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ABSTRACT

The effect of ceria on the partial oxidation of methanol to formaldehyde over VO,/CeO,/SiO, catalysts was
investigated. A two-dimensional layer of ceria on silica was prepared by grafting cerium (IV) t-butoxide
(Ce(OC4Hyg)4) onto high surface area, mesoporous silica, SBA-15, and then calcining the resulting product
in air at 773 K. Ce surface concentrations obtained this way ranged from 0.2 to 0.9 Ce nm~2. Next, V was
introduced by grafting VO(O'Pr); onto CeO,/SiO, in order to achieve a surface concentration of
0.6 V nm~2. XANES spectra indicate that all of the V is in the 5+ oxidation state and Raman spectra show
that vanadia exist as pseudo-tetrahedra bonded to either silica or ceria. Data from Raman spectroscopy
and temperature-programmed desorption of adsorbed methanol indicate that with increasing Ce surface
density, most of the V becomes associated with the deposited ceria. The turnover frequency for methanol
oxidation is nearly two orders of magnitude higher for VO,/CeO,/SiO, than for VO,/SiO,, whereas the
apparent activation energy and apparent first-order pre-exponential factor are 17 kcal/mol and
1.4 x 10° mol CH,0 (mol V atms)~!, respectively, for VO,/Ce0,/SiO, and 23 kcal/mol and 2.3 x 107
mol CH,0 (mol V atm s)~!, respectively, for VO,/SiO-.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The catalytic activity of supported vanadia shows significant
differences as a function of support composition [1-6]. These differ-
ences are well documented for the case of oxidation of methanol to
formaldehyde, where the rate of CH,O formation has been shown to
proceed more rapidly by over an order of magnitude when vanadia is
supported on titania, zirconia, or ceria than on silica [1,6-8]. A sim-
ilar increase in activity for the oxidation of methanol to formalde-
hyde is seen for bilayered catalysts in which TiO, or ZrO, is grafted
in submonolayer quantities onto silica [4,5,9,10]. Despite many
attempts to understand the origin of this support effect, a consensus
regarding the cause(s) has not emerged [1-5,9-15]. In order to elu-
cidate the mechanism by which the support composition affects the
activity of the supported vanadate species, the underlying support
surface must be thoroughly characterized. Careful characterization
of the supported vanadia layer is also important to understand
how the different vanadia structures impact the reaction rate.

A number of investigators have found it advantageous to use sil-
ica as the support material and to graft the modifying oxide (e.g.,
TiO,, ZrOy) layer onto the silica. If the modifying layer is deposited
using an organometallic precursor, it can react with surface silanol
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groups to form an amorphous, two-dimensional oxide layer. Either
isolated monovanadate or polyvanadate species can then be grafted
onto such a modified support, with most of the vanadate species
becoming attached to the modifying layer [9,10,4,5]. Until recently,
attempts to carry out similar studies with VO,/Ce0,/SiO, have been
hampered by the difficulty of dispersing ceria as a two-dimensional
layer; therefore, most of what is known about the effects of ceria on
the activity of vanadia for the oxidation of methanol has come from
studies of VO,/Ce0,/SiO, in which the ceria is present as nanoparti-
cles of CeO, and from studies of vanadia supported on bulk ceria.
Previous studies of bilayered VO,/CeO,/SiO, catalysts have
focused on the characterization of oxide phases by Raman spectros-
copy but have not identified how ceria promotes the activity of van-
adia [16-19]. Studies by Vohs and coworkers of methanol oxidation
on vanadia supported on polycrystalline CeO, [20,21] and on the
(111) surface of monocrystalline CeO, [22,21,23] have shown that
the rate-limiting step in the formation of formaldehyde involves the
transfer of a H atom from the methyl group of adsorbed methoxy
species bonded to ceria-supported vanadate species. Abbott et al.
have also investigated methanol oxidation over vanadia supported
on Ce0,(111) thin films [24]. The authors propose that Ce** adja-
cent to isolated vanadate structures are responsible for the in-
creased reactivity for methanol oxidation but do not fully explain
how these centers contribute to the reaction. Insight into the struc-
ture of ceria-supported vanadia has been provided by DFT carried
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out by Metiu and coworkers and Sauer and coworkers [25,26]. Both
sets of authors find that isolated vanadate species on CeO,
(111) can exist in at least two types of distorted tetrahedral
environments.

In the present study, we extend our earlier work on methanol
oxidation catalyzed by vanadate species supported on silica and
on two-dimensional layers of titania and zirconia supported on sil-
ica [3-5]. This effort was enabled by our recent studies showing
amorphous, two-dimensional layers of ceria can be deposited onto
silica using cerium (IV) t-butoxide as the precursor [27]. In all
cases, the surface density of vanadia was maintained low enough
so that large aggregates of vanadia were not observed. The cata-
lysts were characterized by Raman and UV-Visible spectroscopy,
and X-ray absorption near-edge spectroscopy (XANES). The cata-
lytic properties of VO,/Ce0,/SiO, catalysts were studied using
methanol as a probe molecule. Our results indicate that the ceria
domain participates in the reaction by providing an alternative
mechanism for H-abstraction from adsorbed methoxy species in
the rate-determining step leading to formaldehyde. The results
obtained with VO,/Ce0,/SiO, are compared with those reported
in our earlier work on VO,/TiO,/SiO, and VO,/Zr0O,/SiO,. It is noted
that the catalytic activity and the apparent rate parameters for
VO,/Ti0,/Si0,, VO,/Zr0,/Si0,, and VO,/Ce0,/Si0, are very similar,
but differ significantly from those for VO,/SiO-.

2. Experimental methods

SBA-15, a high surface area mesoporous silica, was synthesized
according to the method described in Refs. [27,28]. Briefly, Pluronic
P123 (<MW> = 5800) was suspended in water and stirred for 1.5 h,
then 120 cm? of 2 M HCl was added and the resulting mixture stir-
red for an additional 2 h. Next, tetraethyl orthosilicate (TEOS) was
added dropwise while the mixture was held at 308 K and stirred
for 24 h. Stirring was stopped, and the mixture was heated at
373 K for 24 h. The precipitate was filtered and washed six times
with deionized water and once with 50 cm® of acetone. After dry-
ing overnight in air, the filtrate was heated to 773K in air at
2 Kmin~! and held for 4 h.

Cerium was grafted onto SBA-15 using cerium (IV) t-butoxide
(Ce(OC4Ho)s, Gelest), as described in Ref. [27]. The Ce(0'Bu), was
dissolved in 70 cm? of anhydrous toluene at ambient temperature
in an inert atmosphere before mixing with the SBA-15 support. The
liquid was removed and the resulting sample rinsed three times
with anhydrous toluene before drying at ambient temperature un-
der vacuum. The samples were then heated to 573 K in He, after
which the gas was switched to synthetic air, and the sample heated
to 773 K for 4 h.

Vanadium was grafted onto Ce0O,/SiO,, in a single grafting step,
using VO(O'Pr)s (Alpha, 96% pure) as the vanadium precursor. The
desired quantity of vanadium is mixed with ~60 cm? of anhydrous
toluene in a dry N, atmosphere before mixing with the support
after drying under vacuum at 393 K for 4 h [4,5]. After stirring at
ambient temperature for 4 h, the sample was rinsed three times
with anhydrous toluene before treating in synthetic air at 823 K
for 6 h. The resulting catalysts were stored in a glove box without
exposure to the atmosphere.

CeVO,4 was synthesized by mixing Ce(NOs);-6H,0 and vanadyl
acetylacetonate together with a mortar and pestle in a 1:1 molar
ratio before treating in synthetic air to 1023 K for 8 h. The resulting
product was dark purple.

The surface area of SBA-15 before and after cerium grafting
were determined by nitrogen physisorption at 77 K using an Auto-
sorb-1 instrument (Quantachrome) using the single-point BET
method. The weight percentage of cerium and vanadium was
determined using inductively coupled plasma (ICP) analysis by

Galbraith Laboratories. The apparent surface densities of Ce and
V were calculated based on the surface area after Ce grafting.

Raman spectra were acquired using a Jobin Yvon-Horiba spec-
trometer equipped with a confocal microscope and a 532-nm
Nd:YAG laser. Prior to the acquisition of Raman spectra, samples
were sealed in a sample holder in the glove box. Eight scans of
4 s each were acquired at room temperature using 15 mW of laser
power at the sample.

V K-edge and Ce Lj-edge XAS measurements were performed at
the Advanced Photon Source (APS) on beamline 10-BM using a
Si(111) monochromator crystal. The beam was detuned by 50%
at the V K-edge. All scans were taken in transmission mode using
20-cm ionization chambers filled with 85% N,/15% He in I, (before
the sample) and 60% N,/40% Ar in I, (after the sample). A reference
V foil was placed after the sample for energy calibration. Scans
were collected with a hold time of 1 s and a step size of 0.5 eV from
5455 to 5505 eV, 10eV to 5705eV , and 0.5eV to 5750 eV. 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 is a continuous-flow glass tube reactor
(length, 18 in.; diameter, 0.75 in.) isolated from the atmosphere
with polyimide windows and stainless steel valves fitted at both
ends.

The XAS data were analyzed with the IFEFFIT software and its
complementary GUI Athena [29,30]. The edge energy was defined
as the first inflection point after any pre-edge feature. The V K-edge
XANES data were normalized by subtracting a pre-edge line fit to
the data from —26.5 to —18 eV relative to the edge energy and a
quadratic polynomial (k weight =2) fit to the data from 41 to
224.5 eV relative to the edge energy.

An in situ XANES experiment was performed in order to identify
the effects of temperature and gas composition on the oxidation
states of V and Ce. This experiment was initiated by heating the
catalyst pellet to 600 K in 60 cm® min~' He. While held at 600K,
the gas flow was switched to 60 cm® min~! 5000 ppm MeOH/He
until no changes were observed in the V K-edge or Ce Lj-edge
XANES. The catalysts were then heated at 773 K in the same
MeOH/He flow and scans acquired until no changes were observed
in the resulting spectra. Finally, 60 cm® min~! of 10% H,/He was
passed over the catalyst until the XANES spectra exhibited no
changes at 773 K. The extent of reduction of V was determined
by carrying out V K-edge linear combination analysis (LCA) using
the scan at 300 K in He and the scan after 773 K in 5000 ppm meth-
anol as reference spectra to represent the fully oxidized (V°*) and
reduced catalyst, respectively. The data were fit from —-20 to
30 eV relative to the edge energy using Athena. For ceria, the ex-
tent of reduction from Ce?" to Ce>* was performed using the peak
intensity at 5727 eV for the Ce L;-edge. This peak height was nor-
malized by the values obtained from the reference spectra at 300 K
in He and after treatment in 5000 ppm methanol at 773 K to repre-
sent Ce** and Ce>", respectively.

Diffuse reflectance UV-Visible spectra were recorded using a
Harrick Scientific diffuse reflectance attachment (DRP) with a reac-
tion chamber (HVC-DRP) and a Thermo Scientific Evolution 300
spectrophotometer. The spectra were acquired after loading the
samples in the glove box at ambient temperature without exposing
the sample to the atmosphere. The edge energy was calculated
using Tauc’s law for indirect transitions in amorphous and crystal-
line semiconductors [31]. In this expression, a straight line is fit
through a plot of [A - hv]'/? versus hv, where A is the absorbance
and hv is the incident photon energy. The x-intercept of this linear
fit is the reported edge energy.

Temperature-programmed reaction (TPR,) experiments were
performed using a mixture of approximately 25 mg of catalyst
and 25 mg of bare SBA-15. The mixture was placed in a quartz
reactor and supported with quartz wool. The sample was
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heated at 4 Kmin~! to 773K in a flow of high purity O, in He
(20% 0,/He) flowing at 60 cm® min~! and then held at 773 K for
1 h. Next, the sample was cooled in this gas mixture to 363 K, after
which a mixture of 4% MeOH/7.5% O,/He was flowed over the cat-
alyst for 10 min at 363 K before the reactor temperature was in-
creased at 2 Kmin~! to 823 K. The reactor effluent was analyzed
with a MKS Cirrus mass spectrometer. The concentrations of spe-
cies formed were analyzed using a matrix-deconvolution method
with calibrated response factors.

Temperature-programmed desorption (TPD) profiles were ac-
quired using a pretreatment procedure similar to that used for
TPR,, except upon cooling to 363 K, the reactor was purged with
He until no O, was observed. Next, 30 cm® min~! of 4% MeOH/He
was passed over the catalyst for 3 min, and the reactor purged in
30 cm® min~! He for 45 min. After the purge, the reactor was
heated at 4 Kmin~! to 773 K and the effluent analyzed by a MKS
Cirrus mass spectrometer as for the TPR, data.

3. Results and discussion
3.1. Catalyst characterization

The names and BET surface areas of all samples are reported in
Table 1. The number after V and before Ce gives the Ce surface cov-
erage, the letters, tB, after Ce correspond to the Ce(O'Bu), precur-
sor, and the final letter, S, refers to the support, SBA-15. After
ceria grafting, the surface area per gram of silica decreased for all
samples the diameter of the mesopores and partially blocked the
micropores of SBA-15 [27]. The vanadium surface density was held
constant at ~0.6 Vnm 2, while the ceria layer density was in-
creased from 0.2 to 0.9 Ce nm~2. Assuming a monolayer coverage
of 7Mnm~2 (M=V, Ce), both the V and Ce surface coverages
are <0.1 of a monolayer.

3.1.1. Raman

The Raman spectra for the catalysts are shown in Fig. 1. The
spectrum for SBA-15 shows a strong band near 470-500 cm™!,
weak bands at 670 cm~! and 800 cm™!, and more intense bands
at 900 and 970 cm™~'. The two peaks at 470 and 670 are due to
the breathing modes of the silica [32], while the higher frequency
peaks are due to Si—OH vibrational modes [33].

Sample 85CetBS in Fig. 1 is illustrative of the Raman spectrum
taken after Ce grafting. No evidence of crystalline CeO, is observed,
except for a weak band at 455 cm™! for the highest surface density
[27]. However, a new band is observed centered at 950 cm™',
which grows with Ce surface coverage. This peak is, therefore,
attributed to Ce—0—Si vibrations. The position of this feature is
similar to that observed at 963 cm™~! in the infrared spectra of cer-
ium oxides incorporated into mesoporous silica [34]. A broad peak
is also observed in the region of 300-450 cm!, which could be a
result of breathing modes of ceria present on the surface silica,
since this region corresponds to similar vibrations in SiO, [32].

Upon grafting of V, peaks appear at 1040 and 850 cm~'. The fea-
ture at 1040 cm~! is due to the V=0 stretch for pseudo-tetrahedral
vanadate species, but definitive assignment of this feature is diffi-
cult for the following reasons. Isolated vanadate species grafted on
silica have been observed to exhibit a V=0 vibration in the region

Table 1

Surface areas of CeO,/SBA-15 with V and Ce weight percentages and surface coverages.

) Cevo, |
1200 1000 800 600 400 200
Raman Shift, cm’”

Intensity, a.u.

Fig. 1. Raman spectra of VCetBS catalysts after treating in syn. air to 773 K for 4 h.
Spectra of the bare SBA-15 support, CeV04, and 85CetBS are also included.

Oy Oy
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@ O from support

Fig. 2. VO, structures on CeO, (111) surface as determined by density functional
theory calculations: VO, (A) and VOs (B). Figure adapted from Ref. [25]. The
nomenclature, VO, is used such that x is the number of oxygens from the gas phase
that are not part of the CeO, (111) surface.

of 1035 to 1043 cm! [3,19,35,36]. However, a similar band for
V=0 vibrations has been observed in the region from 1022 to
1039 cm™! for isolated vanadate species supported on bulk ceria
[1,37]. Likewise, theoretical calculations of the vibrational spec-
trum for isolated pseudo-tetrahedral vanadates present on
CeO,(111), Structure A in Fig. 2, show that the V=0 band for such
species should be in the range of 1040 to 1046 cm™! [25,38]. For
these reasons, the position of the band at 1040 cm™~! cannot be
used to differentiate between pseudo-tetrahedral vanadia bound
to silica or ceria. Interestingly, the intensity of this peak decreases
in intensity with increasing Ce surface density. Therefore, we be-
lieve that the peak at 1040 cm™! is most likely due to the presence
of pseudo-tetrahedral vanadate species bonded to silica. This
assignment is supported by information derived from methanol
temperature-programmed desorption (TPD) data (see below).

The band at 850 cm~' may be attributable to V=0 vibrations for
a vanadate group in which V is connected to the ceria domain
through three bridging oxygen atoms, as illustrated for Structure
B in Fig. 2. DFT calculations of the spectrum for this structure
formed on the (111) surface of CeO, exhibit a band at 876 cm™'
[25]. The proposed assignment of the band at 850 cm™"! is further
supported by work on bilayered VO,/Ce0,/SiO, catalysts, in which
a broad peak at 850 cm ™! was observed upon heating the sample to
773 K. Raising the temperature to 1073 K caused this feature to

2 2

Sample name V, wt.% Ce, wt.% Ce0,/SBA-15 surface areas (Ce-free), m? g~! V coverage, V nm ™ Ce coverage, Ce nm™
V19CetBS 29 2.6 589 (687) 0.6 0.2
V51CetBS 2.6 6.1 516 (817) 0.6 0.5
V85CetBS 2.7 8.7 436 (735) 0.7 0.9
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Fig. 3. UV-Visible absorption edge energies for VO,/Ce0,/SiO, catalysts. Data were
acquired at ambient temperature without exposing samples to moisture.

narrow into an intense peak at 853 cm~! characteristic of CeVO,

formation [16,17]. Thus, the band at 850 cm™! observed in the
present study could be a precursor to CeVO,4; however, no evidence
was observed for CeVO, in the spectra of VCetBS as indicated by
the absence of peaks at 853, 780, and 790 cm~' characteristic of
CeVO,. The spectra presented in Fig. 1 also show no evidence for
V,0s, which has bands at 998, 702, 529, or 287 cm™! [8].

3.1.2. UV-Visible spectroscopy

The UV-Visible edge energies for catalysts with and without V
grafted are shown in Fig. 3. The edge energy for the CeO,/SBA-15
samples is ~3.4 eV, independent of the CeO, surface density. After
V grafting, the edge energy decreased by 0.7-1.0eV to ~2.6 eV.
This edge energy is also lower than that for tetrahedral vanadates
on silica, 3.17 eV [5]. The observation of an edge energy for the
bilayered catalysts lower than that for either VO,/SiO, or CeO,/
SiO; is presumed to be due to the presence of V—0—Ce bonds.

3.1.3. XANES

The V K-edge XANES spectra acquired at ambient temperature
are shown in Fig. 4A. The large pre-edge feature for all samples oc-
curs because of hybridization between the O 2p and V 3d orbitals
in a non-centrosymmetric environment [39] and indicates pre-
dominantly tetrahedral or pseudo-tetrahedral V species on the
surface. This conclusion is supported by the examination of the
XANES spectra for V°* standards presented in Fig. 4B, which show
that as the vanadia environment changes from square pyramidal,
V,0s5, to distorted tetrahedral, NH4VOs, to tetrahedral, CeVO,4
[40], the pre-edge feature increases as a result of increasing p-d
orbital hybridization. Agreement of the edge energy for the VCetBS
samples (Fig. 4A) with that for V°* standards (Fig. 4B) further sup-
ports the conclusion that all of the V in these samples is in the 5+
oxidation state. Electron paramagnetic resonance (EPR) spectra of
VCetBS samples were also acquired, and these showed no evidence
for a signal attributable to V4* (data not shown) [41].

3.1.4. MeOH temperature-programmed desorption (TPD)

The catalysts were further characterized by taking TPD spectra
of adsorbed MeOH. Fig. 5 illustrates the MeOH, CH,0, and CH, pro-
files observed for samples of V19CetBS, V51CetBS, V85CetBS, and
85CetBS. In addition to these products, the formation of H,0, CO,
and CO, was observed. The spectra for these products are shown
in the Supporting Information. Infrared absorption data for these
catalysts indicate that methanol initially adsorbs dissociatively
producing methoxy and hydroxyl groups bound to Si, Ce, and V
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Fig. 4. V K-edge XANES acquired at ambient temperature under He for VCetBS
catalysts (A) and V standards (B). The energy is referenced to the initial peak of the
V foil derivative spectrum (0 eV).
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Fig. 5. Temperature-programmed desorption (TPD) profiles for selected catalysts
for the following species: MeOH (burgundy diamonds), formaldehyde (blue down
triangles), and CH, (pink left triangles). Data are normalized to sample mass. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

(data not shown), as observed previously for silica- and ceria-
supported vanadia [42,3,19].

For all catalysts, MeOH desorbs at 363 K, a temperature well
below that for the appearance of any other products. A broad
desorption peak for CH,O begins around 415K for catalysts



164 W.C. Vining et al./Journal of Catalysis 285 (2012) 160-167

containing V. It is noted that in the absence of V, the appearance of
formaldehyde occurs at a temperature of ~50 K higher than for the
corresponding VCetBS samples (compare spectra for 85CetBS and
V85CetBS). As the Ce surface density increases, the intensity of
the formaldehyde profile at 625 K decreases with a concomitant
decrease in the production of methane. No methane is observed
for CetBS samples. The formation of methane can be attributed to
the decomposition of silica-bonded methoxy species that are adja-
cent to silica-supported mono-vanadate species [3]. While the
methane peak temperature for VCetBS catalysts occurs at a slightly
higher temperature, ~650 K, than that for VO,/SiO,, 625 K [3], the
decrease in the quantity of methane formed with increasing ceria
surface density and its absence in 85CetBS suggest that methane
is produced as a result of isolated VO,/SiO, structures not bound
to ceria.

The formaldehyde profiles for VCetBS catalysts are broad, but in
every case, the onset of formaldehyde production begins at signifi-
cantly lower temperatures (~415 K) than that for isolated vanadate
species supported on silica (~500 K) [3,43]. A lower formaldehyde
production temperature for VO,/CeO, than VO,/SiO; has previously
been observed by the group of Vohs and coworkers [20,43]. In these
studies, surface coverages of 0.3 and 3.5 V nm~2 for VO,/SiO, and
3.4V nm ? for VO,/CeO, were used, and the peak temperature of
formaldehyde desorption decreased from ~675K for VO,/SiO,
[43] to ~600 K or lower for VO,/CeO, [20] (for TPD profiles acquired
with a heating rate of 15 Kmin™1).

3.2. Studies of methanol oxidation

The rates of methanol oxidation on CetBS and VCetBS are shown
in Fig. 6 as a function of the ceria surface density. For both sets of
samples, the rates are expressed per unit surface area. At 543 K, the
ceria layer is active for methanol oxidation, and the rate of formal-
dehyde production increases linearly with increasing Ce surface
density. Under the reaction conditions used, silica shows no activ-
ity for methanol oxidation.

After grafting V, the rate of CH,0 formation per unit surface area
increases relative to that for CetBS, by about a factor of two. For ref-
erence, the rate of formaldehyde formation on VO,/SiO, under
equivalent reaction conditions and vanadium loadings is
3.5 x 1071 mol CH,0 (s m?)~!. Therefore, the high activity of
VCetBS is due to the portion of the vanadium interacting with
the ceria layer deposited on the SBA-15.

The apparent rate constant for formaldehyde production attrib-
utable to vanadia was determined by subtracting the contribution
to the CH,O formation rate due to the ceria layer and dividing the
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Fig. 7. Apparent rate constants for VCetBS, VO,/TiO,/SiO,, and VO,/ZrO,/SiO,
catalysts as a function of M surface density (M = Ce, Ti, Zr) at 543 K. Apparent rate
constants for VO,/TiO,/SiO, and VO,/ZrO,/SiO; catalysts are from Refs. [4] and [5],
respectively. Curve is to guide the eye. kqpp = k2K, where K is the equilibrium
constant for Reaction 1 and k, is the rate constant for Reaction 2 in Fig. 8.

resulting rate per surface area by the methanol vapor pressure and
the surface density of vanadia as determined by ICP. As shown in
Fig. 7, the VCetBS samples show a constant rate with increasing
Ce surface density that is an order of magnitude larger than for
0.3V0,/SiO, [3]. This increase with Ce surface density is similar
in magnitude to that observed in our previous work for VO,/TiO,/
Si0, and VO,/Zr0,/SiO, catalysts (~0.6 V nm?) [4,5], which are
also shown in Fig. 7. Taking into account the uncertainty in the
data, it can be concluded that the values of kg, are very similar
to those for VO,/TiO,/Si0,, VO,/Zr0,/SiO,, and for VO,/CeO,/SiO,
once the data are corrected for the activity of the ceria deposit.

The apparent activation energy and pre-exponential factor
for methanol oxidation on VCetBS catalysts are presented in
Table 2. The apparent activation energy is approximately
17 kcal mol~! for all samples. This value is comparable to the activa-
tion energy of 18 kcal mol~! for our bulk CeVO, sample and similar
to that reported by Feng et al. for vanadia supported on bulk
Ce0,, 16 kcal mol~! [20]. Table 2 also shows that the apparent
pre-exponential factor is essentially the same for all samples
(~1 x 10 mol CH,0 (mol V atm s)~ ).

The apparent pre-exponential factors and activation energies
obtained in this study are compared with those reported in our
work with isolated vanadate species supported on two-dimen-
sional layers of titania and zirconia deposited on silica and with
isolated vanadate species supported on silica. As seen in Table 3,
activation energies and pre-exponential factors for VO,/TiO,/SiO,,
V0,/Zr0,/Si0,, and VO,/Ce0,/Si0, are all very similar and signifi-
cantly smaller than those for VO,/SiO,. A further observation is that
both the pre-exponential factor and the activation energy for
methanol oxidation occurring on VO,/SiO, are larger than those
for the other three catalysts, even though the active form of

Table 2
Apparent pre-exponential factors and activation energies for catalyst samples.

Sample Apparent pre-exponential factor, k°  Apparent activation
Name (mol CH,0 (mol V atm s) ! energy, Eqpp (kcal mol 1)
03V0y 2.3 x 107 23

Sioy?
V19CetBS 1.0 x 10° 17
V51CetBS 1.0 x 10° 17
V85CetBS 2.2 x 10° 18

2 Data from Ref. [3].
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Table 3

Apparent pre-exponential factors and activation energies for catalyst samples. In the
case of VO,/MO,/SiO, (M = Ti, Zr, Ce), the pre-exponential factor is based on V atoms
fully associated with MO,.

Sample Name Apparent pre-exponential Apparent activation

factor, k° energy, Eqpp

(mol CH,0 (mol V atm s)~ 1) (kcal mol~1)
VO0,/Si0,? 2.3 x 107 23
VO,/Ti0,/Si0,” 1.8 x 10° 18
VO,/Zr0,/Si05° 4.0 x 10° 16
VO,/Ce0,/Si0,¢ 2.2 x 10° 18

Data from Ref. [3].
Data from Ref. [4].
Data from Ref. [5].
Data for V85CetBS.

a n T &

vanadia is the same. This suggests that the there may be significant
differences in the mechanism by which formaldehyde is formed on
VO,/Ti0,/Si0,, VO,/Zr0,/Si0,, and VO,/Ce0,/SiO, versus VO,/SiO,.
This point is discussed in more detail below.

To understand the reason for the increased rate of methanol
oxidation on VO,/Ce0,/SiO; relative to VO,/SiO,, it is useful to first
review the mechanism of methanol oxidation proposed for the lat-
ter catalyst. Both experimental and theoretical studies suggest that
CH,0 is formed via the following sequence of steps [1,3,12,44].
Reaction is initiated by the dissociative adsorption of methanol
across a V—0—Si bond to produce V—OCH; and Si—OH species.
Next, a hydrogen atom from V—OCH; is abstracted by the V=0
bond of the vanadate species, resulting in the release of CH,O
and the formation of a V—OH species. This step is taken to be
rate-determining. Water is then formed by condensation of the
V—OH and SiOH groups. Finally, the active site is reoxidized with
gas-phase oxygen to return to the fully oxidized initial state
[12,3]. Calculations of the enthalpy of methanol adsorption, the
apparent activation energy, and the apparent first-order rate coef-
ficient for methanol oxidation were all found to be in close agree-
ment with experiment based on this mechanism [12].

When ceria is present on the surface, the Raman spectra pre-
sented here and theoretical studies of the interactions of isolated
vanadate species bonded to bulk ceria [25] indicate that the vana-
date species are present in the form of VO; species (see Fig. 2 and
Structure A in Fig. 8). Methanol can then adsorb dissociatively by

cleavage of a V—0—Ce bond (Reaction 1 Fig. 8). It is not possible
to determine whether the methoxy group is bound to V or Ce
because of a single peak in the IR for adsorbed methoxy species
and the broad silica absorption band, which obscures the observa-
tion of C—O stretches [42]. However, in a previous work by Jehng, a
Raman peak was observed at ~1068 cm~! upon methanol adsorp-
tion on VO,/Ce0,/SiO, catalysts. This feature was attributed to
vibrations of V=0 bonds in Structure B in Fig. 8 [19,45,46]. There-
fore, we assume that methanol adsorption results in the formation
of V—0OCH3 and Ce—OH species and that Reaction 1 is quasi-
equilibrated. This second assumption is supported by the observa-
tion that desorption of methanol via the reverse of Reaction 1, seen
in the TPD spectra presented in Fig. 5, occurs at a significantly
lower temperature than the conversion of methoxy groups to
formaldehyde.

The elementary processes by which V—OCHj; species react to
form CH,0 and H,0 on VO,/Ce0,/SiO, cannot be determined di-
rectly from the available data. If they were identical to those occur-
ring on VO,/SiO,, then one would expect that the oxidation state
for V to decrease from 5+ to 3+ and the oxidation state of Ce to
remain constant at 4+. If, on the other hand, the transfer of the H
atom from V—OCH;3 was to occur via reaction with a Ce—OH group
to form CH,O and H,O concurrently, then one would expect the
oxidation state of V to decrease from 5+ to 4+ and the oxidation
state of Ce to decrease from 4+ to 3+.

To gain insight into what species are reduced at temperatures
where methanol oxidation occurs, an in situ XANES experiment
was conducted with V85CetBS. As shown in Fig. 9, the sample
was first characterized in He at 300 K. Under this condition, both
V and Ce were found to be in their fully oxidized states: V°* and
Ce** [47]. Next, the sample was heated to 600K in He. Raising
the temperature to this level had no effect on the oxidation state
of V but resulted in a small amount of Ce undergoing reduction
from Ce** to Ce®" due presumably to the loss of O,. Exposure of
the sample at 600 K to 0.5% methanol in He resulted in a progres-
sive reduction of V>* and Ce*", with the reduction of ceria occurring
more rapidly than the reduction of vanadia. Since CH,0 and H,0
are the only products formed at 600 K, the results of this experi-
ment suggest that the ceria layer to which the vanadate species
are bound participates in the formation of the products. We
propose that this process may occur via Reaction 2 in Fig. 8. H-
abstraction to the ceria domain would initially result in the

Fig. 8. Proposed mechanism for methanol oxidation on VO,/Ce0,/SiO, catalysts derived from the Ce(O'Bu), precursor.
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Fig. 9. Extent of oxidation for V K-edge and Ce Ly;-edge on V85CetBS in He and
0.5%MeOH/He flow. The V K-edge was analyzed by a linear combination fit of the
V K-edge under He at 300 K (value of 1.0) and under 5000 ppm methanol flow at
773 K (value of 0.0). The Ce Ly-edge was analyzed by the height of the feature at
261.5 eV normalized between the height at 300 K in He (1.0) and the height under
methanol flow at 773 K (0.0).

formation of Ce** and V** species. Transfer of an electron from the
V#* to the ceria layer could then result in the formation of two Ce3*
centers (structure D in Fig. 8). A similar mechanism for H-abstrac-
tion has been proposed based on DFT calculations of the energetics
of methanol oxidation occurring on isolated vanadate species
supported on TiO»(110) [14].

The reaction mechanism presented in Fig. 8 leads to the conclu-
sion that the apparent first-order rate coefficient for methanol oxi-
dation, kqpp, is given by

kapp = k2K1, (l)

where K; is the equilibrium constant for Reaction 1 and k, is the
rate constant for Reaction 2. Consistent with this definition, the
apparent activation energy, Eqpp,, and pre-exponential factor, kgpp,
are given by

Eapp = E2 + AH] (2)
and
kopp = K5KS. 3)

where AH; and K9 are the enthalpy change and the pre-exponential
factor for the equilibrium constant for Reaction 1, respectively, and
E, and K3 are the activation energy and pre-exponential factor,
respectively, for Reaction 2.

The data presented in Table 3 indicate that the values of 1<2m,
and Eg,, are similar for VO,/TiO,/Si0,, VO/ZrO,/SiO,, and VO/
Ce0,/SiO, and differ significantly from the corresponding values
for VO,/SiO,. This then raises the question of whether observed dif-
ferences in the apparent rate parameters are due solely to differ-
ence in the rate parameters for the rate-limiting step, Reaction 2
in Fig. 8 for VO,/Ti0,/SiO,, VO,/Zr0,/SiO,, and VO,/Ce0,/SiO, or
its equivalent for VO,/SiO,, or to a mixture of differences in the
equilibrium constants for Reaction 1 and the rate constant for
Reaction 2. Some insights into this question can be obtained by
examining reported values for the heat of methanol adsorption
on isolated vanadate species supported on different metal oxide
supports. For bare silica, the initial heat of methanol adsorption
has been reported to range from —16 to —19 kcal mol~' [48], which
is comparable to that measured on ceria-supported vanadate spe-
cies, —19 kcal mol~! [20]. While experimental values of the heat of
adsorption for isolated vanadate species supported on silica, tita-
nia, and zirconia have not been reported, theoretical calculations

of the energy for the addition of methanol across a V—0—M
(M = Si,Ti,Zr) bond are virtually the same, ~21 kcal/mol [49]. We
also observe that the equilibrium constant for methanol adsorption
on a monolayer of vanadia supported on SiO;, Al,03, TiO,, and CeO,
does not vary significantly [42]. Taken together, these observations
suggest that the observed difference in the activity of VO,/TiO,/
Si0,, VO,/Zr0,/Si0,, and VO,/Ce0,/Si0, with respect to VO,/SiO,
are less likely due to differences in the equilibrium constant for
methanol adsorption than to the differences in rate coefficient
for the rate-limiting step. We also note that as the apparent activa-
tion decreases, so does the magnitude of the pre-exponential factor
(see Table 3), suggesting that there is a compensation effect.

4. Conclusions

Bilayered VO,/Ce0,/SiO; catalysts were prepared in which well-
dispersed vanadate species were grafted on an amorphous, two-
dimensional layer of ceria bonded to SBA-15. The vanadia exists
as pseudo-tetrahedral vanadate species bonded to either silica or
ceria, with the fraction bound to ceria increasing with ceria surface
density. The turnover frequency for methanol oxidation to formal-
dehyde is about 20-fold higher for VO,/Ce0,/SiO5 catalysts than for
VO,/SiO,. The increase in activity is due to the lower activation en-
ergy for the rate-determining H-abstraction step from a surface
methoxy bound to a V—0—Ce site. This lower activation energy
is possible because oxygen bound to ceria adjacent to vanadia ab-
stracts the proton instead of the vanadyl oxygen.
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