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Abstract The reaction mechanism of methanol oxidation
catalyzed by vanadium oxides on a silica support (V,0s/
Si0,) was investigated in a high-throughput operando
reactor coupled with a Fourier transform-infrared (FT-IR)
imaging system for rapid product analysis and six parallel,
in situ Raman spectroscopy probes for catalyst character-
ization. Up to six V,0s/SiO, catalysts with different
vanadium loadings (i.e., from 0 to 7%) were simulta-
neously monitored under identical experimental conditions.
The specific Raman bands of the different catalysts in the
six parallel reaction channels are quantitatively determined
in this work. Under steady-state reaction conditions, the
Raman intensities of C—H stretch in Si—-O-CH; and V-O-
CH; were extensively studied at different reaction tem-
peratures and different vanadium loadings. For the first
time, we observed enhanced Si—-O-CHj; formation on
V,05/Si0, catalysts with low vanadium loadings. We
attribute this phenomenon to surface cluster edge activa-
tion. Careful comparison of the in situ Raman intensity of
V-O-CH; on V,05/Si0, catalysts revealed different
methoxy formation mechanisms in different reaction tem-
perature regimes.
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1 Introduction

Understanding correlations between active surface struc-
tures of heterogeneous catalysts and their catalytic perfor-
mance is important for fundamental research in catalysis
and for catalyst developments in industry [1, 2]. Active
surface structures of heterogeneous catalysts are often
dynamic and are very sensitive to the reaction environ-
ment; therefore, it is particularly desirable to study the
active sites under operando conditions [3].

Supported V,05 catalysts play an important role for a
number of industrially important reactions including
selective oxidation of o-xylene to phthalic anhydride [4],
selective catalytic reduction of NO, [5], and methanol
partial oxidation reaction [6—8]. Many studies that focused
on understanding correlations between the surface structure
of vanadium oxide, the supporting material, and their cat-
alytic performance have been reported in the literature
[9-12]. To better understand the reaction mechanism, it is
important to be able to interrogate, at a molecular level, the
structure of a supported vanadium oxide catalyst and
intermediates formed during the reaction. Various types of
spectroscopic techniques, including Raman spectroscopy
[13—-17], extended X-ray absorption fine structure (EXAFS)
[18, 19], IR [20, 21], solid-state 'V nuclear magnetic
resonance (NMR) [22], etc., have been used to investigate
structural information for the monolayer and sub-mono-
layer surface coverage of vanadium oxide catalysts on
different oxide supports.

The most widely accepted molecular structure (pyra-
midal model) for vanadium oxide support assumes that
vanadium oxide is present as an isolated VO4 unit con-
sisting of a terminal V = O bond perpendicular to the
surface and three bridging V—Ogyppore bonds [23, 24]. The
bond length of the V = O has been estimated in the range
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1.60-1.79 A (depending on the support material) based on
measured Raman frequencies and using empirical correla-
tions [25]. The following vanadium-oxygen bond lengths
for a pyramidal model were obtained from functional theory
(DFT) simulations: 1.59 A for the V = O terminal bond
and 1.83 A for the three V-O bond (i.e., the V=Ogypport
bridging bonds) [26]. For V,0s5 oligomers, V-O-V bridging
bonds were expected to form by linking the VO, units in the
pyramidal model [27, 28].

In a postulated reaction mechanism for methanol partial
oxidation on V,0s/SiO, catalysts [10], the first step is
methoxy formation on VO, units by breaking one of the
three V-O-Si bonds. The selectivity toward formaldehyde
(FA) implies the desorption of FA from V-O = CH,,
which is produced from the oxidation of V-OCHj; before
further oxidation to dioximethylene. A detailed mechanism
of this dehydrogenation process has not been fully deter-
mined yet, although a V = O bond has been proposed to be
involved in this C—H bond cleavage [29].

In our study, we applied a home-built, high-throughput
operando (HTO) reactor to partially oxidize methanol on
V,05/Si0; catalysts. In this prototype HTO reactor, six in
situ Raman probes simultaneously collected Raman scat-
tering signals from six catalysts in parallel reaction chan-
nels, and a FT-IR imaging system was used to analyze
reaction products of all reaction channels simultaneously.
By integrating in situ Raman spectroscopy and FT-IR
imaging technique in this HTO reactor, new insights were
gained on the mechanism of methoxy formation on V,0s/
SiO, catalysts. The results from this study are crucial in
establishing a relationship between catalytic activity and
dynamic structures of catalysts.

2 Experimental
2.1 FT-IR Imaging System

As shown in Fig. 1, our FT-IR imaging system consists of a
Bruker Vertex 70 FT-IR spectrometer, our HTO reactor, a
focal plane array (FPA) detector, two gold-coated mirrors,
and a lens assembly. Our HTO reactor, which has been
described in detail elsewhere [30], is briefly described
below. The FT-IR spectrometer provides a modulated
infrared beam with a diameter of ~40 mm from its outlet
port. The infrared beam shown as white arrows in Fig. 1
passes through the HTO reactor, which has six parallel
reaction channels. The beam then is refocused onto the
FPA detector using a lens assembly, which consists of two
lenses embedded in a long optical tube (~ 1 m) to ensure a
good optical alignment. The combination of two ZnSe
lenses provides a magnification ratio (typically 0.1) that
can be adjusted easily by changing the distance of the two

T mirror

Lens assembly .

mirror

Fig. 1 Schematic diagram of the experimental setup

lenses. By using the lens assembly, the image of the six
reaction channels (~40 mm) was fully captured on the
FPA detector (chip size of 5 mm) in our experiment. The
entire IR beam pass, which includes the FT-IR spectrom-
eter, the HTO reactor in an acrylic box, and the lens
assembly, were purged with pure N, gas to avoid any
spectral contaminations from water and CO, in the air.

2.2 In Situ Raman Spectroscopy

The Raman scattering light from the catalyst surfaces in
each reaction channel was collected by the attached Raman
probe. The Raman probe used in this study, which has been
described in detail elsewhere [30], was built to work in a
backward scattering mode. The excitation laser beam
(514.5 nm) generated by an argon ion laser (Coherent,
Innova 400) was divided into six beams; each of these
beams was transmitted to a Raman probe via an optical
fiber. The laser power was about 15 mW at the catalyst
surface, and a typical accumulation time used in this
experiment was 60 s. The six optical fibers from the Raman
probes were coupled to a multi-leg fiber bundle (Princeton
Instruments, 10-leg fiber bundle), which allowed one
spectrometer (Princeton Instruments, Spectrapro 2500i) to
be used for simultaneous monitoring up to 10 Raman
probes. By passing the Raman lights through a long band
pass filter that blocks Rayleigh scattering lights, the net
Raman scattering lights were dispersed by a 600 lines/mm
grating and simultaneously recorded on a charge-coupled
device (Princeton Instruments, Spec 10, 1340 x 400
array), which allowed spectra to be recorded in a spectral

range of 0-3100 cm™".

2.3 Catalyst Preparation

The V,05/Si0, catalysts were obtained by impregnating
the silica support with an aqueous solution of ammonium
metavanadate (NH4VOs3, Sigma-Aldrich, >99.99%) dis-
solved in oxalic acid (HO,CCO,H - 2H,0, Sigma-Aldrich,
99%). Various weight loadings of V,05/SiO, were
obtained by varying the concentration of vanadium
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compound in the aqueous solution. The V,05/SiO, cata-
lysts were dried overnight at 110 °C and calcined in dry air
at 550 °C for 2 h after the impregnation. Each catalyst
powder was pressed against a 0.8-mm-thick, stainless-steel
foam (Porvair, PPI #80) to make a sample strip; each strip
carried ~ 80 mg net V,05/Si0O; catalyst. The silica support
used in this experiment was silica gel (SiO,, Davisil 645,
#60-100, 300 m?/g) without further treatment. The sample
strips were calcined at 550 °C for 2 h in a furnace and
loaded into the reactor immediately prior to the experi-
ments. For Raman measurement at the fully dehydrated
condition, the catalysts were further treated by heating in
the reactor to 350 °C in situ and then holding at this tem-
perature for 1 h to remove moisture absorbed in the process
of mounting the catalysts to the reactor cell. The reactor
then was cooled to 100 °C for in situ Raman measure-
ments. Ultra high-purity (99.9999%) O, flowed through the
reactor at a flow rate of 12 standard cubic centimeters per
second (SCCM) during the entire Raman measurements
under the dehydrated condition. For the operando mea-
surements, a flow of He (99.9999%, 2 SCCM), which was
controlled by a mass flow controller (Brooks), passed
through an ice-bath-cooled methanol bubbler to carry sat-
urated methanol vapor (4%). The CH;OH/He gaseous
mixture was further combined with an ultra-high-purity
oxygen gas flow (1 SCCM), which was controlled by a
second mass flow controller, and then introduced into the
HTO reactor. Identical flow of six reactors was assured by
using a flow register that was positioned at the entrance of
the six-reaction channels [30]. The detailed data acquisi-
tion and analysis method has been described in elsewhere
[30], so it will not be repeated in here.

3 Results

In situ Raman spectra of the V,05/SiO, were measured
simultaneously by six Raman probes. Detailed Raman
spectra of dehydrated V,0s/SiO, catalysts with different
vanadium loadings are compared in Fig. 2a. At 0% loading
of V,0s, the Raman bands from the SiO, support surface
are observed at 1064, 972, 802, and 604 cm™!. These
Raman bands for the SiO, support are consistent with that
reported in the literature; that is, Raman bands at ~ 1050
(the asymmetric mode of Si—O-Si linkages), ~979 (sur-
face silanol groups), ~452 and ~ 803 (siloxane linkage),
488 and ~605 cm™! (three-fold siloxane ring) [31]. With
increasing V,0s loadings, the Raman bands of the SiO,
support gradually lose intensity, and the Raman signatures
of vanadium oxide species gain increasing intensity. The
strong Raman band at 1036 cm™' in Fig. 2a apparently
corresponds to the vanadium-containing species because its
intensity increased dramatically with the increase of
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Fig. 2 In situ Raman spectra of the V,05/SiO, catalysts at different
experimental conditions. (a) 500-1500 cm™' at the dehydrated
condition. (b) 500-1500 cm~ ! at 225 °C under the gaseous mixtures.
(¢) 2700-3100 cm ™! at 225 °C under the gaseous mixtures

vanadium loading. It has been well documented that the
band at 1036 cm ™! is associated with the mono-oxo V = O
stretch bond of isolated VO, units on the SiO, support [25].
A weak, broad band around centered at ~915 cm ! is also
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from V,05 because its intensity grows with increasing
V,0s5 loading.

The operando Raman spectra in the 500-1500 and
2700-3100 cm ™ regions of V,0s/Si0O, catalysts with
various vanadium loadings during methanol oxidation at
225 °C are shown in Fig. 2b and c, respectively. Two
additional Raman bands appear at 1070 and 668 cm™' in
Fig. 2b as compared to spectra of the dehydrated V,0s/
SiO, samples in Fig. 2a. Apparently, the two Raman bands
at 1070 and 668 cm™' are associated with the reaction
intermediates on the V,0s/SiO, catalyst surface. In the
literature, the band at 1070 and 668 cm~' have been
attributed to V = O and bridging V-O-CHj; vibration,
respectively [32]. In the 2700-3100 cm™' region, the
Raman spectrum of the pure SiO, support shows three
bands (Fig. 2c). The intensities of the Raman bands at
2858, 2958, and 2995 cm~! increase at low V5,05 loading
and decrease at higher loading. The weak peak at
2995 cm™! has been identified by IR as arising from the
asymmetric C—H stretch vibrational mode of the surface
methoxy group on the SiO, support (Si—~OCH3); the intense
peaks at 2958 and 2858 cm ™' are from the symmetric C—-H
stretch vibrational mode [33]. The operando Raman
spectra of the V,05/SiO, catalysts during methanol oxi-
dation in the 2700-3100 cm ™' region have two distinctive
peaks at 2830 and 2930 cm™'. The intensities of these
peaks increase with increasing V,0Os loading. The bands at
2830 and 2930 cm™' were attributed to the symmetric
C-H stretch mode of surface vanadium methoxy species
(V=OCHj3;) on the silica support [21, 32].

The Operando Raman spectra of the 3.5 wt% V,05/Si0,
catalyst at various reaction conditions are shown in Fig. 3a
and b for the 500-1500 and the 27003100 cm ™" regions,
respectively. The Raman bands resulting from the
V-OCHj intermediates at 664, 1070, 2830, and 2930 cm™!
appeared when gaseous reactant mixtures (CH;OH +
H, 4+ O,) were passed over the catalysts, and these bands
lost intensity at high temperatures. However, the Raman
band of the Si-OCHj; species at 2858, 2958, and
2995 cm™' were still observed at up to 325 °C under
flowing O,. The V = O terminal bond at 1036 cm™' has a
~6 cm™ ! shift toward the lower wave number (red-shift)
side.

The IR spectra of the gaseous mixtures in the reaction
channels loaded with a 3.5 wt% V,0s5/Si0, catalyst at
various experimental conditions are shown in Fig. 4. The
background IR spectrum of the HTO reactor was recorded
by flowing He and O, at 100 °C. To indentify IR bands
belonging to CH30H, the IR spectrum of gaseous mixtures
in the HTO reactor was taken at 100 °C, because no
reaction took place on the V,0s/SiO, catalyst at 100 °C.
The strong absorption bands a, e, and fin Fig. 4 correspond
to the C-O stretch, CH; d- and s-stretch, and O-H stretch
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Fig. 3 In situ Raman spectra of 3.5% wt V,0s/SiO, catalyst at
different reaction stages. (a) 500-1500 cm™'. (b) 2700-3100 cm ™!

of CH3O0H, respectively. The spectrum obtained at a
reactor temperature of 225 °C shows some additional
strong IR absorption bands compared to the spectrum at
100 °C. The b band corresponds to the C-O stretch and
CHj; rock of methyl formate (MF); the ¢ band arises mainly
from the C-O stretch of formaldehyde (FA); and the d band
is the characteristic band of the C-O stretch in CO,. By
integrating each band, CH30H conversion as well as yields
for various products (e.g., FA, MF, and CO;, can be cal-
culated from the methanol partial oxidation reaction on the
V,05/S10, catalyst [34].

Figure 5 shows CH3;OH conversion and the relative
intensities of the IR bands assigned to the products as a
function of the reaction temperatures. The low CH;0OH
conversion detected at 100 and 150 °C suggests that the
reaction activities are low in this temperature range. With
increasing reaction temperature, the CH3OH conversion
increased. Product selectivity cannot be directly obtained
from the intensity plots because the IR bands have different
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Fig. 4 FT-IR spectra of the reaction channel loaded with 3.5% wt
V,05/Si0; catalyst. The spectra were displayed with offsets. a: C-O
str. of CH30H, b: C-O str. and CH; rock of MF, ¢: C-O str. of FA, d:
C-O str. of CO,, e: CH3 and CH, d- and s-str. of CH30H, FA, and
MF, f: O-H str. of CH;0H

IR absorption coefficients. However, the CH3;0H conver-
sion (Fig. 5a) and the FA intensity plots (Fig. 5¢) show a
very similar trend as a function of vanadium loadings and
reaction temperatures. This is consistent with the literature
in that FA is the main product from the methanol oxidation
reaction on V,0s/Si0O, catalysts [7, 29]. The CO, produced
from CH;OH oxidation is considerably lower than FA over
all the V,05/SiO, catalysts. Even though more CO, is
produced over a pure SiO, support than over a supported
V,05 catalyst, the intensity of the CO, signal from the pure
Si0, is rather low because of the low CH3OH conversion.

4 Discussion

As shown in Fig. 2, we were able to detect and follow this
critical ~915-cm™' band of the V,05/S10, catalyst under
various reaction conditions (e.g., He + 0,/225 °C and
CH;0H + He + 0,/225 °C) with the operando Raman
spectroscopy. As noted in the Sect. 3, the SiO, support has
Raman bands at ~1064, ~972, ~802, and ~ 604 cm™!
that do not overlap with the band at ~915 cm™'. Although
the ~915-cm™' band has a relatively small intensity, the
signals are sufficiently strong to be quantified at various
vanadium loadings, as is shown in Fig. 6. An important
observation is that the band intensity at ~915 cm™'
increases with increasing vanadium loading, whether dur-
ing methanol oxidation or in the absence of methanol. This
is clear evidence to support that the 915 cm™' band is
associated with the V,05 species on the SiO, support.
Another important observation is that the 915 cm™" band
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did not disappear under the reaction conditions. Recently,
Launay et al. reported a band at ~905 cm™! for V,0s5
supported on mesoporous silica (MCM41) under air and at
600 °C [35]. They pointed out that the ~905 cm™' band
observed in their experiment should not be assigned to
peroxo species [19, 36], which is not expected to be stable
at such a high temperature. Our results further confirm the
assignment in the literature, where ~915 cm~! has been
assigned as V-O-Si band [37].

Because V-OCHj; and Si—-OCHj; are important surface
intermediates in methanol oxidation over V,0s5/SiO, cat-
alysts, we integrated the intensities of the C-H stretch
modes of -OCH; as measured at various vanadium load-
ings and at different reaction temperatures. Deviation in
such measurement resulting from microscopic heteroge-
neity associated with V,05 dispersion on the silica surface
is expected to be insignificant because the laser beam
covers an area of about 40,000 umz, which is more than 10
orders of magnitude larger than the area covered by a
dispersed vanadium atom at half monolayer coverage. The
quantitative intensity analysis of the Raman bands was
performed by calibrating all six Raman probes using a
TiO, pellet as a standard sample. Using a SiO, internal
standard gave the same results'. The results of these
analyses are shown in Fig. 7. An important observation not
reported previously is that the intensity of Si—-OCHj passes
through a maximum as the vanadium loading increases.
One might postulate that as the surface coverage of V,0s5
increases, the Si—-OCH3 surface density on the SiO, support
would drop, in an opposite trend to the V-OCH; band
intensity. Hence, the intensity of Si—-OCH; would be
highest at zero vanadium loading and decreases as the
vanadium loading increases. However, from our experi-
ments, which were repeated five times, the intensity of
Si—-OCHj; showed a significant increase (enhanced inten-
sity) at low surface vanadium coverage (e.g., 0.5 and 1.5
wt%) and then started to decrease gradually as the vana-
dium surface coverage was increased further. The intensity
of Si-OCHj; with a vanadium loading at 2.5 wt% (~35%
calculated vanadium surface coverage) is at nearly the
same level when compared to the intensity at zero vana-
dium loading. We attribute this phenomenon to surface
cluster-edge activation. The schematic drawing shown in
Fig. 8 illustrates the surface cluster-edge activation. At
low vanadium loadings, the V,Os is highly dispersed, and
it is reasonable to describe the supported vanadium oxide
as isolated units. While a CH3;OH molecule is chemisorbed
onto the surface of the VO, species to form a V-OCH; by

! The silica support band at ~800 cm™' can be used as an internal
standard to give an relative intensity calibration for the Raman bands.
Same results were obtained by internal standard silica band verse
TiO2 Raman bands for calibrating Raman probes



Top Catal (2010) 53:40-48 45
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process [1] or process [2], as shown in Fig. 8, additional
Si—OH sites are produced on the surface of the SiO, sup-
port via process [3] and [4]. This mechanism also prevails
at the edge of vanadium oxide clusters. Si-OCHj; species
formed on these new sites are observed as the enhanced
Raman signal of Si-OCHj for the catalysts with low
vanadium loadings. For the V,05/Si0O, catalyst with further

Temperature, °C

increasing vanadium loading, a continuous increase in
V5,05 cluster size is conceivable via V-O-V bonding.
Hence, the fraction of vanadium oxide at edge is reduced.
Therefore, the surface cluster-edge activation becomes less
pronounced for the catalysts with high vanadium loadings
as compared to those with low vanadium loadings. The
ensemble surface of V,0Os clusters at high vanadium
loadings is expected to dominate.

The intensity of V-O-CHj3 shows a different trend as a
function of the reaction temperature (Fig. 7b). For reaction
at or below 175 - C, a maximum V-O-CHj; intensity is
reached at 3.5% V loading. For reaction above 200 and 250
- C, the intensity continues to increase; no maximum is
observed. The results indicate that more than one mecha-
nism (active site) may be at play for V-O—CHj3 formation
at different reaction temperatures. The Raman intensity of
the V-O—CHj3; at a plateau for the reaction temperature at
175 °C is lower than that for the reaction at 100 °C. This
decreased intensity is attributed to oxidative hydrogen
cleavage at the higher temperature because the reaction did
not take place at 100 °C. The results also suggest that the
reaction rate determining step is not activated chemisorp-
tion of methanol [9].

A hypothesis of possible reaction mechanisms for dif-
ferent reaction temperatures, as shown in Fig. 9, explains
the new experimental observations obtained with the
operando reactor. At lower temperatures, most of the

@ Springer



Top Catal (2010) 53:40-48

46
.*é‘
=}
g
o
=
D
C
[0
£
T T M T T T T T M T
()
—=— 100°C V-OCH (B)
1 —o— 150°C
—e— 175°C
’é’ —O0— 200°C
S —o— 225°C
©
..Z“‘ .
D
C
[0
£

o 1 2 3 4 5 & 7
Vanadium loading, %

Fig. 7 Intensities of C—H stretch Raman bands (a) Si-OCHj; and (b)
V-OCHj; with increasing vanadium loadings under different reaction
temperatures

gl

I
a & o & o 8
| .< | A
Vo H () Vi W @ Vv H ™
NS A S N N
? [olNe) o 0O cl) 0 0 9
(3) |CH,OH
o & o &
.~ N
/\|Jr T iH0 L/V' @
(&) 2 | H H
0 00 0 0d

Fig. 8 Schematic drawing of the methoxy intermediates on isolated
vanadium oxide species (e.g., a VO, unit and the SiO, support)
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V-O-CHj; forms at the boundary of isolated vanadium
oxide species, which can be a single VOy site or polymeric
species. Along with this process, additional Si—OH sites are
produced on the surface of the SiO, support, which leads to
additional Si—-OCHj; formation on the SiO, support. This
also is consistent with our observation of surface cluster
edge activation, which was described above. It is also
important to note that the V-O-CHj3 intensity reaches a
plateau at a half monolayer of V,05 coverage at 3.5%
vanadium loading for a reaction lower than 175 °C, while
the Si-O-CHj; intensity continues its further decline.
Again, edge activation of methanol can be used to ratio-
nalize these remarkably unsynchronized trends between
Si-O-CH3; and V-O-CHj; in relation to the higher vana-
dium loading between a half monolayer and single mono-
layer at lower reaction temperatures (<175 °C). As the
vanadium loading increases, the silica surface area covered
by the vanadium surface cluster increases and results in a
continued decrease of Si—-O—CHj;. However, the edge of the
V,0s5 islands appeared not to be decreased much because
of specific surface cluster layer growth mechanisms.
Highly dispersed V,0s5 clusters prepared in the presence of
water on a model SiO, surface show clear clusters and edge
boundaries when observed by scanning tunneling micros-
copy [38].

The high selectivity of the V,05/SiO, catalyst for FA is
evident from the significantly reduced CO, intensity, even
with a V,0s loading as low as 0.5 wt%. It should be
emphasized that the CO, signal intensity is rather low in
comparison to that of the FA signal because CH;OH
activation at the cluster edge prevails.

At a higher reaction temperature above 200 °C, the
Raman intensity of the C—H bond associated with V-O-—
CH; continues its ascending trend with increasing V,0s
loadings (Fig. 7). In accordance with the Raman results,
methanol conversion (Fig. 5a) and FA intensity (Fig. 5¢)
increase also. The yields are very low to FM, and do not
show a significant increase when the reaction tempera-
ture was increased, as shown in Fig. 5b. MF/DMM are
not the main products of methanol partial oxidation on
the V,0s/SiO, catalysts, and the mechanism of FA for-
mation is therefore the mainly focus of this manuscript.
For the higher reaction temperatures (>200 °C), both the
VO, sites at the edges and the surfaces of the V,0s
clusters are active as is suggested by the continuous
increases of V-O-CH; Raman band intensities as a
function of vanadium loadings. As shown in Fig. 9, we
propose that the surface of the V,0s5 cluster also
becomes active to form V-O-CH;, which is consistent
with the increased V-OCH; Raman signals and the
dramatically increased reaction activities at higher
temperatures.
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Fig. 9 Schematic illustration

of surface cluster-edge
activation mechanism related to
a low reaction temperature
regime. The mechanism for a
high reaction temperature
regime is also shown

.
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.Vanadium

. Carbon

. Hydrogen

. Oxygen
D Silica

5 Conclusions

In this study, we used an HTO reactor to study V,0s/SiO,
catalysts with different vanadium loadings. Integration of
FT-IR imaging for product analysis coupled with in situ
Raman spectroscopic catalyst characterization enabled us
to obtain a novel insight into the reaction mechanism of
methanol partial oxidation over V,0s/SiO, catalysts,
especially for the V-O—-CH; formation on VO, sites, as
well as for Si—-O—CHj; formation on SiO, supports. Moni-
toring Si-O-CH; as a function of vanadium loadings
(Fig. 7a) by operando Raman spectroscopy suggests that
an edge activation mechanism may play an important role
for formation of Si-O-CHj3; on SiO, supports. Two dif-
ferent trends of V-O—-CHj; band intensity with increasing
vanadium loadings are observed in different reaction tem-
perature regimes (Fig. 7b), suggest that V-O-CH; was
most likely formed at VO, located at the edge of V,0s5
surface clusters at low reaction temperatures (<175 °C). At
higher reaction temperatures, V-O—-CH; appeared to be
formed on the surfaces of whole clusters as well as on edge
sites. By monitoring the occurrence and variation of the
~915-cm™' Raman band of vanadium species on the SiO,
support under real reaction conditions we concluded that
this band is not involved in the methanol oxidation
reaction.
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