain sites on the surface. From these calculations,
V was found to prefer sites with three similar bonds, with V coor-
dinated to 3 VAOATi support bonds favored by 2.03 kcal/mol rela-
tive to V coordinated to 3 VAOASi support bonds. Active sites with
1 or 2 VAOATi support bonds were found not to be preferred ener-
getically to sites with zero or 3 VAOATi support bonds because of
the increased strain imparted to the cluster model by the differ-
ence in size between Ti and Si atoms. The trend in the relative
energetic stability was used to determine the statistical distribu-
tion of these sites.

The preferential anchoring of VOx species at TiOx sites sup-
ported on SiO2 deduced from the above analysis is supported by re-
cent work by Lee and Wachs [14] on multilayered metal oxide
supports, which shows that transition metals coordinate preferen-
tially to surface metal oxide modifiers deposited on SiO2. This
observation further supports our previous assumption that there
are a negligible number of active sites that contain 1 VAOATi sup-
port bond (species 1 and 1d).

The fraction of V sites that contain x Ti support bonds, PðxTijVÞ,
can be determined using Bayes’ probability theorem [48]. Briefly,
P(x Ti|V) depends on the distribution of Ti and V atoms on the sur-
face and the V surface coverage for isolated, non-interacting V
sites. The overall distribution of active sites is explained in further
detail in the Supplementary material. The distribution of sites with
0, 2, and 3 VAOATi support bonds (P(0 Ti|V), P(2 Ti|V), and P(3
Ti|V), respectively) are plotted versus Ti surface coverage up to
one monolayer (4 Ti/nm2) in Fig. 10. As can be seen, the fraction
of sites with 3 VAOATi support bonds increases greatly at low Ti
surface coverage, consistent with the large increase in activity ob-
served experimentally.
4.6. Surface O-vacancy concentration

We have used a thermodynamic model to determine the distri-
bution of active sites that contain an O-vacancy, consistent with
previous work on VOx/TiO2 [10]. An equilibrium was assumed to
exist between active sites with an O-vacancy, represented as
[V � D]x, and an active site without an O-vacancy, represented as
[V � O]x. A [V � D]x site can be formed from a [V � O]x site by
migration of an O-vacancy contained between either a TiATi or
TiASi surface bond, as shown in Eq. (5), where D and O stand for
the presence and absence of an O-vacancy, respectively.
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V� O½ � þ ½D� ¢
Kdef

V� D½ � þ ½O� ð5Þ

Separate equilibrium constants were determined for the ex-
change of an O-vacancy in a TiATi bond ðKdef ;x;TiÞ or a TiASi bond
ðKdef ;x;SiÞwith an O atom near an isolated vanadate species contain-
ing x VAOATi support bonds at 550 K. The value of these equilib-
rium constants are comparable for species with the same
number of VAOATi support bonds, although there is a slight pref-
erence for the exchange of an O-vacancy in a TiATi bond compared
to that in a TiASi bond.

These calculations show that O-vacancies present on the surface
of VOx/TiOx/SiO2 prefer to be near vanadate species, since all values
of Kdef,x,Ti and Kdef,x,Si are greater than one, especially for active sites
with 3 VAOATi support bonds. This conclusion is in good agree-
ment with the distribution of surface O-vacancies calculated for
VOx/TiO2 [10]. The relationship between the fraction of vanadate
species with x VAOATi support bonds containing an adjacent O-

vacancy, ½V�D�x
½V�D�xþ½VAO�x

, and the fraction of possible surface O-vacan-

cies per Ti atom, ½D�½Ti�, are plotted in Fig. 11. The determination of

Kdef,x,Ti and Kdef,x,Si, and the system of equations solved to generate
Fig. 11 are discussed further in the Supplementary material.

4.7. Overall kinetics

The apparent first-order rate constant (kapp) at 550 K and the
apparent activation energy ðDEzappÞ can be calculated using the dis-
tribution of active sites discussed previously, either with or with-
out an O-vacancy. The value for kapp was determined by
considering the contribution of each active site to the total rate
constant, as shown in Eq. (6). Since it was previously assumed that
Ti grafts to the SiO2 surface as Ti dimers, consistent with prior
experimental work [47], the sum in Eq. (6) is over all sites with
0, 2, or 3 VAOATi support bonds with and without an O-vacancy.
This includes sites 0, 2, 2d, 3, and 3d in Fig. 7 and omits sites 1
and 1d, which only contain 1 VAOATi support bond.

kapp ¼
X

x¼0;2;3

kapp;x;Ohx;O þ kapp;x;Dhx;D
� �

ð6Þ

The values for kapp,x,O and kapp,x,D, where x equals the number of
VAOATi support bonds, are shown in Table 3. The fraction of each
active site can be determined from the distribution shown in
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Fig. 10 and the concentration of surface O-vacancies shown in
Fig. 11. It is noted further that not all O-vacancies are oxidized
on the catalyst surface during methanol oxidation, despite the
presence of O2 [10,49]. The value of kapp at 550 K is plotted in
Fig. 12 as a function of Ti surface coverage for assumed percentages
of surface O-vacancies of 1%, 2%, and 5%. The theoretical results
correctly capture the dramatic increase in activity measured exper-
imentally. For a constant vanadia surface coverage, the TOF, and
hence the value of kapp, increases systematically with Ti loading,
as previously indicated by Wachs and coworkers [12]. Fig. 12
shows that sites containing an O-vacancy (species 2d and 3d) con-
tribute to over 80% of the total observed rate.

Similar agreement between theoretical and experimental work
is also seen in a plot of DEzapp versus Ti surface coverage, as shown
in Fig. 13. The theoretical results indicate that there is a sharp de-
cline in DEzapp, as confirmed by the experimental work in the pres-
ent study. It should be noted that for Ti surface coverages below
0.5 Ti/nm2, DEzapp is lower when there is a higher fraction of surface
O-vacancies; however, this trend reverses above 0.5 Ti/nm2, in
which case DEzapp is lower when there is a lower fraction of surface
O-vacancies. This trend is unexpected because having more active
sites with an O-vacancy (species 2d and 3d) increases the apparent
rate constant, as seen in Fig. 12, and should lower DEzapp. However,
the activation energy becomes more sensitive to Ti surface cover-
age as the fraction of O-vacancies decreases, and as a consequence
the ordering of the 1% and 5% curves in Fig. 13 reverses.

5. Conclusions

VOx/TiO2/SiO2 catalysts have been synthesized with a constant
V surface coverage of 0.7 V/nm2 and Ti surface coverages ranging
from 0.2 to 2.8 Ti/nm2. The Ti atoms are bonded directly to the sup-
port through TiAOASi bonds, and V atoms are present as isolated
vanadate species bonded to the support through a combination
of VAOASi and VAOATi bonds. For a fixed surface density of V
atoms, the activity of VOx/TiO2/SiO2 catalysts for methanol oxida-
tion increases rapidly with increasing surface density of Ti, and
the apparent activation energy decreases from 23 kcal/mol for
0.3 VOx/SiO2 to 18 kcal/mol for 0.7 VOx/2.8TiO2/SiO2. The active site
on VOx/TiO2/SiO2 is well represented by a cluster model. The intro-
duction of an oxygen vacancy between two Ti atoms adjacent to
the active site decreases the apparent activation energy and
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increases the apparent rate coefficient for the oxidation of metha-
nol. The experimentally observed variation in the apparent rate
coefficient and the apparent activation energy with Ti surface cov-
erage are well described by a theoretical model that takes into ac-
count the distribution to Ti atoms on the surface of silica, the
fraction of active sites with 0, 2, and 3 VAOATi support bonds,
and the rate parameters determined for each of these active sites.
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