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ABSTRACT

High surface area silica-supported bilayered VO,/ZrO,/SiO, catalysts were prepared with a constant vana-
dium surface density of 0.5V nm~2 and zirconium surface coverages ranging from 0.0 to 2.1 Zr nm~2. In
all cases, the zirconia layer was predominantly amorphous in nature. The vanadia existed as isolated tet-
rahedral O=V(—OM); (M = Si, Zr) regardless of zirconia surface density. At least two distinct tetrahedral
vanadia environments were identified by >'V NMR on the support: 0=V(0—Si); and O=V(0—Zr)s, with
up to 35% of all V in the latter site at the highest Zr loading. The fraction of V bound to Zr as determined
by >'V NMR agrees with an independent determination of the fraction of sites reduced by methanol at
600 K, a temperature too low for significant reduction of vanadia on silica. The turnover frequency for
methanol oxidation increased by nearly two orders of magnitude as the Zr loading was increased. When
normalized by the number of 0=V(O—Zr); sites determined from >'V NMR and UV-Visible, the turnover
frequency for methanol oxidation to formaldehyde was constant with zirconia surface coverage. It is pro-
posed that the much higher activity of 0O=V(0—Zr); compared with O=V(0—Si)s sites is attributable to
differences in the mechanism by which H-abstraction from V—OCH;3 groups in the rate-limiting step
leads to formaldehyde formation associated with the two types of sites.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The activity of vanadate species for the oxidation of methanol to
formaldehyde strongly depends on the composition of the oxide to
which these species are bonded [1-3]. Vanadate species dispersed
on titania and zirconia, for example, are more than an order of
magnitude more active than similar species dispersed on silica,
and even higher rates are possible if ceria is used as the support
[1,3,4]. Similar effects of support composition have been observed
for vanadate species dispersed on silica containing submonolayer
coverages of titania or zirconia [4-7]. While a number of proposals
have been made to explain the origin of the observed support ef-
fects, a consensus concerning the primary cause(s) has not yet
emerged [1-5,8-12]. To achieve this goal, it is necessary to charac-
terize, thoroughly, the composition and surface structure of the
support. Structural characterization of the supported vanadate
species is equally important, since a part of the observed difference
in catalytic activity with support composition could be attributable
to differences in the structure of vanadate species dispersed on dif-
ferent supports. A particularly fruitful approach for gaining in-
sights into the factors affecting the activity of dispersed vanadate
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species involves the preparation of two-dimensional submonolay-
er oxides on silica and subsequent deposition of isolated vanadate
species on such supports. This approach is well illustrated in the
studies by Wachs and coworkers [6] and our own [4] for vanadate
species dispersed on submonolayer deposits of titania grafted to
silica, in which V—0—Ti bonds were shown to be responsible for
the rate increase through stabilization of the transition state in
the rate determining step. In the present study, we have extended
our efforts to isolated vanadate species deposited onto submono-
layers of zirconia deposited onto silica. The structure of the depos-
ited zirconia layer was characterized by Raman and UV-Visible
spectroscopy and by XANES and EXAFS. These techniques, as well
as >V MAS NMR, were used to characterize the dispersed vanadate
species. An important finding of our work is that the activity of
VO0,/Zr0O,/SiO, catalysts prepared with a fixed surface concentra-
tion of vanadia increases with increasing surface coverage of silica
by zirconia. This increase is attributed to the fraction of the vana-
date species bonded to zirconia.

2. Experimental methods
MCM-41, high surface area mesoporous silica, was synthesized

according to previously reported methods [13-15]. Briefly, dode-
cyltrimethylammonium bromide (DTMABT) and isopropyl alcohol
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were added to a flask and stirred at 313 K until fully dissolved. This
mixture was then added to tetraethylorthosilicate (TEOS) in a
Teflon container and stirred rigorously at ambient temperature
for 30 min. A mixture of tetramethylammonium hydroxide
(TMAOH) and de-ionized water was added to the TEOS mixture
drop-wise and stirred for 2 h. The resulting mixture had a molar
ratio 1:0.75:0.26:84.4 of TEOS:DTMABr:TMAOH:H,0. The milky-
white mixture was heated to 358 K for 4 h, and de-ionized water
was added to maintain the liquid level. This mixture was sealed
into the Teflon container and placed into an oven at 373 K for
7 days without stirring and was then filtered and rinsed with
de-ionized water. The wet powder was heated to 823 K at
2 K min~! in high-purity synthetic air and held at this temperature
for 5 h.

The surface areas of MCM-41 and the final catalysts were deter-
mined by nitrogen physisorption (Quantachrome Autosorb-1
instrument) using the single point BET method.

Zirconium was grafted onto the silica support using zirconium
2-methyl-2-butoxide (Gelest) as the precursor. The amount of
precursor needed to obtain a desired surface coverage was mixed
with approximately 60 cm® of anhydrous toluene, after which the
solution was added to dry MCM-41 and stirred for 4 h at ambient
temperature. The solid was filtered from the suspension and then
heated in 50 cm3(g min)~! high-purity synthetic air at 4 K min~!
to 773 K for 1 h. Multiple grafting steps were used to obtain zir-
conium surface coverages greater than 0.8 Zrnm~2. Vanadium
was grafted onto the samples, after zirconium grafting and air
treatment, in a single grafting step, using VO(O'Pr); (Alpha, 96%
pure) as the vanadium precursor. The procedure for carrying
out the grafting of vanadium was analogous to that used to graft
zirconium. The weight loadings of Zr and V were determined by
inductively coupled plasma emission analysis at Galbraith Labo-
ratories, and the surface densities of Zr and V were determined
on the basis of the bare support surface area. Monolayer
coverage is approximately 7Mnm2 (M=V, Zr) based on the
number of V atoms that can be placed per nm? on bulk crystal-
line oxides.

Raman spectra were acquired using a JobinYvon-Horiba spec-
trometer equipped with a confocal microscope and a 532 nm Nb/
YAG laser. The laser line at 532 nm was removed from the back-
scattered light using an edge filter, and the filtered radiation was
detected by a CCD detector (Andor) after passage dispersion by a
grating. Prior to the acquisition of Raman spectra, samples were
treated at 773 K in 60 cm®/min of 20% O,/He for 1 h, cooled in He
(99.999%) flow, and then sealed in quartz tubes. Ten scans of 1 s
each were acquired at room temperature using 15 mW of laser
power at the sample.

51V nuclear magnetic resonance (NMR) spectra were obtained
using an Avance 500 MHz (11.75T) magnet in the solid-state
NMR facility at the University of California, Davis. The samples
were pretreated at 773 K for 1 h in 20% O,/He flowing at 60 cm?/
min. After that, it was cooled and loaded into a 7 mm ZrO, rotor
under anhydrous conditions. The measured 90° pulse length was
3 ps, and a 1.5 ps pulse length was used to achieve a 45° tip angle.
All chemical shifts were referenced to the chemical shift of V,0s,
—609 ppm [16]. Spectra were acquired using a magic angle spin-
ning (MAS) speed of 7 MHz. Spectra were also recorded at the Uni-
versity of California, Berkeley, using a 300 MHz (7 T) magnet in
order to establish that the spectral shapes reflected true chemical
shifts and not quadrupolar broadening effects due to vanadium
[17].

V K-edge and Zr K-edge XAS measurements were performed at
the Stanford Synchrotron Radiation Laboratory (SSRL) on beam-
lines 4-3 and 4-1 using Si(111) and Si(2 2 0) monochromator
crystals, respectively. All scans were taken in transmission mode
using ionization chambers filled with N,, and a reference foil

placed after the sample for energy calibration. The sample mass
was adjusted to obtain an absorbance of 2.5, and boron nitride
was added, as needed, to form a self-supporting pellet. The sample
cell has been described previously [18]. The catalysts were treated
in high-purity synthetic air at 773 K for 1 h before cooling in He to
ambient temperature. All scans were taken at ambient
temperature.

The XAS data were analyzed with the IFEFFIT software and its
complementary GUI: Athena [19,20]. The edge energy was defined
as the first inflection point after any 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 and a quadratic poly-
nomial (k weight = 2) fit to the data from 150 to 783 eV relative
to the edge energy. A fourth order polynomial spline was fit to
the data from 0 to 15.96 A~! and subtracted to obtain the EXAFS
data, minimizing background signals below 1 A. Finally, the EXAFS
data were Fourier transformed from 2 to 11 A",

Diffuse reflectance UV-Visible spectra were recorded using a
Harrick Scientific diffuse reflectance attachment (DRP) with a reac-
tion chamber (DRA-2CR) and a Varian-Cary 6000i spectrophotom-
eter. The spectra of oxidized samples were acquired at ambient
temperature after treating the catalysts in 20% O,/N, at 723 K for
1 h. The edge energy was calculated using Tauc’s law for indirect
transitions in amorphous and crystalline semiconductors [21]. In
this expression, a straight line is fit through a plot of [F(R.,)hv]'/?
versus hv, where F(R,.) is the Kubelka-Munk function and hv is
the incident photon energy. The x-intercept of this linear fit is
the edge energy.

Measurements to determine the fraction of vanadium active for
MeOH oxidation were performed in the UV-Visible, using a fully
oxidized sample as the reference. A reaction mixture of 8% 0,/4%
MeOH/He flowing at 60 cm?/min was passed over the catalyst at
600 K for 10 min before the reaction mixture was switched to 4%
MeOH/He and scans taken every 2 min. The absorbance at
15,000 cm~! was used to indicate the degree of reduction of the
V centers on the catalyst. The extent of reduction was determined
by comparison to a calibration curve in a manner identical to that
done previously [22]. The calibration curve was determined by
reducing an equivalent mass of catalyst in the UV-Visible spec-
trometer at 623K in 10% H,/He flowing at 100 cm®/min and
recording the change in its absorbance at 15,000 cm~!. The number
of reduced V centers formed was quantified in a separate apparatus
using the following technique. A mass of catalyst equivalent to that
used for the UV-Visible measurements was reduced at 623 K in
10% H,/He flowing at 100 cm®/min and then by pulse reoxidized
in 3% 0,/He flowing at 30 cm®/min. Each O, adsorbed was assumed
to provide 4e ™. The calibration curve was generated by plotting the
signal of the UV-Visible spectra of these samples with the corre-
sponding time point for total e~ adsorbed per V reoxidized pulse-
wise in the mass spectrometer. The fraction of V reduced was as-
sumed to correspond to the e~ /V ratio determined from the
experiment.

Temperature programmed reaction (TPRy) experiments were
performed using a mixture of approximately 25 mg of catalyst
and 25 mg of bare MCM-41 to provide sufficient catalyst bed
depth. The mixture was placed in a quartz reactor and supported
with quartz wool. The sample was heated at 4 K/min to 773 K in
a flow of high-purity O, in He (20% O,/He) flowing at 60 cm?/min
and then held at 773 K for 1 h. Next, the sample was cooled in
the synthetic air mixture to 363 K, after which a mixture of 4%
MeOH/7.5% O,/He was flowed over the catalyst for 10 min at
363 K before the reactor temperature was increased from
2Kmin~! to 823 K. The reactor effluent was analyzed with a
MKS Cirrus mass spectrometer. The concentrations of species
formed were analyzed using a matrix-deconvolution method with
calibrated response factors.
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3. Results and discussion
3.1. Catalyst characterization

Table 1 lists the properties of the materials prepared for this
study. The BET surface area of MCM-41 was 1353 m? g~!. The max-
imum zirconium loading obtained for a single grafting was 9.45
wt.%, corresponding to 0.8 Zr nm~2. Higher Zr loadings were ob-
tained with repeated grafting steps, and the highest loading,
2.1 Zrnm~2, was obtained after three graftings. Vanadium surface
coverages of 0.3-0.6 V nm~2 were obtained from a single grafting
step. A low vanadium surface coverage was used intentionally in
order to prevent the agglomeration of the vanadia, which is known
to form V,05 for coverages greater than 0.7 V nm~2 on silica [3,23].

Fig. 1 shows Raman spectra of the catalysts after treatment in
20% O,/He at 773 K. The broad band centered near 485 cm~!, and
the peaks at 600 cm~' and 800 cm™! are all indicative of the bare
silica support [24]. The shoulder at 1060-1080 cm~! can be attrib-
uted to Si—O vibrations [25]. Upon grafting of vanadium onto ZrO,/
Si0,, a peak appears around 1035 cm™' indicative of the V=0
stretch for isolated tetrahedral vanadium species on silica [24].
As the weight loading of Zr was increased, the position of the van-
adyl peak shifted from 1040 to 1033 cm™!. This trend is similar to
that reported previously for VO,/Zr0O,/SiO,, in which the vanadyl
stretching frequency decreased from 1041 cm~! to 1039 cm™! with
increasing zirconium loading [7]. The red shift in the V=0 stretch-
ing vibration agrees with the observation that the frequency for the
V=0 stretch for VO,/ZrO, is lower than that for VO,/SiO, [3,26,27].
The appearance of a band at 995 cm™, indicative of V505, was not
observed [28], further indicating that the vanadium is well dis-
persed in a tetrahedral coordination on the surface of the support.

At the Zr loading of 1.3 Zrnm™2, a broad peak appeared at
924 cm™!, which has been attributed to the formation of V—0—M
(M =V, Zr) bonds in similar systems [7,26]. This band is not ob-
served in the Raman spectra Zr0O,/SiO, catalysts regardless of zirco-
nium weight loadings and is present only upon grafting of V. We

Table 1

Surface area of MCM-41 before and after Zr and V grafting on a metal-free basis and
vanadium and zirconium weight and surface coverages for the surface area after
metal grafting.

Sample name V Zr MCM- Surface V Zr
(wt.%) (wt%) 41 area coverage coverage
surface  afterV. (Vnm2) (Zrnm ?)
area and Zr
(m?g!) grafting
(m*g™)
0.5V0,/ 4.08 2.68 1350 1040 0.46 0.17
0.2Zr0,/
Si0,
0.5V0,/ 3.85 555 1350 960 0.47 0.38
0.4Zr0,/
Sio,
0.6VO,/ 4.16 945 1350 800 0.61 0.78
0.8Zr0,/
Si0,
0.6V0,/ 4.07 15.4 1350 800* 0.60 1.30
1.3Zr0,/
Si0,
0.3V0,/ 2.25 17.9 1350 860 0.31 1.40
1.4Zr0,/
Sio,
0.4VO0,/ 3.04 16.7 1350 820 0.44 1.30
1.3Zr0,/
Sio,
0.6VO,/ 3.65 23.2 1350 720 0.60 213
2.1Zr0y/
Sio,

@ Surface area approximated based on other samples.

0.6V0,/2.12r0,/Si0,
0.3V0 /1.4Zr0 /Si0O
x 2 2
x 2 2
0.6VO /1.3Zr0,/Si0
x 2 2
0.6V0O /0.8Zr0,/Si0
x 2 2
0.5V0 /0.22r0,/SiO,

1200 1000 800 600 400 200
Wavenumber, cm”

Raman Intensity, a.u.

Fig. 1. Raman spectra of VO,/Zr0,/SiO, samples and MCM-41 after treating in high-
purity 20% O,/He at 773 K for 1 h. Scans taken at ambient temperature.

believe that this peak could be due to V—0O—V bonds formed by
inadvertent exposure of the sample to moisture during V grafting.
No peaks associated with monoclinic or tetragonal zirconia are ob-
served for most Zr surface coverage, indicating that the Zr atoms
are well dispersed on the support. The small shoulder at
650 cm ™! seen in the spectrum for the highest loading Zr sample
(2.1 Zr nm~2) could be indicative of small tetragonal ZrO, clusters
on the support [29-32], formed during the V grafting process, be-
cause this peak is not present in the spectrum of 2.1 Zr0O,/SiO,. The
large silica peak makes it difficult to determine whether additional
peaks for t-ZrO, at 280, 316, or 462 cm™! are present [7]. The
amount of tetragonal ZrO,, if present, is small, however, given
the peak size in the Raman spectrum. No bands were observed at
780 cm™! indicative of ZrV,0; units [26] in the final catalysts.
Therefore, for all catalysts studied, the Zr and V atoms are well
dispersed.

Zr K-edge XANES spectra are shown in Fig. 2. All spectra show
the same edge at 18,015 eV, indicating that Zr is present in the 4+
oxidation state regardless of the Zr coverage [33,34]. The small
shoulder around 18.001 keV, which is more visible in the inset,
is indicative of hybridization between the oxygen p- and zirco-
nium d-orbitals, which occurs for non-centrosymmetric species,
and represents a transition from 1s to 4d orbital [32,33]. The
intensity of this peak increases with decreasing Zr surface den-
sity. Furthermore, as the zirconium surface coverage decreases,
the peaks at 18.020 keV and 18.070 keV shift toward higher en-
ergy. Both the decrease in intensity of the shoulder at
18.001 keV and the shift in the position of oscillations to lower
energy indicate that as the coverage increases the zirconia
agglomerates to form domains with increasing oxygen coordina-
tion of zirconium to form centrosymmetric structures with a
lengthening of the Zr—O bonds [33-36]. Detailed understanding
of the Zr bonding environment does not exist in the literature;
however, most studies of zirconia-silica gels and supported zirco-
nia indicate that the zirconium atoms have 5 or greater oxygen
bonds [7], yet coordination numbers of 5 have been observed in
EXAFS for weight loadings less than 17% [37]. Therefore, the ob-
served changes in the Zr K-edge XANES could indicate a shift
from 5-coordinate Zr atoms at the lowest loadings to 6 or higher
Zr—O0 coordinations at the highest.

After V grafting, the Zr K-edge shows minor changes that are
best illustrated by comparing the derivatives of the normalized
Zr K-edge XANES spectra with and without grafted V. As seen in
Fig. 3, the greatest changes in the spectra occur for the lowest sur-
face coverage of Zr, which is consistent with larger fractions of Zr
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Fig. 2. Zr K-edge XANES after heating to 773 K in 10% O,/He for 1 h at 4 Kmin~'.
Scans taken at ambient temperature in He. Inset is an enlargement of the pre-edge
feature at 18,005 eV.

on the surface interacting with the grafted V. The highest weight
loading of Zr, 2.1 Zr nm 2, showed the smallest change because it
had the highest Zr/V ratio. The decrease in the peak intensity at
18.001 keV indicates that zirconium increases its coordination as
a result of V grafting, possibly becoming centrosymmetric, as dis-
cussed elsewhere. The changes in the Zr K-edge spectra with Zr
surface coverage indicate that some of the V interacts with Zr
atoms bonded to the silica surface. A similar effect was observed
in Ti K-edge spectra of VO,/TiO,/SiO, catalysts containing isolated
vanadate species [4].

The Zr K-edge EXAFS spectra in Fig. 4 show a large peak cen-
tered at 1.35 A, associated with backscattering from neighboring
oxygen atoms approximately 2 A from the Zr atoms. This peak de-
creases with increasing Zr surface density, which is most likely a
result of two or more Zr—O path lengths whose backscattering
destructively interferes and reduces the overall intensity. For the
lowest Zr surface density, Zr is fully dispersed and likely contains
a single shell of oxygen atoms with similar Zr—O bond distances;
however, as the Zr loading increases, Zr begins to form higher coor-
dinated structures. A similar reduction intensity is observed in
tetragonal ZrO,, which contains two Zr—O path lengths at 2.08
and 2.36 A [34]. The backscattered waves from these two paths
interfere causing the decrease in the intensity of the Zr—O peak

——2.12r0,/Si0,
—e—1.3Zr0/SiO,
—+—0.8Zr0,/SiO,
—v—0.4Zr0,/SiO,
—+—0.2Zr0,/SiO,

Zr K-edge EXAFS |FT[K*¢(R)]| (A™)

2 3 4
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Zr K-edge XANES

T T
18020 18040

Energy (eV)

T
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Fig. 3. Zr K-edge derivative spectra for samples with V (solid lines) and without V
(dashed lines). Scans were taken at ambient temperature after heating to 773 K for
1hin 10% O,/He at 4 K min .

observed in the EXAFS data shown in Fig. 4. The broadening in
the sample spectra with increasing Zr surface density also implies
that multiple O backscattering at increasing distances is the cause
of the decrease in intensity and the O peak position shifts in the
direction of the Zr—O backscattering for m-ZrO,, also shown in
Fig. 4. For all samples except that with the highest Zr surface den-
sity, the EXAFS spectra reveal weak Zr—Zr backscattering at
slightly below 3 A corresponding Zr—Zr path length of ~3.3 A. At
the highest Zr surface density, a signal appears consistent with
backscattering from Zr atoms separated by 3.6 A, as observed in
t-ZrO,. Attempts to fit the spectra were unsuccessful because of
the variety of Zr environments and the limited data range.

The V K-edge XANES spectra (see Supplementary information)
for all the catalysts investigated, as well as a reference spectrum
of VO,/SiO,, are qualitatively similar, exhibiting a large pre-edge
feature and an edge energy at 5483 eV characteristic of V°* [3,4].
The V K-edge pre-edge feature at 5470 eV results from excitation
of a vanadium 1s electron into a hybrid O-p and V-d orbital present
in tetrahedral and pseudo-tetrahedral V oxides [38]. Examination
of the derivative spectra presented in Fig. 5 reveals subtle changes
with Zr loading. The shoulder at 5468 eV of the pre-edge feature
decreases at the same time that the intensity of the main pre-edge
peak increases with increasing Zr loading. This trend has been

Zr K-edge EXAFS |FT[K’¢(R)]| (A ™)

o
—_
N
w
-
[§)]
P

Interatomic Distance, A

Fig. 4. Magnitude of Fourier-transformed Zr K-edge EXAFS spectra of selected samples (A) and simulated spectra of t-ZrO, and m-ZrO, (B). Samples were treated in 10% O,/He
at 773 K for 1 h before cooling in He and acquiring the spectra at ambient temperature. Spectra offset for clarity.



226 W.C. Vining et al./Journal of Catalysis 281 (2011) 222-230

Increasing Zr

XANES

- — 04VOQ/sio,
—— 0.6V0,/0.82r0,/S0,
——06V0,/2.1210,/S(0,

Derivative of V K-edge Normalized

5470
Energy (eV)

5465 5475

Fig. 5. Derivative of V K-edge normalized XANES. Samples were heated to 773 K in
60 cm® min~! 10% O,/He for 1 h at 4 K min~! and then cooled in 60 cm® min~! He to
ambient temperature before taking scans. See Supporting information for normal-
ized spectra.
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Fig. 6. Magnitude of Fourier-transformed k> weighted V K-edge EXAFS. Samples
were heated to 773 K in 60 cm® min~! 10% O,/He for 1h at 4 K min~' and then
cooled in 60 cm® min~! He to ambient temperature before taking scans. The ZrV,0;
spectrum was simulated.

observed previously and has been attributed to a narrowing of
V—O0 bond length differences [38].

The V K-edge EXAFS data are shown in Fig. 6. All samples show
a large peak associated with nearest neighbor oxygen backscatter-
ing that shifts slightly to smaller distances with increasing Zr sur-
face coverage and in the direction of the V—0 path found in ZrV,0-.
A weak peak around 3 A could indicate V—Zr interactions as seen in
ZrV,07; however, attempts to obtain information beyond the first
shell through fitting were unsuccessful due to the variety of envi-
ronments in which V is bound to the support.

The UV-Visible absorption edge energies determined for VO,/
Zr0,/Si0, are shown in Fig. 7. Since bulk and silica-supported
Zr0O, has an edge energy above 4 eV, the optical transition is due
to the ligand to metal charge transfer involving V [7,39,40]. All
samples have edge energies that are higher than that observed
for bulk V,0s5 (2.05 eV), but smaller than that for OV[0Si(0‘Bu)s]3
(3.65 eV) [41]. The observed edge energies are also consistent with
the edge energy found for isolated O=VOs tetrahedra bound on sil-
ica [41]. The peak maxima for these samples of VO,/ZrO,/SiO, oc-
cur below 265 nm, consistent with what has been observed for
isolated, tetrahedral O=VOs; species as well [28]. The absence of
a significant change in the edge energy with increasing Zr surface

v
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=
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8 3.0 W 0.5V0/Zr0,/SiO,
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Fig. 7. UV-Vis edge energies of VO,/Zr0,/SiO, catalysts after treating in 20% O,/N,
to 723 K for 1 h. Samples cooled to ambient temperature in He before taking scan.
?Reference values obtained from Ref. [41].
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Fig. 8. 5'V MAS NMR of VO,/Zr0,/SiO, catalysts after treatment in 20% O,/He at
773 K for 1 h and cooled to ambient temperature in He. Spectra were acquired on a
11.75 T magnet. V,0s was used as the reference and set to —609 ppm.

coverage also indicates that the electronic environment of vana-
dium remains essentially unchanged with increasing Zr loading.

51y NMR spectra of the fully oxidized catalysts are shown in
Fig. 8. The speed at which the sample rotated (7 kHz) was not suf-
ficiently high to observe spinning sidebands for these samples.
VO,/SiO, shows a single peak at around —485 ppm characteristic
of isolated vanadate species on silica [42,43]. Upon grafting Zr onto
the sample, the —485 ppm peak broadens requiring a new Gauss-
ian at —300 ppm to fit the data. This feature is most likely due to
the presence of tetrahedral V sites weakly bound by one V—0—Zr
bond [26,16]. A new peak is also observed at —750 ppm, character-
istic of tetrahedrally coordinated V bound to the support by
3V—0—Zr bonds. Replacing Si with the less electronegative Zr will
result in more electron density on the neighboring O and more
negative chemical shifts [16]. This interpretation is supported by
5y NMR spectra of ZrV,0; which exhibit a large peak at
—775 ppm [26,16,44]. As the surface density of Zr increases, an
additional peak appears at approximately —650 ppm. A similar
peak has been observed for vanadia supported on anatase and
has been attributed to strongly bound vanadium in an octahedral
environment involving a short V=0 bond and a strong interaction
with the support [16].
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Fig. 9. Fraction of V—Zr sites on catalyst as determined by >'V NMR peak fitting
(blue trangles) and fraction of active sites as determined by UV-Vis (red squares).
The errors indicate the 95% confidence interval from the fit. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Gaussian peaks centered at —300, —485, —630, —750, and
—930 ppm were fitted to each spectrum. The peak at —930 ppm
is present in all samples and, with the peak at —300 ppm, suggests
some octahedral V moieties on the surface [16,42]. Because the rel-
ative intensity of the peaks —630 and —750 ppm increased with
increasing Zr loading, the areas of these peaks were divided by
the total V signal to obtain a fraction of vanadium associated with
zirconium. The >'V spectrum of 0.3V0,/1.4Zr0,/SiO, catalyst was
also taken using a 300 MHz (7 T) magnet, and the resulting spec-
trum (see Supporting information) is the same as that taken at
the higher field, indicating that the appearance of these signals is
due to a true chemical shift and not to quadrupolar effects arising
from V [17]. The results of the >'V NMR peak fits are shown in
Fig. 9. The NMR peak fitting indicates that the fraction of vanadium
associated with zirconium increases with increasing zirconium
surface coverage up to the point where ~35% of all V atoms are
associated with Zr. The fraction for the 1.3 Zr nm~2 sample is sig-
nificantly higher than the other samples, but this is likely due to
the uncertainty in the fit of that spectrum. The 95% confidence
interval for the fit is shown as error bars in Fig. 9, confirming the
larger error for the 0.6V0,/1.3Zr0O,/SiO, sample. This particular
sample also exhibited a very intense Raman peak at 924 cm™!
indicative of V—0—M bonds. The appearance of an unusually in-
tense Raman peak near 924 cm~! may be due to an anomaly in
the synthesis procedure, as noted above. In fact, the other two sam-
ples synthesized with a similar Zr surface coverage in Table 1
showed V—Zr fractions similar to what would have be expected
based on the trends with the remaining samples.

The spectroscopic results indicate that the VO,/ZrO,/SiO, cata-
lysts prepared for this study consist primarily of 0=V(0—Si); and
0=V(0—Zr),(0—Si)3_p, (n = 1-3) units. The position of the chemical
shift and the Zr agglomeration evidenced in the Zr K-edge XAS sug-
gest that the total number of V with 1 or 2V—0—Zr bonds is small
and that the dominant V structures on the catalyst are O=V(0—Si);
and O=V(0O—Zr)3; however, species with n=1, 2 cannot be ruled
out. In both cases, the vanadium atoms occur in pseudo-tetrahe-
dral structures. It is notable, though, that while no differences
could be observed in the electronic properties between the two
types of sites by either UV-Visible spectroscopy or V K-edge
XANES, the presence of 0=V(0—Si); and O=V(0—Zr); species
could be detected by 'V NMR. As discussed elsewhere, the struc-
tural and electronic similarities between the two V environments
have implications for the mechanism by which methanol oxidation
occurs.

3.2. Studies of methanol oxidation

For low conversions from methanol to formaldehyde, the rate of
methanol oxidation over supported vanadium catalysts was de-
scribed by the following rate expression [1,4,5,45]

(9 Ky [MeOH]. (1)
[V]total

Here, rqp, is the rate of formaldehyde formation, kg, is the
apparent rate constant, [V],q is the total number of V atoms,
and [MeOH] is the gas-phase concentration of methanol. Using
Eq. (1), the apparent rate constant was determined from tempera-
ture-programmed reaction (TPRx) experiments. Representative
TPRx results for sample 0.6V0,/0.8Zr0O,/SiO, are shown in the Sup-
porting Information.

Fig. 10 shows that the apparent rate constant at 543 K increases
by over an order of magnitude as the Zr surface coverage increases
from O to 2.1 Zr nm~2. This pattern is similar to that observed pre-
viously for VO,/TiO,/SiO, [4]. The apparent activation energy for
methanol synthesis was determined from an Arrhenius plot of
the rate of formaldehyde formation versus temperature. Fig. 11
shows that the apparent activation energy is 23 kcal/mol for VO,/
SiO, [3] but then decreases to 16 kcal/mol for a Zr coverage of
0.2 Zr/nm? and remains approximately constant for higher Zr cov-
erages. It is also noted that apparent activation energy is essen-
tially the same for all samples of VO,/ZrO,/SiO, and nearly
identical to the value for ZrV,0,. The activation energies for VO,/
Zr0,/Si0, are also similar to values reported earlier for ZrO,-sup-
ported vanadia [1,27].

The data presented in Figs. 10 and 11 suggest that the vanadate
species are distributed between two classes: those that are bonded
exclusively to silica and those that are bonded exclusively to the
zirconia overlayer deposited on the surface of silica. The former
are described by the structure O=V(0—Si);, whereas the latter
are described most generally by O=V(0—Zr),(0—Si);_, (n=1-3).
Since the surface structural data available for the latter species
are insufficient to precisely determine the number of V—0—Zr
bonds, we will assume that n = 3 for the balance of the discussion
presented here, because the dominant structure is most likely
0=V(0—Zr); as discussed previously. Therefore, the apparent rate
coefficient for methanol oxidation can be described by the
relationship:

Es; Ez
Kapp = Xkgjo, €Xp <— %) + (1 = XKy, €xp (— %) , (2)

otal

0.1

at 543 K

® V0,/Zr0,/si0,
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Fig. 10. Apparent rate constant for methanol oxidation over VO,/ZrO,/SiO, at 543 K
as a function of Zr surface density.
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Fig. 11. Apparent activation energy for methanol oxidation on VO,/ZrO,/SiO,
catalysts as a function of Zr surface coverage. **V0,/SiO, and VO,/ZrO, from Refs.
[3,27], respectively.

where x is the fraction of vanadate sites bonded exclusively to SiO5,
(1 — x) is the fraction of sites bonded to ZrOy exclusively, 1<3i02 and
K%OZ are the apparent pre-exponential factors for vanadate species
bonded to SiO, and ZrO,, respectively, and Esjo, and Ezo, are the
apparent activation energies for vanadate species bonded to SiO,
and ZrO,, respectively.

The intrinsic activity of the O=V(0O—Zr); species was obtained
by dividing the values of kg, for VO4/ZrO,/SiO, reported in
Fig. 10 by the fraction of V bound to Zr determined from the >'V
NMR spectra. In so doing, it was assumed that the contribution
of O=V(0—Si); species to the value of kg, is small, which, as will
be shown below, is fully justified [3]. Fig. 12 shows that the appar-
ent first-order rate coefficient attributed O=V(0O—Zr); species is
nearly constant with Zr surface coverage. It is also noted that the
magnitude of this apparent rate coefficient is two orders of magni-
tude higher than that for 0=V(0—Si); species, fully justifying the
assumption made in preparing Fig. 12.

The number of O=V(0O—Zr); species was quantified indepen-
dently using UV-Visible spectroscopy by counting the number of
reduced vanadia centers after reduction in methanol at 600 K. This
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Fig. 12. Apparent rate constant as a function of Zr surface coverage normalized by
the fraction of V strongly bound to Zr as determined by >'V NMR peak fits (blue
triangles) and normalized by the fraction of V reduced by MeOH at 600K as
determined by UV-Visible (red squares). Dashed lines are to guide the eye. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

temperature coincides with the peak in formaldehyde productivity
for the catalysts prepared with Zr present but not for VO,/SiO,,
which only becomes active at higher temperatures [see Supporting
Information]. Since formaldehyde production proceeds in the ab-
sence of O,, treatment in methanol at 600 K should only reduce
the sites active for formaldehyde production given the lack of sig-
nificant side reactions. Therefore, only the reduced sites deter-
mined by UV-Visible spectroscopy are considered to be active for
methanol oxidation at 600 K on VO,/ZrO,/SiO, in the presence of
0,. The conversion from the measured oxygen uptake to the num-
ber of reduced V was made assuming 4e~ per O, consumed and
that all reduced V was in the 4+ oxidation state. Justification for
this assumption is given below. Fig. 9 shows that the fraction of
all V sites that are catalytically active determined on the basis of
UV-Visible spectroscopy in combination with pulsed reoxidiation
(see Experimental Section) is consistently lower than that deter-
mined independently from 3!V NMR. However, given the signifi-
cant errors associated with both methods of site determination,
the differences may not be physically significant. The important
thing to note is that the fraction of active sites determined by
UV-Visible spectroscopy also shows an increase with increasing
Zr surface coverage, which further supports the claim that vanadia
to bonded zirconia is responsible for the observed increase in cat-
alytic activity. Consistent with the preceding discussion, it is seen
in Fig. 12 that the value of the apparent rate coefficient attributable
to O=V(0—Zr); species determined from the analysis of UV-Visible
data is nearly a factor of 2 higher than that determined from the
analysis of >'V NMR data.

The pre-exponential factor, kgroz, was calculated using both the
NMR and UV-Visible method for determining the fraction of V
present as O=V(0O—Zr); species. In the first approach, the values
for the pre-exponential factor and activation energy for VO,/SiO,
were obtained from Bronkema et al. [27], and the activation energy
for the VO,/ZrO, sites was taken to be 16 kcal/mol, as measured in
this study. The resulting pre-exponential factor was 6 x 10® and
3 x 10% (atm s)~! based on the site fractions determined from the
UV-Visible and the 'V NMR data, respectively. The second method
that assumed the contribution to the rate by VO,/SiO, sites was
negligible. The resulting pre-exponential factor, with an activation
energy of 16 kcal/mol, were 6 x 10% and 3 x 10 (atm s)~! for UV-
Visible and >'V NMR site fractions, respectively. Regardless of the
method used, the pre-exponential factors obtained were compara-
ble with those reported previously for isolated vanadate species
present on VO,/ZrO, [7 x 10° (atms)~'] [27]. This analysis sug-
gests that the primary contribution to the higher rate of formalde-
hyde production on O=V(0—Zr)s sites relative to 0=V(0—Si)s sites
is the lower activation energy on the former type of site.

It is useful to review what is known about the mechanism of
methanol oxidation and the influence of support composition be-
fore discussing possible reasons for the differences in the activity
of O=V(0—Si); species and O=V(0O—Zr); species. Both experimen-
tal and theoretical studies suggest that for isolated vanadate spe-
cies supported on silica (i.e, O=V(0O—Si); species) methanol
oxidation occurs via the mechanism shown in Fig. 13A [3,9,46].
Reaction begins with the adsorption of CH30H across a V—0—Si
bond to form V—OCH3 and Si—OH groups (Reaction 1). This process
is quasi-equilibrated and is followed by the rate-limiting step in
which an H atom is transferred from the methyl group of V—OCH;
to the V=0 bond (Reaction 2), resulting in the formation of ad-
sorbed CH,0, which quickly desorbs, and a V—OH group. In the
next step, H,O is formed via the condensation of the Si—OH and
V—OH groups (Reaction 3). This leaves the V in the +3 oxidation
state. Rapid reoxidation then restores V to the +5 state. Theoretical
analyses of the elementary steps shown in Fig. 13a have confirmed
that Reaction 1 is quasi-equilibrated, that Reaction 2 is the rate-
limiting step, and that the reoxidation of V is much more rapid
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Fig. 13. Proposed schematic for methanol oxidation on VO,/SiO, sites (A) and on VO,/ZrO, sites (B).

than V reduction. These studies have also shown that the rate
parameters obtained for the proposed mechanism are in close
agreement with those determined experimentally [3,9].

Several attempts have been made to explain the observed
dependence of the rate of methanol oxidation on support composi-
tion. Wachs and coworkers have proposed that the Sanderson elec-
tronegativity of the support metal cation affects the rate of
methanol oxidation by influencing the adsorption of methanol
(Reaction 1 in Fig. 13A) [2]. While the turnover frequency for meth-
anol oxidation is found to increase with decreasing Sanderson elec-
tronegativity, both experimental and theoretical studies show no
significant effect of support composition on the heat of methanol
adsorption [1,4,5]. For methanol oxidation on VO,/TiO,/Si0,, it
has been proposed that larger domain sizes and greater electron
delocalization of the titania layer result in a higher TOF toward
formaldehyde; however, the manner in which electron delocaliza-
tion affects the reaction kinetics was not defined [10].

Theoretical studies have suggested that the high activity of iso-
lated vanadate species supported on titania may be due to the
influence of O vacancies present at the support surface or to a
change in the reaction mechanism relative to that shown in
Fig. 13A. In the first of these two proposals, it is proposed that O
vacancies occur adjacent to a few percent of the vanadate species
supported on titania [4,5]. While the presence of the vacancy has
minimal effect on the calculated equilibrium constant for metha-
nol adsorption, the activation barrier for H-abstraction from
V—OCH; groups (Reaction 2 in Fig. 13A) decreases by 7 kcal/mol
relative to that for vanadate species that are not adjacent to an O
vacancy. The reason for the decrease in activation energy is that
the defect provides the active site with more flexibility, thereby
allowing for a larger degree of H bonding in the product between
Ti—OH and V—OH ligand species. The rate parameters determined
on the basis of the O vacancy hypothesis agree well with those
measured for titania-supported vanadia. The proposed interpreta-
tion is supported by EPR measurements of small concentrations of
Ti3* cations present on TiO, [47] and VO,/TiO, [5] and by the obser-
vation of a correlation between the turnover frequency for metha-
nol oxidation and the energy required to form an O vacancy in the
support [5].

A second explanation for the high activity of titania-supported
vanadia is possibility that the rate-limiting step for methanol
oxidation occurring on VO,/TiO; and VO,/SiO; is not the same. Re-
cent theoretical studies of methanol oxidation on rutile-supported
vanadate species suggest that the rate-limiting step is H-abstrac-
tion from V—OCH3; via reaction with Ti—OH [11]. This elementary
reaction is illustrated in Fig. 13B. The same authors have also

examined the adsorption of methanol on rutile-supported VO,
and found that CHsOH addition across the V—0O—Ti bond to form
V—OCH3/Ti—OH and on the V=0 to form HO—V—OCH; is equally
possible [12]. In the latter case, the H-abstraction would produce
a Ti—OH group on the surface during the rate determining step.
While a detailed microkinetic analysis of methanol oxidation for
rutile-supported vanadate species was not carried out, it is plausi-
ble that the rate-limiting step for the pathway shown in Fig. 13B is
operative for VO,/TiO, and explains the higher activity of vanadate
groups supported on titania relative to silica.

We now turn to a discussion of possible reasons for the higher
activity of VO,/ZrO,/SiO, compared with VO,/SiO,. None of the
evidence presented in this study shows any indication for intrinsic
differences in the electronic properties of O=V(0—Si); and
0=V(0—Zr); species. However, the latter species can be identified
by difference in shielding caused by Si versus Zr, as demonstrated
by the 'V NMR spectra presented in Fig. 8. This observation and
the greater ease of methanol reduction in O=V(0O—Zr); species
clearly demonstrate that there are two types of vanadate groups
on VO,/Zr0O,/SiO,. Attempts to identify oxygen vacancies formed
upon the reduction in the Zr0O,/SiO, supports used in the present
study showed no evidence for O vacancy formation, as was observed
for TiO,/SiO, [15]; therefore, we do not expect O vacancies to con-
tribute to the higher activity of vanadates species grafted to zirconia.
Likewise, no evidence was seen in the present work for increased
electron delocalization with increasing ZrO, domain sizes, which
would have been evidenced by a decreasing edge energy in the
UV-Visible [48]. This leads us to suggest that the differences in
activity between VO,/ZrO,/SiO, are due to the difference in the
rate-limiting step in methanol oxidation occurring on the two types
of catalyst. We propose that the methanol oxidation proceeds via
the mechanism shown in Fig. 13A for O=V(0—Si); species present
on VO,/SiO, and VO,/Zr0,/SiO,, and via the mechanism shown in
Fig. 13B for O=V(0O—Zr); species present on VO,/ZrO,/SiO,. In the
latter case, we envision that the Zr—OH groups participating in the
rate-limiting step occur on Zr atoms adjacent to the O=V(0—Zr)3
species. We note further that in the mechanism shown in Fig. 13B,
vanadium is reduced to the +4 state upon formation of formalde-
hyde and water, which is consistent with the assumption used to de-
fine the number of active vanadium sites associated with zirconia
determined by the UV-Visible methods discussed elsewhere.

4. Conclusions

Characterization of VO,/ZrO,/SiO, prepared with Zr surface cov-
erages between 0.0 and 2.1 Zr nm~? demonstrates that zirconia is
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dispersed on the silica support primarily in two-dimensional struc-
tures exhibiting increasing Zr—O—Zr coordination with increasing
Zr surface coverage. By contrast, vanadium exists as well dispersed
pseudo-tetrahedral 0O=V(0O—Zr); or 0=V(0—Si); species. For a fixed
vanadium loading, the fraction of vanadium bound to zirconia in-
creases from 0% to approximately 35% with increasing Zr loading.
A similar fraction of V sites was found to be active for the production
of formaldehyde at 600K, a temperature too low for significant
activity on VO,/SiO,. Therefore, the active site on these catalysts is
proposed to consist of tetrahedral 0=V(OZr); species. The formal-
dehyde production rate for VO,/ZrO,/SiO catalysts is constant with
Zr surface density when normalized to the number of these sites
determined from either 'V NMR or UV-Visible spectroscopy, indi-
cating that the increase in the reaction rate is due to an increase in
concentration of highly active species on the surface. The apparent
pre-exponential factor for methanol oxidation at O=V(0—Si); and
0=V(0—Zr); species is essentially the same, but the apparent acti-
vation barrier is 7 kcal/mol smaller for the latter sites. Thus, the
nearly hundred-fold higher turnover frequency for methanol oxida-
tion on O=V(0—Zr); versus O=V(0—Si); is due to lower activation
barrier associated with the former sites. We propose that this is
due to a difference in the intrinsic activation barrier for the rate-lim-
iting step on the two catalysts as described in Fig. 13.
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