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Abstract: The potential of atomic XAFS (AXAFS) to directly probe the catalytic performances of a set of
supported metal oxide catalysts has been explored for the first time. For this purpose, a series of 1 wt %
supported vanadium oxide catalysts have been prepared differing in their oxidic support material (SiO2,

Al2O3, Nb2O5, and ZrO2). Previous characterization results have shown that these catalysts contain the
same molecular structure on all supports, i.e., a monomeric VO4 species. It was found that the catalytic
activity for the selective oxidation of methanol to formaldehyde and the oxidative dehydrogenation of propane
to propene increases in the order SiO2 < Al2O3 < Nb2O5 < ZrO2. The opposite trend was observed for the
dehydrogenation of propane to propene in the absence of oxygen. Interestingly, the intensity of the Fourier
transform AXAFS peak decreases in the same order. This can be interpreted by an increase in the binding
energy of the vanadium valence orbitals when the ionicity of the support (increasing electron charge on
the support oxygen atoms) increases. Moreover, detailed EXAFS analysis shows a systematic decrease
of the V-Ob(-Msupport) and an increase of a the V-O(H) bond length, when going from SiO2 to ZrO2. This
implies a more reactive OH group for ZrO2, in line with the catalytic data. These results show that the
electronic structure and consequently the catalytic behavior of the VO4 cluster depend on the ionicity of
the support oxide. These results demonstrate that AXAFS spectroscopy can be used to understand and
predict the catalytic performances of supported metal oxide catalysts. Furthermore, it enables the user to
gather quantitative insight in metal oxide support interactions.

1. Introduction

The catalytic performances of supported metal oxide catalysts
are determined by many parameters, the most important being
the metal oxide loading, pretreatment conditions, molecular
structure, electronic structure, and support oxide type and
composition.1-5 Although many research groups have looked
into the reactivity of supported metal oxide catalysts, it still
remains unclear which of the above-mentioned parameters are
truly responsible for the working of the catalyst material and
how they are operative.

It has already been shown over the past decades that the
catalytic activity in various oxidation reactions over supported
metal oxide catalysts, e.g., chromium oxide, molybdenum oxide,
tungsten oxide, and vanadium oxide based catalysts, changes
with the support oxide composition.1,3,6-8 For example, Cherian

et al. have shown for supported chromium oxide catalysts that
the turnover frequency (TOF) of the oxidative dehydrogenation
of propane is a function of the support material and the TOF
values increase 1 order of magnitude when the support is
changed along the series: Al2O3 ≈ SiO2-Al2O3 < SiO2 ≈
TiO2.7 Methanol oxidation activity over supported molybdenum
oxide catalysts exhibits a clear relationship with the nature of
the support as well, and an increase of activity is observed
according to the trend: SiO2 < NiO ≈ Al2O3 < Cr2O3 < Nb2O5

< TiO2 < MnO < ZrO2, which coincides with increasing
Sanderson electronegativity values for the ions building up the
support oxides.9 In the case of the selective oxidation of
methanol to formaldehyde over supported vanadium oxide
catalysts, the TOF values are altered by 3 orders of magnitude
simply by replacing the silica support oxide with a niobia
support oxide.1 Similar effects have been observed for the
oxidative dehydrogenation of ethane and propane as well as
for the selective oxidation ofn-butane to maleic anhydride.3,6,10

In order to explain these differences, Ban˜ares and Wachs have
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discussed these differences in catalytic performances in terms
of electronegativity differences between the cations of the
support oxides comprising the catalyst materials.10

For supported noble metal particles the effect of the support
oxide on the catalytic properties of metal nanoparticles has been
determined via several spectroscopic techniques, and it has been
shown that XPS, FT-IR on adsorbed CO, and atomic XAFS
(AXAFS) spectroscopy appeared to be very helpful in this
respect.11-16 It has been shown with AXAFS that the influence
of the support oxide acts through changes in the electron charge
of the support oxygen atoms when the support composition is
altered.13 For example, in the case of supported Pt nanoparticles
it was found that the ionization potential of Pt increases with
increasing ionicity of the support oxide. Preferably, comparison
of AXAFS from different catalyst materials is done on metal
nanoparticles with similar sizes.

In order to apply AXAFS for studying metal oxide support
interactions, metal oxide clusters with the same overall molec-
ular structure are required. In general, the VO4 monomeric
species in dehydrated supported vanadium oxide catalysts has
been envisaged as a distorted tetrahedral structure with one Vd
O bond and three VsObsMsupport bonds.17-21 Although this
classical VO4 model is most widely accepted in literature, recent
studies demonstrated, with results obtained from EXAFS at 77
K in combination with structural models, that for supported
vanadium oxide species a single VsObsMsupportbond can be
formed on alumina, silica, niobia, and zirconia supports.22-24

The structure of the interface between the support oxide material
and the VO4 cluster has also been recently determined. As is
depicted in Figure 1 the molecular structure of the supported
vanadium oxide species consists of one VdO bond, 2 VsO(H)
bonds, and one VsObsMsupport bond. The VsO(H) and Vs
Msupport distances depend on the support oxide material.23-25

The consequence of this model is that if the same type of support
oxide influence is present on the catalytic performance of
vanadium as mentioned above for supported metal oxide
catalysts, this must act via the VsObsMsupportbond.

In the present paper we have explored the possibilities of
the AXAFS technique for the first time to study the influence
of the support oxide on the local geometrical and electronic

structure of a vanadium surface species. For this purpose, a
series of low-loaded (1 wt %) supported (Al2O3, Nb2O5, SiO2,
and ZrO2) vanadium oxide catalysts has been used, which were
extensively characterized in our earlier papers.23-25 The local
structure around vanadium (i.e., 1 VdO, 1VsObsMsupport, and
two VsO(H) bonds)23,24 was the same on all supports under
investigation. However, the detailed EXAFS analysis carried
out in this study will show that the bond length of the VsOb-
(sMsupport) interaction decreases (with a simultaneous increase
of the VsO(sH) bond) with increasing ionicity of the support
(i.e., increasing electron charge on the support oxygen atoms).
At the same time a systematic decrease of the vanadium FT
AXAFS peak has been observed, which can be interpreted as
an increase of the vanadium valence orbitals to a higher binding
energy. This can be directly correlated with a change in the
catalytic behavior of vanadium. The turnover number (TON)
for propane dehydrogenation decreases, while those for the
selective oxidation of methanol to formaldehyde and for the
oxidative dehydrogenation of propane to propene increase with
increasing ionicity of the support oxide. These results show that
the increasing electron charge of the support oxygen atoms
polarizes the VsOb interaction with a simultaneous change in
the reactivity of the catalytic VsO(sH) site. It is anticipated
that the AXAFS technique will be able to explain the catalytic
activity of other supported metal oxide catalysts in terms of
differences in support ionicity as well and therefore can be
regarded as a more generally applicable spectroscopic probe to
investigate metal oxide support interactions.

2. Experimental Section

2.1. Catalysts Preparation. A series of low-loaded supported
vanadium oxide catalysts was prepared making use of four different
support oxides; i.e., Al2O3, Nb2O5, SiO2, and ZrO2. Both Al2O3 (SBET

) 165 m2 g-1, Vpore ) 0.35 mL g-1) and SiO2 (SBET ) 600 m2 g-1,
Vpore ) 0.71 mL g-1) were prepared via a sol-gel method described
elsewhere.23,24,26Nb2O5 (HY-340, CBMM, SBET ) 188 m2 g-1, Vpore )
0.18 mL g-1) and ZrO2 (RC100, Gimex,SBET ) 100 m2 g-1, Vpore )
0.23 mL g-1) were obtained from a commercial source. The 1 wt %
V-based catalysts were prepared via incipient wetness impregnation
of NH4VO3 (Merck, p.a.) with oxalic acid (Brocacef, 99.25%). The
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Figure 1. Schematic representation of the supported vanadium oxide species
under study, which consists of a vanadium center consisting of one VdO,
two VsO, and one VsObsMsupportbond.
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molar ratio of NH4VO3 and oxalic acid was 1:2. The catalysts were
dried at room temperature for 1 night and at 393 K for 1 night at 393
K, and after that the catalysts were calcined at 773 K for 3 h. This
resulted in catalyst materials with a vanadium oxide loading well below
the monolayer coverage (∼7.5 VOx/nm2) for all support oxides.6 All
support oxides and prepared supported vanadium oxide catalysts are
listed in Table 1, together with some physicochemical information as
well as the catalyst codes that will be used throughout this paper.

2.2. Catalytic Experiments.The propane dehydrogenation activities
were measured in a continuous flow microreactor system equipped with
a Fourier Transform Infrared (FT-IR) gas analyzer for product analysis.
The catalytic activity and TON for propane dehydrogenation were
calculated from the amount of propane reacted. The values were
corrected for any activity portrayed by the bare support material. The
conversion and selectivity were measured in a continuous flow reaction
system with a fixed bed quartz reactor. The catalyst was embedded
between two layers of SiC grains. For each reaction 300 mg of catalyst
or support (425-500µm) were used. The samples were first heated to
393 K, kept there for about 5.5 h, then were heated to the reaction
temperature which took about 5-6 h and kept there for 1-2 h before
the experiments started. The catalysts were heated to the reaction
temperature under 5% O2/N2 (the flow rate of air was 20 mL min-1,
and that of nitrogen, 60 mL min-1). The propane dehydrogenation
reaction was performed at 833 K at a propane WHSV of 1.72 h-1. A
10%/90% reaction mixture of propane/N2 was used for the reaction,
with a flow rate of 43 mL min-1 in total. The reaction products were
monitored with the FT-IR gas analyzer (Temet Instruments Ltd) with
a Peltier-cooled mercury-cadmium-telluride detector. The spectra were
collected over a wavenumber range of 4000-850 cm-1 with a resolution
of 8 cm-1 at a scan rate of 10 scans s-1. The analysis cuvette (9 cm3)
was kept at a constant temperature (180°C) and pressure (103 kPa).
Spectra were collected every other second during the first 2 min on
stream, every 5 s during the next 2 min, and thereafter 2 spectra per
min for the remainder of the measurement time. The FTIR analyzer
allowed for a quantitative analysis of methane, ethane, propane, propene,
CO, CO2, and H2O. The composition of the product stream was
calculated using the Calcmet (Temet Instruments Ltd.) analysis program
after calibration for the measured compounds. A detailed account of
the method used for analyzing light hydrocarbons can be found
elsewhere.27

2.3. EXAFS Spectroscopy.XAFS experiments were carried out at
beamline E4 in Hasylab (Hamburg, Germany) using a Si (111)
monochromator. The measurements were performed in fluorescence
mode, using an ion chamber filled with 400 mbar N2 to determineI0.
The detector was a 7-element solid state (SiLi) detector. The mono-
chromator was detuned to 80% of the maximum intensity at the V
K-edge (5465 eV) to minimize the presence of higher harmonics. The
measurements were carried out in an in situ cell with Kapton windows.
Details on the cell design can be found elsewhere.28 Data were collected

at 77 K after dehydration (623 K for 2 h in2.5% O2/He, 100 mL min-1),
and two to four scans were averaged.

The EXAFS data analysis was carried out using the XDAP code
developed by Vaarkamp et al.29 The background was subtracted
employing cubic spline routines with a continuously adjustable smooth
parameter.30 In a separate paper this background subtraction procedure
to separate the oscillatory part of the spectrum from the atomic
background has been described in detail for different vanadium-
containing reference samples.31 Background subtraction led to the
normalized oscillatory part of the XAFS data, for which all the
contributions to the spectrum, including the AXAFS, were maximized.30

The EXAFS data-analysis program XDAP allows one to perform
multiple-shell fitting in R-space by minimizing the residuals between
both the absolute and the imaginary part of the Fourier transforms of
the data and the fit. R-space fitting has important advantages compared
to the usually applied fitting in k-space and is extensively discussed in
a paper by Koningsberger et al.30 The difference file technique was
applied together with phase-corrected Fourier transforms to resolve the
different contributions in the EXAFS data.30 The details of the fit
procedure on the vanadium EXAFS data have been described in
previous papers by our research group.23,24,31 In this study the FT
AXAFS peak has been obtained by Fourier transforming the difference
file, obtained by subtraction of the total fit from the raw data.

3. Results

3.1. Propane Dehydrogenation Activities.During the
propane dehydrogenation reaction between<0 % (for 1V-Nb)
and 4.5% of the propane is converted to reaction products by
the vanadium oxide containing catalysts, depending on the
support oxide material. Although during the dehydrogenation
reaction propane is converted to propene, side products such
as CO, CO2, H2O, ethane, methane, and coke are formed as
well. When the formation of carbon-type (coke) species on the
catalyst surface is disregarded, the selectivity to propene is
between 90% and 100% for all catalysts under investigation.

The calculated activity and related TON of the propane
dehydrogenation for the different supported vanadium oxide
catalysts under study are listed in Table 2. It can be seen that
the catalytic activity and TON are a function of the support
oxide and follow the order Nb< Zr < Al < Si. It is important
to stress that these values were determined at the end of a
reaction cycle and that the activity and TON values were
corrected for any activity portrayed by the bare support oxide
material. Interestingly, the zirconia support used showed a very
high activity compared to the vanadium-containing zirconia-
based catalyst. Instead, the difference in activity between the
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Table 1. Catalyst Sample Codes, the Vanadium Oxide Loading
Compared to the Monomeric and Polymeric Monolayer, and Data
of the Support Oxide Material

% monolayera
sample
name sample

loading
VOx/nm2 monomer polymer

SBET

m2/g
Vpore

mL/g

1V-Si 1 wt % V2O5/SiO2 0.118 5.13 1.57 594 0.71
1V-Al 1 wt % V2O5/Al2O3 0.430 18.7 5.73 165 0.35
1V-Nb 1 wt % V2O5/Nb2O5 0.399 17.3 5.32 188 0.18
1V-Zr 1 wt % V2O5/ZrO2 0.743 32.3 9.91 100 0.23

a The values for the monomeric (2.3 VOx/nm2) and polymeric (7.5 VOx/
nm2) monolayer coverages are taken from Khodakov et al.6

Table 2. Activity (Ac) and Turnover Number (TON) for Propane
Dehydrogenation (T ) 833 K, WHSVpropane ) 1.72 h-1)a

propane dehydrogenation, 833 K

sample name Ac TON

1V-Si 0.078 0.0074
1V-Al 0.028 0.0026
1V-Nb <0b <0b

1V-Zr 0.011 0.00096

a The conversion of propane varied between 0% and 4.5%.b For propane
dehydrogenation over niobia-supported vanadium oxide catalysts, the support
oxide activity exceeds the activity of the vanadium-containing catalyst.
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niobia support and vanadium-containing niobia-based catalyst
is very small, although at the end of the cycle the activity of
the bare support oxide was higher than that for the 1V-Nb
sample, resulting in a catalytic activity below 0. The alumina
support was also active for propane dehydrogenation; however,
the activity of the vanadium-containing alumina-based catalyst
was significantly larger than the bare support activity.

3.2. EXAFS Data Analysis. In previous papers we have
determined the local structure of low-loaded (1 wt %) supported
vanadium oxide catalysts with EXAFS measured at 77 K after
dehydration treatment at 350°C.23,24 The structure of the
interface with the SiO2, Al2O3, Nb2O5, and ZrO2 supports has
been determined in detail as well. As is depicted in Figure 1
the vanadium center consists of one VdO bond, 2 VsO(H)
bonds and one VsObsMsupport bond.23-25 The VsO(H) and
VsMsupportdistances depend on the support material.23,24 The
details of the EXAFS characterization are summarized in the
Supporting information.

Since the supported VO4 cluster has only one bond to the
surface of the SiO2, Al2O3, Nb2O5, and ZrO2 supports, it means
that a support influence, if any, will act through this bond. So,
one may expect a trend in VsOb bond distance as a function
of the electron charge of the support oxygen atom Ob.
Consequently, the VdO and other two VsO(H) bond distances
will change as well. In the earlier published EXAFS data
analysis (see Table S1 in the Supporting Information) only two
subshells in the first nearest neighbor shell were allowed in the
EXAFS fits (VdO(1): CN ) 1, representing the VdO bond;
VsO(2): CN ) 3, representing the two VsO(H) and one Vs
ObsMsupport bonds). Here we have tried to carry out a more
chemical realistic EXAFS data analysis by splitting the first
nearest neighbor shell into three subshells: VdO(1), VsO(2):
CN ) 2, representing the two VsO(H) bonds; VsO(3): CN )
1 representing the VsObsMsupportbond. Since there is a strong
overlap between the nearest and next nearest neighbor shells
(arising from the support interface) it was necessary to include
some support contributions in order to make the fit for Vd
O(1), VsO(2), and VsO(3) reliable. In the fit procedure the
coordination number and distances of the support next nearest
neighbor contributions were not allowed to vary, implying a
known structure of the interface with the support. For VdO(1),
a coordination number of 1 andR ) 1.58 Å were used as fixed
input parameters (in accordance with the Raman data and
previous EXAFS analysis).23,24,32Furthermore, the coordination
numbers for VsO(2) and VsO(3) were fixed to CN) 2 and
CN ) 1, respectively. The FT of the fits and the raw EXAFS
data are shown in Figure 2a-d. The fits describe the data
adequately in the applied range of values ofR. However, it can
be seen that at low values ofR deviations exist due to the
presence of the AXAFS oscillations, which are not included in
the fit. The results of the fits are summarized in Table 2. It can
be seen that the coordination distance of VsO(2) and VsO(3)

are a function of the ionicity of the support oxide. An increase
for VsO(2) and a decrease for VsO(3) are observed with
increasing ionicity of the support oxide.

3.3. FT AXAFS Peak Intensity as a Function of the
Ionicity of the Support Oxide. When the total fit is subtracted
from the raw data, the residue remains. This residue contains
the AXAFS contribution to the spectrum and the nonfitted higher

shell contributions. Figure 3 shows the FT of the of the
difference file in the AXAFS region (0< R < 1 Å). It can be
seen that the intensity of the FT AXAFS peak decreases
systematically with increasing support ionicity. The centroid
position of the FT AXAFS peak hardly changes; only a very
small shift is observed to higher values ofR (see Table 3).

4. Discussion

4.1. Influence of the Ionicity of the Support Oxide on the
Molecular Structure of Supported Vanadium Oxide Species.
All catalysts discussed in this paper were thoroughly investigated
with various spectroscopic techniques after dehydration treat-
ment in previous papers.23-25 From the Raman, UV-vis, and
ESR data on low-loaded (1 wt %) supported vanadium oxide
catalysts it could be concluded that the vanadium oxide was(32) Hardcastle, F. D.; Wachs, I. E.J. Phys. Chem.1991, 95, 5031-5041.

Figure 2. k1 weighted Fourier transform (∆k ) 2.5-11 Å-1, (∆R ) 0.7-
4.0 Å) of the experimentalø(k) (s) and the final fit (- - -) for (a) 1V-Al;
(b) 1V-Nb, (c) 1V-Si, and (d) 1V-Zr.

Figure 3. Residue (Raw- total fit), ∆k ) 2.5-8 Å-1, in the AXAFS
region (0< R < 1 Å) with the centroid position of the AXAFS peak for
1V-Si (- - -), 1V-Al (black solid line), 1V-Nb (‚‚‚) and 1V-Zr (gray
solid line).
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present as V5+ in a fourfold coordination (Table 4). A detailed
EXAFS analysis showed that the vanadium oxide catalysts
measured at 77 K after dehydration treatment at 350°C has
only one bond to the surface on alumina, silica, niobia, and
zirconia.23,24Since it is not possible to discriminate with EXAFS
between different types of oxygen nearest neighbor groups (O,
O(H), or OdO), the nature of the remaining VsO bonds in
our newly proposed model with only one VsObsMsupportbond
has been determined with a careful Raman and IR study.25 In
summary, our earlier studies concluded the presence of a
distorted tetrahedral monomeric V5+ species with one VdO,
one VsObsMsupport, and two VsO(H) bonds under the
measurement conditions applied.

The extended EXAFS data analysis of the first nearest
neighbor shell as carried out in this study was inspired by the
earlier observed changes in the∆σ2 of the nearest neighbor shell
as a function of the support ionicity (see Appendix). The change
in VdO bond distance can be estimated from the Raman
frequency of this bond.32 Although the changes in frequency
with the support oxide material are apparent (Table 4), the
corresponding change in bond distance is smaller than 0.01 Å.
Such small deviations in bond distance cannot be determined
reliably with EXAFS. However, the VsOb and VsO(H)
distances are expected to exhibit larger changes in bond
distances, and these may be determined with EXAFS. Therefore
the original VsO2 coordination has been split into the two
subshells VsO(2): CN ) 2, representing the two VsO(H)

bonds and VsO(3): CN ) 1 representing the VsObsMsupport

bond. It can be seen in Table 3 that the coordination distance
of VsO(2) and VsO(3) are indeed a function of the ionicity of
the support oxide. The average distances of the split shells
correspond to the values found in our original EXAFS data
analysis. An increase for VsO(2) and a decrease for VsO(3) is
observed with increasing ionicity of the support oxide in the
order SiO2 < Al2O3 < Nb2O5 < ZrO2. From this result it can
be concluded that the influence of the support oxide on the
electronic and catalytic properties of the vanadium center act
through the single VsObsMsupportbond.

4.2. Influence of the Support Oxide on the Electronic
Structure of Supported Vanadium Oxide Species.It is now
instructive to plot the changes in the V-O(H) and the V-Ob-M
bonds as a function of the AXAFS intensity. It can be seen in
Figure 4 that a decreasing AXAFS intensity results in a decrease
of the V-Ob distance and an increase of the V-O(H) bond
length in the supported vanadium oxide species. From this

Table 3. Structural Parameters from R-Space Fits of the Experimental EXAFS for Samples 1V-Si, 1V-Al, 1V-Nb, and 1V-Zr with the
Second Shell Split into Two Shells: V-Ob and V-O(H)a

variances %

fit
scattering

pair CNb Rb (Å) ∆σ2 b ∆E0
b Nfree

b Nfit
b

imaginary
part

absolute
part

1VsSi VdO(1) 1* 1.58* -0.000 03 7.57 11.7 10 4.2 2.7
VsOH(2) 2* 1.69 -0.001 86 7.24
VsOb(3) 1* 1.80 -0.001 50 1.60
V---Si(4) 1* 2.61* 0.012 00 5.06

1VsAl V dO(1) 1* 1.58* -0.003 13 6.87 15.5 12 1.1 0.97
VsOH(2) 2* 1.715 0.003 24 10.63
VsOb(3) 1* 1.73 0.004 00 -1.08
V---O(4) 1* 2.29* 0.015 00 -1.22
V---Al (5) 1* 3.10* 0.011 86 6.12

1VsNb VdO(1) 1* 1.58* -0.0250 4.58 13.4 12 1.4 0.84
VsOH(2) 2* 1.72 0.002 00 5.00
VsOb(3) 1* 1.68 0.000 93 12.87
V---O(4) 1* 2.43* 0.002 17 2.67
V---Nb(5) 1* 2.64* 0.006 15.00

1VsZr VdO(1) 1* 1.58* -0.001 20 8.95 11.7 12 1.3 1.0
VsOH(2) 2* 1.81 0.006 26 4.85
VsOb(3) 1* 1.675 0.005 00 9.32
V---O(4) 1* 2.38* 0.015 00 -6.95
V---O(5) 1* 2.64* 0.008 42 -4.79

a ∆k ) 2.5 -11 for all samples;∆R ) 0.7-2.5 for sample 1V-Si, ∆R ) 0.7-3.2 Å for 1V-Al, ∆R ) 0.7-2.8 for 1V-Nb, and∆R ) 0.7-2.5 for
1V-Zr. b CN ) coordination number,R ) distance,∆σ2 ) Debye-Waller factor, i.e., disorder,E0 ) inner potential. Parameters marked with * are fixed
during the fit.Nfree is the maximum number of free parameters according to the Nyquist theorem, andNfit is the number of parameters used in the fit.

Table 4. AXAFS Intensity and Centroid Position for the Different
Catalyst Materials under Study

sample
name IAXAFS

Rcentroid,
Å

1V-Si 0.060 0.4756
1V-Al 0.052 0.4698
1V-Nb 0.038 0.4811
1V-Zr 0.032 0.4891

Figure 4. V-Ob and V-O bond distances as a function of the AXAFS
intensity.
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observation it can be concluded that the decrease in AXAFS
intensity is related to an increase in support oxide ionicity.

In the case of supported metal nanoparticles similar particle
sizes are required to allow a comparison of the AXAFS intensity
and centroid position as a function of the ionicity of the support
oxide. Since the overall local structure of the supported
vanadium oxide species is identical on all support oxides our
systems are suitable for a comparison of their AXAFS param-
eters.23,24 In other words, Figure 4 suggests strongly that the
variations in the AXAFS parameters are related to a change in
both the electronic and geometric structure of vanadium induced
by a change in the ionicity of the support oxide.

4.2.1. Intuitive MO Diagram. Since the results suggest that
the effect of the ionicity of the support (i.e., the electron charge
of the support oxygen atoms) acts via the V-Ob-Msupportbond,
it is instructive to make use of a schematic MO diagram as
shown in Figure 5. For a support with a high ionicity (like ZrO2)
the electron charge of the oxygen anions is large (Ob

δ-),
implying that the position of the Ob binding orbital moves up
to lower binding, making the V-Ob bond more covalent
(stronger), and this results in a shorter bond length, as
experimentally observed (see Figure 4). This means also that
less electron density is shared in the V-OH bonds, which result
in a longer V-O distance (see also Figure 4). This intuitive
MO diagram explaining the decrease in the V-Ob bond length
with increasing support ionicity is based upon charge transfer
and possible polarization (see below) of the V-Ob bond. Figure
4 makes clear that a justification of the intuitive MO diagram
as presented in Figure 5 must be found in an explanation of the
decrease in the AXAFS intensity (with no observable change
in centroid position) with increasing electron charge of the
support oxygen atoms. The connection between changes in
position of atomic orbitals (thereby influencing the MO scheme)
and changes in AXAFS intensity has to be found in alterations
of the interatomic potential around the X-ray absorbing atom
V as discussed below.

4.2.2. AXAFS Intensity and Centroid Position.The effects
determining the AXAFS can be described using the Muffin-
Tinapproximationtoapproximatetheembeddedatompotential.33-35

Within the well-known Muffin-Tin approximation, the potential
is flat and zero in the interstitial region (R> Rmt) and otherwise
equal to the sum of overlapping, spherically symmetric potentials
(R < Rmt). The average potential of all atoms atRmt is Vint,
which determines the zero of energy or the effective bottom of
the conduction band in metals or the filled valence orbitals in

metal oxides. The AXAFS is now determined by the difference
(∆V) between the embedded atom potential (Vemb) and the
truncated free atom potential (VTFA),36 which lead to the
following mathematical description:|FT(ke-2iδøAX)| ≈ ∆V •
Γ. Since the potential of the embedded absorber atom is
influenced by its direct surroundings, i.e., neighboring atoms,
four parameters can influence the electronic properties of the
absorber atom.11,13,31,34,35,37-39

(1) The average distance to the surrounding atoms: this results
in changes in interaction between the absorber atom and the
neighbors and thus alters the shape of the coulomb tail or
rollover.

(2) The bond inductive effect, determined by the average of
electronic properties of the neighboring atoms (e.g., electrone-
gativity). Variations in the electronic properties of the neighbor-
ing atoms lead to variations inVint.

(3) The coulomb effect, i.e., changes in the electron density
of the neighboring oxygen atoms, alters the coulomb tail or
rollover of the neighboring atom potential and thus the potential
of the absorber atom.Vint changes as well, since the overall
potential of the surrounding oxygen atoms is altered.

(4) Charge transfer to the absorber atom. The charge transfer
induces variations in the absorber atom potential, hereby causing
changes in the rollover and some variation in theVint.

AXAFS has been used to study adsorbates on single-crystal
surfaces40 and on Pt electrodes37,41and metal support interactions
in supported Pt particles.11,13,15,38,42The effect of the four
parameters listed above on the AXAFS intensity and centroid
position of different vanadium-containing reference samples has
been extensively discussed in a separate paper.31 In this work
the FT AXAFS peak of vanadium has been shown to decrease
with increasing ionicity of the supporting oxide (Table 3 and
Figure 4). The centroid position shows only a very small shift
to higher values ofR when the support is changed from silica
to zirconia. The trends observed in AXAFS intensity, andRcentroid

can now be discussed with regard to a change in the potential
field around vanadium (middle and lower part of Figure 6).
Variations in the electron charge (δ-/δ+) of the support oxygen
lead to a polarization of the V-Ob bond (Vδ+-Ob

δ-/Vδ--Ob
δ+)

(upper part of Figure 6). An increased electron charge on the
oxygen (Ob

δ-) causes an upward shift in the oxygen potential
well to lower binding energies, as in the case for ZrO2 (left
side of middle part of Figure 6). This decreases the influence
of oxygen on the vanadium (less rollover) and thus the difference
(∆V) in the embedded potential and the truncated free atom
potential, thereby decreasing the intensity of the FT AXAFS
peak. At the same time, the net electron charge on vanadium

(33) Rehr, J. J.; Booth, C. H.; Bridges, F.; Zabinsky, S. I.Phys. ReV. B 1994,
49, 12347-123350.

(34) Ramaker, D. E.; Qian, X.; O’Grady, W. E.Chem. Phys. Lett.1999, 299,
199.

(35) Ramaker, D. E.; Mojet, B. L.; Koningsberger, D. C.; O’ Grady, W. E.J.
Phys. Condens. Matter1998, 10, 8753-8770.

(36) VTFA is the free atom potential truncated byVcut. Vcut is defined asVcut )
2xVint + |Efermi| and determines the minimum binding energy of the electrons
that will be effective in scattering photoelectrons. So only the deeper
localised valence band electrons give rise to AXAFS scattering (see ref
35).

(37) O’ Grady, W. E.; Qian, X.; Ramaker, D. E.J. Phys. Chem. B1997, 101,
5624-5626.

(38) Koningsberger, D. C.; de Graaf, J.; van Veen, J. A. R.; Ramaker, D. E.J.
Catal. 2001, 203, 7-17.

(39) Tromp, M.; van Bokhoven, J. A.; Slagt, M. Q.; van Koten, G.; Ramaker,
D. E.; Koningsberger, D. C.J. Am. Chem. Soc. 2004, 126, 4090-4091.

(40) Wende, H.; Srivastava, P.; Chauvistre, R.; May, F.; Barberschke, K.;
Arvanitis, D.; Rehr, J. J.J. Phys. Condens. Matter1997, 9, L427-L433.

(41) Roth, C.; Benker, N.; Buhrmester, T.; Mazurek, M.; Loster, M.; Fuess, H.;
Koningsberger, D. C.; Ramaker, D. E.J. Am. Chem. Soc.2005, 127,
14607-14615.

(42) Koningsberger, D. C.; Oudenhuijzen, M. K.; van Bokhoven, J. A.; Ramaker,
D. E. J. Catal.2003, 216, 178-191.

Figure 5. Schematic MO diagram of the V-Ob interaction.
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decreases in a way as explained above using the intuitive MO
picture (more V electron density is shared in the V-Ob bond).
This leads to a smaller value of Vcut (Vcut moves to lower
binding energy). The polarization causes the potential well of
vanadium to shift down to higher binding energies (Vδ+), i.e.,
an increase in ionization potential of vanadium, resulting in a
slight increase in the rollover. The combination of these two
effects hardly changes the position in energy of Vcut as is
illustrated by the same position of the dotted line in Figure 6.
This causes only small changes in the resulting centroid position
of the FT AXAFS peak as a function of the supporting oxide,
as has been observed. Furthermore, the resulting V-O interac-
tion leads to a diminished rollover. The observed small change
in centroid position of the FT AXAFS peak implies an almost
constant position in energy of Vcut. As discussed above this can
only be explained by a shift to higher binding energies of the
vanadium valence orbitals with increasing ionicity of the
supporting oxide. This shows that the observed changes in the
FT XAFS peak are caused by a change in the electronic structure
of vanadium induced by a change in ionicity of the supporting
oxide.

It is has to be noted that in our previous studies11,13,38,42of
metal support effects in supported Pt metal particles the
influence of the electron charge of the support oxygen anions
acts via a polarization of the Pt metal particles. Our previous
study39 of the influence of the electronegativity of the organo-
metallic ligands in Pt pincer complexes on the AXAFS shows

that charge transfer changes the electronic structure of Pt. In
both cases a clear shift in position of the centroid of the AXAFS
FT peak is observed. Since in this study no noticeable change
is observed in the centroid position of the AXAFS FT peak, it
must be concluded from the above discussion that the influence
of the ionicity of the support on the geometrical and electronic
properties of the VO4 oxide cluster consists of both polarization
and charge transfer.

4.3. Correlation between the AXAFS Probe and Catalytic
Activity. First of all, it is important to keep in mind that the
molecular structure was not determined under reaction condi-
tions and the structure of the active species may be somewhat
different from the one determined here. However, the AXAFS
technique indicates a change of the electronic structure of
vanadium as a function of the support oxide. It has been shown
in this study that this change in electronic structure, acting via
the V-O-Msupport bond, influences the reactivity of the
V-O(H) oxygen groups surrounding the vanadium. The support
oxide can affect the catalytic properties of the vanadium oxide,
as has been demonstrated in the literature in the past.1,3,6,10The
methanol oxidation data of the group of Wachs,1 the literature
data for oxidative dehydrogenation of propane by Khodakov,6

and our propane dehydrogenation data have been used to
determine a relationship between the AXAFS intensity and the
catalytic activity for oxidation/reduction reactions.

The correlation between the TON and the AXAFS intensity
is shown in Figure 7. A clear trend is observed for the methanol
oxidation, oxidative dehydrogenation, and propane dehydroge-
nation.

The activity for methanol oxidation and oxidative dehydro-
genation increases, while the activity for propane dehydroge-
nation decreases with increasing ionicity of the support oxide
(Si < Al < Nb < Zr). This demonstrates that the AXAFS
intensity of the catalysts determined at 77 K (after dehydration
treatment) can be related to the catalytic activity of the supported
vanadium oxide species.

Figure 6. (Upper part) Polarization and charge transfer (indicated by
arrows) (as described above with the intuitive MO picture in Figure 5) of
the VO4 cluster due to a change in electron charge of the support oxygen
atoms (Oδ-: high ionicity, ZrO2 or Oδ+: low ionicity, SiO2). (Middle part)
Schematic representation of the influence of the electron charge of the
support oxygen atoms on the shape and position of the vanadium and oxygen
potential wells (Vfree) free atom potential,Vemb) embedded atom potential;
for Vint and Vcut, see text above and ref 35). (Lower part) Schematic
representation of the AXAFS FT peak. The intensity of this AXAFS peak
is determined by the difference betweenVfree andVemb, truncated byVcut

(see shaded area in the middle part of Figure 6).

Figure 7. Correlation between the AXAFS intensity and the catalytic
activity for (a) the selective oxidation of methanol to formaldehyde,1 (b)
the oxidative dehydrogenation of propane to propene, and (c) the dehy-
drogenation of propane to propene.
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Several research groups have looked into possible methanol
oxidation mechanisms on bulk and supported vanadium
oxides.1,43-48 Recently, Do¨bler et al. studied methanol oxidation
over a silica-supported vanadium oxide model ((SisO)3VdO)
with density functional theory.48 They suggest that the dissocia-
tive adsorption of methanol on one of the VsOsMsupportbonds
is the first reaction step, yielding a methoxy group on the
vanadium oxide cluster. Subsequently, hydrogen transfer takes
place from the CH3 group to the VdO group. They suggest
that the VdO group is involved in the methanol oxidation.
Furthermore, Do¨bler et al. propose that the differences in
catalytic activity as a function of the support oxides are related
to the first reaction step: i.e., the dissociative adsorption step
of methanol. Our model is different in molecular structure from
the classical model ((SisO)3VdO) and does not require the
breaking of a VsOsMsupport to facilitate the adsorption of
methanol on the vanadium oxide cluster. The adsorption of
methanol may take place on the VsOH groups of the cluster
under formation of a methoxy group, as has been suggested in
the past by Busca.46 We have shown that the VsOH distances
depend on the support oxide material (Figure 4 and Table 2),
which explains the differences in catalytic activity as a function
of the support oxide in a similar way as that suggested by Do¨bler
et al. Moreover, by accepting the transition state proposed in
Döbler’s paper, a tentative oxidation mechanism can be drawn
as is shown in Figure 8. The oxygen atom in the VdO bond is
exchanged, explaining the16O/18O isotopic labeling experiments
reported in literature.34

Finally, our findings allow us to explain the differences in
reactivity intuitively in terms of V-(OH) and (V-)O-H bond
distances (see Figure 4). The support cation changes the
electronic properties of the O (δ+/δ-) in the V-Ob-Msupport

bond. The V-Ob bond length is a function of the support oxide
and thus of the Ob electronic properties (Oδ-: short V-Ob bond
(on ZrO2) and Oδ+: long V-Ob bond (on SiO2)). The simple
concept of conservation of bond order allows us to deduct that
the V-(OH) and the (V-)O-H bond lengths will systematically
change with the support oxide material as well, as we have
shown for the V-(OH) distance (ZrO2: long V-(OH), short
(V-)O-H; SiO2: short V-(OH), long (V-)O-H). In the case
of methanol oxidation and propane oxidative dehydrogenation,
H2O formation may suggest that the V-(OH) group plays an
important role in the catalytic reaction. Indeed, the vanadium
oxide species with the longest V-(OH) bond exhibits the highest
oxidation activity (1V- Zr). In contrast, the dehydrogenation
of propane results in the formation of H2 and shows an opposite
trend in TON (Figure 6), suggesting that not the OH groups as
a whole but the hydrogen atom from the V-OH group plays a
role in the catalytic reaction. Although the exact mechanism of
propane dehydrogenation has not been investigated in this study,
a striking relation between the deducted trend in (V-)O-H
bond length and catalytic activity has been observed (SiO2: long
O-H bond, high TON; ZrO2: short O-H, low TON). Even
though a clear relation could be established between the AXAFS
intensity and the TON for a different reaction, one should keep
in mind that the molecular structure determined for the supported
vanadium oxide species (after dehydration, at 77 K) may differ
from the structure of the catalytically active species (under
reaction conditions).

This AXAFS study suggests that a change in the ionicity of
the support changes the bonding of the reacting adsorbate (i.e.,
methanol) on the catalytic active site of the VO4 species. It is
not the first time that a correlation has been found between
AXAFS intensity and catalytic reactivity. In our earlier study
on metal support effects on supported Pt particles42 the support
alters the chemisorption of H and does not change directly the
binding of the reacting alkane. It therefore has to be noted that
the mechanism of the influence of the support on the activity
of the catalytic active species can be very different.

5. Conclusions

On all support oxides under investigation, SiO2, Al2O3,
Nb2O5, and ZrO2, the overall molecular structure of the surface
vanadium oxide species is the same; i.e., a fourfold oxygen
coordination. The V-Ob distance increases from 1.675 Å to
1.79 Å when the support oxide is changed from ZrO2 to SiO2,
while the V-O(H) distances decrease from 1.81 Å to 1.72 Å.
The influence of the ionicity of the support on the bond distances
correlates with the differences observed in catalytic perfor-
mances of these supported vanadium oxide catalysts.

The electronic structure of the vanadium oxide species has
been studied with AXAFS. The variations in the intensity and
the observed changes in centroid position of the FT AXAFS
peak as a function of the support ionicity can be explained by
assuming both a coulomb effect, i.e., variation in charge on the
surrounding support oxygen atoms, and variation of the binding
energy of the valence orbitals of vanadium. A clear trend was
observed between the intensity of the FT AXAFS peak and the

(43) Weckhuysen, B. M.; Keller, D. E.Catal. Today2003, 78, 25-46.
(44) Burcham, L. J.; Braind, L. E.; Wachs, I. E.Langmuir 2001, 17, 6164-

6174.
(45) Burcham, L. J.; Deo, G.; Gao, X.; Wachs, I. E.Top. Catal.2000, 11/12,

85-100.
(46) Busca, G.J. Mol. Catal.1989, 50, 241-249.
(47) Boulet, P.; Baiker, A.; Chermette, H.; Gilardoni, F.; Volta, J. C.; Weber,

J. J. Phys. Chem. B2002, 106, 9659-9667.
(48) Döbler, J.; Pritzsche, M.; Sauer, J.J. Am. Chem. Soc.2005, 127, 10861-

10868.

Figure 8. Schematic representation of a tentative reaction cycle for the
selective oxidation of methanol to formaldehyde over supported vanadium
oxide catalysts, represented by the Si-O-V(OH)2O surface species.
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catalytic activity for the selective oxidation of methanol to
formaldehyde, the oxidative dehydrogenation of propane, and
the dehydrogenation of propane: the lowest intensity is cor-
related with the highest activity in oxidation reactions, and the
highest intensity, with the highest activity for dehydrogenation
reactions. These trends suggest that the AXAFS intensity can
be used to understand and predict the catalytic performances
of supported metal oxide catalysts in general.
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