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The influence of the support oxide on the molecular structure of a &l@ster and its interfacial geometry

has been determined for SINb,Os, and ZrQ as supports. Raman, IR, BWis—NIR diffuse reflectance,
electron spin resonance, and extended X-ray absorption fine structure (EXAFS) spectroscopies were used to
characterize the supported vanadium oxide clusters after dehydration. It has been found that for all supports
under investigation the vanadium ion is tetrahedral coordinated and consists of=fDeakd three O

bonds. For a V@SIO, catalyst it has been established that only one O neighbor is shared with the SiO
support via a -Op—Sisupport bONd With an angle 0f-101° (+0.5°) and a \¢--Si distance of 2.61 A. The
absence of a second vanadium atom in the vicinity of the vanadium oxide cluster further subverts the classical
assignment of the 920 crhRaman band to a ¥O—V related vibration. The EXAFS results combined with
structural modeling using Ceritisoftware lead to structural constraints, which imply a similar®—

Msupport interaction for NbBOs and ZrQ as well. The -0y, and the V:-Mgypport distances depend on the
geometry of each support surface. The results show that the classical model with t0ge Mgypportbonds

could not be experimentally observed with EXAFS under the applied measuring conditions. Additional
experiments with IR and Raman spectroscopy under experimental conditions mimicking those of the EXAFS
measurements reveal the presence ©fOH groups, giving further support for the presence of=a\QYOH),—

O,—M moiety at the support surface.

1. Introduction

The catalytic properties of transition metal oxide catalysts
are determined by several parameters, e.g., metal oxide loading
pretreatment conditions, molecular structure, electronic structure,
and support materidt:® Although many researchers have
studied the activity of metal oxide catalysts, it is still unclear
which of the parameters mentioned above are truly responsible
for the catalytic performance and which mechanism determines

the catalytic operation. Figure 1. (A) Classical model, with three bonds to the support and
It has already been shown that the catalytic activity in various one =0 bond. (B) Model with two bonds to the support, one-@
oxidation reactions over transition metal oxide catalysts changesbond, and one O bond. (C) Umbrella model with one bond to the
with the support materidl3? Although the nature of the support ~ support (V=Ob—Msuppor, ONe V=0 bond, and two VO bonds.
effect is fairly well described for metal particlést? the origin
of the metal oxide support effect, however, is not yet well bond, which are believed to be active in catalysis, could not be
understood. observed. Other techniques have delivered little additional
In general, the V@ monomeric species in dehydrated support for the existence of the classical model sd¥a
supported vanadium oxide catalysts has been envisaged as a Although the classical V@model is the most widely accepted
distorted tetrahedral structure with one=® bond and three  in the literature, one should also consider the possibility of one
V —0Op—Msypportbonds (Figure 1a)t~1° This classical modelis  or two V—O—Msgypportbonds instead of three (Figures 1b and
characterized by a vibration at1020-1040 cnv?, as measured  1c)2>726 A recent study demonstrated with results obtained from
with Raman spectroscopg§.The exact frequency depends on extended X-ray absorption fine structure in combination with a
the support material. By comparison with reference compounds structural model that for alumina-supported vanadium oxide
(VOClI3, VOBr3, and VOR) this band has been assigned to the species only one ¥Op,—Msypport bONd can be formed after

V=0 stretch vibrational mode for a shortO bond1¢ & dehydratior?’ The molecular structure of the interface between
labeling experiments, in conjunction with Raman spectroscopy, the support oxide material and the Y€uster was determined.
confirmed the mono-oxo nature of the YQ@nit.17:18 With These results implied that the classical model with thre€Dv
Raman spectroscopy vibration modes due to th&v-Msypport Msupportbonds is less likely or at least not the exclusive structure

at the catalyst surface. In this umbrella type model the vanadium
* Author to whom correspondence should be addressed. E-mail: Nas one ¥=O bond, two \-O bonds, and one ¥Op—Msupport
b.m.weckhuysen@chem.uu.nl. bond, as is depicted in Figure 4&2” The consequence of the
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TABLE 1: Catalyst Codes and Some Physicochemical Data for All Vanadium Oxide Catalysts Discussed in This Paper

sample loading % monolayet Ser Voore Eedge— Epre-edge  Raman shift UV —vis DRS
name sample (VO/nm?)  monomer polymer (m#g) (ML/Q) lpre-edge (eV) (cm™) E (eV)
1V—Al 1wt % V,05/Al,05 0.430 18.7 5.73 165 0.35 0.66 12.62 1024 3.19
1V—Nb 1wt % V>0s/Nb,Os 0.399 17.3 5.32 188 0.18 0.61 13.62 1036 3.49
1V-=Si 1 wt% V,05/SiO, 0.118 5.13 1.57 594 0.71 0.64 13.27 1041 3.34
1V—Zr 1wt % V,05/ZrO, 0.743 32.3 9.91 100 0.23 0.51 12.83 1020 3.46

aThe values for the monomeric (2.3 W@n¥) and polymeric (7.5 V@nn?) monolayer coverages are taken from Khodakov ét al.

umbrella model is that the support influence on the catalytic  2.2. Spectroscopic Characterization2.2.1. UV-Vis—NIR
performance of vanadium as mentioned above acts via theDRS and ESR and Raman Spectroscofi®s-vis—NIR DRS,
V—0p—Msypportbond. To further understand the origin of the ESR, and Raman measurements were performed on dehydrated
support effect on the catalytic activity of the supported vanadium catalyst samples treated under identical environmental condi-
oxide catalyst, detailed knowledge on the vanadium oxide tions. For this purpose, a special cell with a quartz window for
structure and the way the cluster is anchored to the surface isRaman and UV-vis—NIR and a side tube for ESR was used;
required for other supports as well. The mechanism of the details on this equipment can be found elsewR&Rehydration
support effect, either geometric or electronic, can only then be was performed in a stream o0 mL min 1) at 723 K for
determined. 3 h. Raman spectra (exposure time 50 s, 50 accumulations) were
In the present paper we determine the influence of the supportcollected at room temperature with a Kaiser RXN spectrometer
oxide on the molecular structure of a YQ@luster and its equipped with a 532 nm diode laser. A 5.5 in. noncontact
interfacial geometry. For this purpose, a series of low loaded gbjective was used for beam focusing and collection of scattered
(1 wt %) vanadium oxide catalysts has been prepared on severafadiation. UV-vis—NIR DRS measurements were carried out
oxidic supports (NEOs, Si0,, and ZrQ). These catalysts were  at room temperature on a Cary 500 BVis—NIR spectrometer
characterized with Raman and infrared (IR) spectroscopies, from Varian in the range 2602200 nm. The diffuse reflectance
ultraviolet-visible—near-infrared diffuse reflectance spectros- accessory was set to collect diffuse reflected light only. The
copy (UV—vis—NIR DRS), and electron spin resonance (ESR) scans were made with an averaging time of 0.1 s, data interval
and extended X-ray absorption fine structure (EXAFS) spec- of 1 nm, and a scan rate of 600 nm/min. Baseline correction
troscopies after dehydration. At dehydrated conditions and low \y 55 performed using a Halon white standard. ESR measure-
loading—below the monomeric monolayer (2.3 V@n?) as ments were performed with an X-band ESP 300 E spectrometer
defined by Khodakofthe vanadium OX|d(_a species on the  from Bruker, equipped with a Ti cavity, at 120 K.
surface will be present only as a monomeric Mduster with
one =0 bond!"18 EXAFS data analysis showed that for all
supports the V@cluster is attached to the surface with only

one V=Oy~Msuppor bONd under the applied measurement chromator. The measurements were performed in fluorescence
conditions. Both the *O, bond distance and the:VV M ; ) . .
b support mode, using an ion chamber filled with 400 mbap M

distance depend on the structure of the support surface. Thed termind.. The detect | t solid state (SiLi
results will be compared with previously reported data on etermindo. The detector was a seven-element solid state (SiLi)

alumina-supported 1 wt % vanadium oxide catalyst. Additional dete_ctor. The monoct;rov::(tor dwassgg;un\e/d to 80% of ;he
experiments with IR and Raman spectroscopy measured undefnaximum '?tﬁ,ni'ty ﬁ“ evi-e %e( eV) to minimize t e q
conditions similar to those applied for the EXAFS experiments Présence of higher harmonics. The measurements were carrie

show the presence of MOH groups, pointing toward the out in an in situ cell with Kapton windows. Details on the cell
presence of a @V(OH)Z—Ob—Msuppon’surface species. design can be found elsewhéPfeData were collected at 77 K

after dehydration (623 K f2 h in2.5% GQ/He, 100 mL mir?),
2. Experimental Section and two or three scans were averaged.

The EXAFS data analysis was carried out using the XDAP
code developed by Vaarkamp et3&lThe background was
subtracted by employing cubic spline routines with a continu-
ously adjustable smooth paramet&This led to the normalized
oscillatory part of the XAFS data, for which all the contributions

10, (Gimex, RC 100, pore volume of 0.23 my and surface to the spectrum, including thg atomic X-ray absorption fine
area of 100 ig-1) as support oxides. The SiQupport was ~ STUCture (AXAFS), were maximized.

prepared via the selgel method according to a slightly altered =~ The EXAFS data analysis program XDAP allows one to
literature recip@8 HNOs was used instead of HCI. The catalysts Perform multiple-shell fitting inR-space by minimizing the
were prepared via incipient wetness impregnation using & NH residuals between both the absolute and the imaginary part of
VO3 (Merck, p.a.) solution with oxalic acid (Brocacef, 99.25% the Fourier transforms (FTs) of the data and theRispace
pure). The catalysts were dried at room temperature for 1 night, fitting has important advantages compared to the usually applied
and at 393 K for 1 night and calcined at 773 K for 3 h. All fitting in k-space and is extensively discussed in a paper by
catalysts under investigation, including the 1 wt % alumina- Koningsberger et & The difference file technique was applied
supported vanadium oxide catalyst from our previous paper, together with phase-corrected FTs to resolve the different
are listed in Table 1, together with some physicochemical data contributions in the EXAFS dat&.The exact fit procedure has
and the catalyst code that will be used throughout the paper.been described in previous papers by our g Details on

The amount of V@nn¥ on the catalysts is compared to the the manufacturing of the %¥O, V-V, V—Si, V=Nb, and \\-Zr
theoretical monolayer for monomers (2.3 ¥@?) and for backscattering amplitudes and phase shifts are provided in
polymers (7.5 V@nn?) as described by Khodakov etal. Appendix 1.

2.2.2. EXAFS, IR, and Raman Spectroscopiesay absorp-
tion fine structure experiments were carried out at beamline E4
in HASYLAB (Hamburg, Germany) using a Si(111) mono-

2.1. Catalyst Preparation.A series of supported vanadium
oxide catalysts with 1 wt % vanadium oxide loading were
prepared using SiEXhomemade, pore volume of 0.70 mLtly
and surface area of 600?mg1), Nb,Os (CBMM, HY-340, pore
volume of 0.18 mL g?, and surface area of 188%rg~1), and
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Figure 2. Graphical representation of the structural models for the
supported vanadium oxide, obtained with Cetiuga) all atoms
observed with EXAFS for the umbrella model on the (111) plane of
B-SiO,; (b) all atoms observed with EXAFS for the umbrella model
on the NRO5(001) plane; (c) all atoms observed with EXAFS for the
umbrella model on the Zrg100) plane.

Additional IR measurements were carried out on self-
supported wafers of the catalysts after dehydration at 700 K
using a Perkin-Elmer 2000 Fourier transform infrared spec-
trometer with deuterated triglycine sulfate detector making use
of the same in situ cell used for the EXAFS measurements
(Kapton windows have been replaced by gafndows) and
mimicking the experimental measuring conditions at 77 K. In

a similar fashion, Raman spectra also were measured of these

samples.

2.3. Structural Models for Supported Vanadium Oxide
Clusters. Structural models for the support surfaces of niobia,
silica, and zirconia were constructed using the Cénuslecular
modeling softwaré3 A VO, unit was anchored to the support

surface. The obtained structural model was used as an auxiliary

to determine the EXAFS input parameters for fitting the higher-
coordination shells. For the VQunit anchored onto the SO

J. Phys. Chem. B, Vol. 110, No. 29, 20064315

TABLE 3: Interatomic Distances for the Classical Model
(with Three Bonds to the Support) for the
f-SiOy(111)-Supported VQ, Molecule, the
a-SiO,(100)-Supported VO, Molecule, the
Nb,Os(001)-Supported VQ, Molecule, and the ZrO,(100)-
Supported VO, Molecule?

model V=0 V-0 Ve+*Msuppor?

Classical Model on the (111) Surface®SiO;,
[-SiO; (classic) 1.58 1.77
2.00
2.03

Classical Model on the (111) Surface®fSiO;,
o-SiO; (classic) 1.58

1.73

1.39

Classical Model on the (001) Surface of 03
Nb2Os-A (classic) 1.58 2.81
2.23
2.83
1.73
1.72
1.73

Classical Model on the (100) Surface of ZrO

3.34
3.21
3.64

1.30

Nb,Os-B (classic) 1.58

ZrO;-A (classic) 1.58 1.78 2.17
1.79
1.77

ZrO,-B (classic) 1.58 1.75 2.22
1.85 3.94
1.82 3.54

2 0On the niobium oxide surface and the zirconia surface two options,
A and B, have been explorelM = Si, Nb, or Zr support cation.

For the umbrella model V@Qunit on all supports, the %O

surface two structural models were prepared. The crystalline and the \\-O distances were set according to the results obtained

structures foro- and g-quartz were taken from the Cerfus
database. The surfaces chosen were the (111) surfeguafrtz
and the (100) surface of-quartz, shown in Appendix 2 (Figure
Al). The (111) surface is one of the preferentially exposed
surfaces fof3-SiO,, and it has a triangle of oxygen atoms present

from the EXAFS analysis including %O, V-0, and
V++*Msupport (M = Si, Nb, or Zr) distances. Rotation of the
molecule around the Bypor—O bond and bending of the-MO—
Msupport bONd were the only performed operations to find a
suitable configuration of the molecule on top of the surface,

on the surface, which is necessary to accommodate the classicalvhere the V:-Mgyppor distance was used as a structural

pyramid model of VQ with three bonds to the supp&ftOther

low index surfaces of-quartz (e.g., the (001) surface) did not
contain such a triangle. The (100) surfaceosfjuartz, which

is preferentially expose®,contains an oxygen triangle as well.
This is also illustrated in Appendix 2 (Figure Al). The crystal
of Nb,Os was prepared according to the structure determined
by Gruehri® The oxygen-terminated (001) surface has been
chosen to accommodate the Y€luster. The (100) surface of
monoclinic ZrQ, from the Cerius database, was found to be
most suitable to anchor the VQluster. Both the EXAFS-

constraint on all surfaces. An energy minimization was not
performed. After rotation of the molecule to a suitable position,
the distances from the vanadium atom to the nearest support
cations and the nearest support oxygen atoms were determined.
The final higher-shell EXAFS fits were determined after several
iteration steps with the molecular model obtained from Cérius
Distances to neighboring atoms were determined for the
umbrella model and classical on top #SiO,(111), a-SiO,-
(100), NBOs(001), and Zr100). The final models, with all
atoms fitted with EXAFS, are depicted in Figure 2, and the

determined structures and the classical structure with three bondglistances obtained from all the models are listed in Tables 2
to the surface were assessed with help of the structural modelsand 3.

TABLE 2: Interatomic Distances and Coordination Numbers, Obtained from the Ceriug Structural Models, for the Umbrella
Model on Several Supports: Thef-SiO,(111)-Supported VO, Molecule, the NixOs(001)-Supported VQ, Molecule, and the

ZrO 5(100)-Supported VQ, Molecule

VO, supported on the VO, supported on the VO, supported on the

(111) surface 0f-SiO, (001) surface of N§Os (100) surface of Zr@
atom distance coordination atom distance coordination atom distance coordination
shell pair A number pair A number pair A number
1 =0 1.58 1 \=0 1.58 1 \=0 1.58 1
2 V-0 1.77 3 V-0 1.71 3 V-0 1.77 3
3 Ve+-Si 2.6 1 \Vaxe] 2.46 1 \VIe) 2.30 1
4 V-0 2.67 2.68 2 V--O 2.69 1 ¢--O 2.65 1
5 Ve+-Si 2.95 1 \¢--Nb 2.81 1 \feoZr 3.15 1
6 V-0 3.2 1 V-0 3.24 1
7 \Yaxe] 3.65 3.76 4
3.79 3.94
8 V---0O 4.27 1
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Figure 3. UV—vis—NIR DRS spectra of samples (a) £\&i, (b) 1V— B 125
Nb, and (c) 1\-Zr measured at room temperature, after dehydration. 5 <
© ot -
~ 1.00 -
3. Results c Ao
kel !
3.1. Spectroscopic Measurementsrigure 3 shows UV §- 0754
vis—NIR DRS spectra of the supported vanadium oxide catalysts 3 X
measured under dehydrated conditions. The DRS spectra are 2 ]
dominated by intense charge transfer (CT) transitions of the 3 0.501 pk
0%~ — V5" (d9 type. The onset of the CT band (Table 1), N ] ,
determined via the method of Delgass, changes slightly with g 0254 11 J
the support oxidé’ (The intercept of the straight line at the s i N
low-energy rise of a plot off(Reo)hw)2 againsty was used to z 0.00 y

determine the edge enerdgiefgd for allowed transitions.) It is 5460 5480 5500 5520
important to stress that-etl transitions, which are typical for Energy (eV)
reduced vanadium oxide species, are not observed in any of

our samples. This is further confirmed by ESR measurements, Figure 4. (A) Raman spectra of (&) 1¥Si, (b) 1V—Nb, and (c) 1~
Zr measured under dehydrated conditions at room temperature. (B) Pre-

. i 0 4+ (AL
which showed no significant amo(l)Jn{:(./o) of V** (d )'. .. edge and XANES region of the XAFS spectra of samples (a} 3V
The Raman spectra of the 1 wt % supported vanadium oxide (—y () 1v—Nb (- - -), and (c) 1V-Zr (-+) with clear pre-edge peaks,

catalysts are presented in Figure 4A. All spectra show a bandmeasured at 77 K after dehydration.
in the 1026-1040 cm?! region (Table 1), which has been

assigned to the %O stretch vibration of monomeric speciés. 0.12

Bands at 1050 and 800 crhare due to the quartz sample 0.094

container® For 1V—Nb and 1\V+-Zr the bands below 950 cr '

are due to the support itself, except for one band at 915 and 0.064

827 cnr! for 1V—Si and 1\-Zr, respectively, that is associated

with vanadium oxide. For 1Nb a similar band is probably 0.03+

obscured by support oxide bands. = “ ;
For dimeric or polymeric species, i.e., containing-@—V = 000

moieties, one would expect to observe-©—V stretch and

bend vibrations. The ¥O—V antisymmetric stretch vibration 0.031

is located between 830 and 630 thi®#2 The Raman spectra 0,064

do not contain bands between 830 and 630 tithat are

associated with the vanadium oxide species, except ferZrv -0.09 , . .

(827 cn1?). The V—0O—V symmetric stretch and bend vibrations 0 8 0 12 14

should be observed at lower frequencies. However, these bands k (A"

were not observed.for any pf the .catalysts. indicating that no Figure 5. Experimental EXAFS datay(K)) of 1V—Nb (—), 1V—Si
dimeric or polymeric vanadium oxide species are present on (.-.) and 1V-Zr (-+-) measured at 77 K after dehydration.
the support surfaces.

The pre-edge and XANES region for the 1 wt % vanadium oxide species resembles a distorted tetrahedron. This is fully
oxide catalysts are shown in Figure 4B. According to Wong et consistent with the results obtained from Raman and in line
al#3the height of the pre-edge peak compared to the height of with the results for an alumina-supported sanfplecom Figure
the edge jump allows us to determine the symmetry of the 5 presented in the article by Wong et al. it can be seen that the
species found on the surface. For a perfect tetrahedron this valualifference in energy between the pre-edge peak and the edge is
is 0.8-1.0. The value observed for the catalysts is between 0.51 a measure for the oxidation state of vanaditiior all samples
and 0.64, indicating that the molecular structure of the vanadium a value between 12.62 and 13.62 eV was observed, as listed in
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FT k'y(k)

R (A)

.7-4.0 A) of the experimentg}(k) (—) and the final fit (- - -) for (a)
rier transform in the highBrregion R = 2—4 A) to show differences

in higher shells due to support atoms: (a)-1%i, (b) 1V—Nb, and (c) 1\-Zr.

Table 1. Literature values for tetrahedral V(V) species vary
between 12.4 eV for NfVO3; and 13.5 eV for vanadinite
(Pbs(VO4)sCl).*3 For a square pyramidal V(V) 3Ds) the Eegge

— Epre-eagevalue is 9.5 eVA3 This strongly points toward the
presence of a tetrahedral coordinatet ¥pecies, which is in
agreement with our previous data on an alumina-supported
catalyst’” The results of Raman and XANES data so far point
to the predominant presence of an isolated,\$pecies with
vanadium in its 5 oxidation state in the low loaded supported
vanadium oxide catalysts.

3.2. EXAFS Data Analysis and Structural Models.The
EXAFS spectray(k)) obtained after background subtraction and
normalization are presented in Figure 5. Although the overall
shapes of the EXAFS spectra functions are similar, the nodes
of the EXAFS oscillations at low values &fdo not coincide.
This is a strong indication that variations may exist in the
molecular structure of the interfacial geometry and the vanadium
oxide clusters deposited on the different support materials. The
signal-to-noise ratio is~34 for 1V—Si, ~68 for 1V—Nb, and
~50 for 1V—Zr, with the amplitude determined betweknr=
2.5 and 4 A1 and the noise level betwedr= 11 and 13 AL
The FTs of the raw data (solid lines) are shown in Figure 6A.
All data contain a large peak in the -3 A region, which can
be ascribed to the V{xluster. On the loweR side (<0.7 A)
of this peak the AXAFS contribution is visible. The features at
higher values oR are due to higher-shell contributions from
the support and are plotted on an expanded scale in Figure 6B
Differences in shape and position are observed in the FTs for
values ofR > 2 A, implying that the structure of the interface
between the vanadium cluster and the support oxide is different.

To illustrate the EXAFS data analysis procedure the analysis
of the data for the silica-supported catalyst will be presented in
detail before the results of the final fits for the other supported
vanadium oxide catalysts are given.

3.2.1. Structure of the V{XCluster: Two-Shell Fit for 1
Si. From the Raman spectrum we know that one she#O/
bond (1.58 A) is present, as derived from the observed vibration
frequency (10261040 cn11).3? From the XANES data we

deduced that the coordination number around vanadium is four.
The information obtained from the XANES and Raman spectra,
i.e., one \=0 bond at 1.58 A and three-MO bonds, is used as
input parameters for the EXAFS fit. This means that only five
free parameters are needed to fit the first two coordination shells.

The fit results for the two-shell fit are listed in Table 4, and
the FTs of the raw data and the two-shell fit are presented in
Figure 7a. A reasonable fit iR-space AR = 0.7-2 A) could
be obtained for 0. R < 1.7 A with a distorted tetrahedral
VO, unit, one oxygen atom at a small distance of 1.58 A<V
O bond) and three oxygen atoms at a larger distance of 1.75 A
(V—0 bond). The distances are similar to the distances observed
in the literature and will be further discussed belw It can
be seen that for values & > 1.7 A the amplitude of the fit is
larger than the amplitude of the FT of the raw data, indicating
that a two-shell fit does not describe the experimental data for
R > 1.7 A. This is further illustrated in Figure 7b by plotting
the FT of the difference file of the raw data minus the first
(V=0) and second (*O) shells, which represent the O
monomer. This residue does not consist only of the FT of the
AXAFS function; it obviously contains higher-shell contribu-
tions that were not included in the fit. A peak around 1.8 A is
clearly visible in the residue. In summary, at least one extra
coordination shell should be introduced in the EXAFS fit.

3.2.2. Structure of the Interface: Three-Shell Fit for-1$4.
On the basis of the idea that the vanadium oxide cluster is
connected to the surface of the support with only oreO#+
Si bond, as has been shown previously by the Scott group (V
O-Si) and our group (W*O—Al), only one silicon atom was
incorporated in the third shelf:?4252744The fit parameters
obtained for the three-shell fits are presented in Table 4. As
one can see from Figure 7c the fit describes the data much better
for 0.7 < R < 2.5. Moreover, the FT of the difference file (Raw
— Op) — O, solid line) and the fit of the third shell (dotted
line, Figure 7d) show that the peak around 1.8 A can be
described by one ¥-Si coordination at 2.47 A. The amplitude
of the FT of the fit decreases upon the addition of a silicon
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TABLE 4: Structural Parameters from R-Space Fits of the Experimental EXAFS Ak = 2.5-11; AR = 0.7—4.0) for Sample

1vV—-Si2

variances %

scattering Re imaginary absolute
fit pair CN A Ao?d AE® Niree N9 part part
two shell =0y 1h 1.58 —0.00350 4.39 9 5 1.9 1.6
V=0 3 1.75 —0.00293 3.91
three shell =0y 1h 1.58 —0.00350 8.53 11.7 8 0.98 11
V-0 3 1.76 —0.00228 2.02
V---Sig 1n 2.47 0.0102 15.08
seven shell3-SiO, V=0y, 1 1.58 —0.00350 6.43 19.8 20 1.2 11
V-0 3 1.77 —0.00265 4.59
V+++Si@) 1h 2.61 0.0133 7.17
V++-Op) 2n 2.73 0.0180 1.63
V+++Sis) 1n 2.95 0.0160 —7.37
VO 1 3.25 0.00400 10.76
VO, 4 3.67 0.0124 —5.64

a A two-shell fit with one \=0 and three -0, a three-shell fit with one %O, three \\-O, and one V--Si, and a seven-shell fit based on the
B-SiOx(111)-supported umbrella mod&ICN is the coordination numbetR is the distance? Ac? is the Debye-Waller factor, i.e. disordet Ey
is the inner potential. Niee is the maximum number of free parameters according to the Nyquist the®iymis the number of parameters used

in the fit. " These parameters are fixed during the fit.

Bt

FT k'y(K)

Figure 7. (a) k™-Weighted Fourier transformAk = 2.5-11 A1) of

the experimentay(k) (—) for 1V—Si and the calculated two-shell fit
(---)in R-space AR=0.7-2.0 A). (b)k!-Weighted Fourier transform

of the residue (Raw- two-shell fit), Ak = 2.5-8 A1, containing the
AXAFS at a lowR value and higher-shell contributions. This residue
indicates that higher shells are needed to complete the fit. (c)
ki-Weighted Fourier transform\k = 2.5-11 A~?) of the experimental
x(K) (—) for 1V—Si and the calculated three-shell fit (- - -) Raspace
(AR=0.7-2.5 A). (d)k!-Weighted Fourier transform of the difference
file (Raw — Oy — Op), Ak = 2.5-8 A~1 (=), containing the AXAFS

at a lowR value and higher-shell contributions, and the difference file
for the third shell (- - -). The residue indicates that more than three
shells are needed to complete the fit. KeWeighted Fourier transform
(Ak = 2.5-11 A% of the experimentay(k) (—) for 1V—Si and the
calculated seven-shell fit (- - -) iR-space AR = 0.7—4.0 A) obtained
with help of the umbrella model on top of thkSiO,(111) plane. (f)
kX-Weighted Fourier transform of the difference file (RawO) —
Op), Ak = 2.5-8 A-1, containing the AXAFS at a lovR value and
nonseparable higher-shell contributions, and the difference file for the
higher shells (- - -), %) + Ow) + Sis) + Op) + O). The difference

file shows that the higher-shell contributions are nicely fit with the
seven-shell model.

We have tried to substitute the silicon atom in the fit with a
vanadium atom to exclude the presence of dimeric and
polymeric species on the support surface. The fit resulted in a
very short V--V distance of 2.26 A, with slightly higher
variances. As will be discussed below, &Y distance of 2.26
A is too small to account for a dimeric or polymeric species.

3.2.3. Structure of the Interface: &m-Shell Fit for 1\~ Si.
As can be seen in Figure 7d, the residue obtained after the three-
shell fit still contains various contributions B> 2 A. Since
the number of free parameters is not infinite, we decided to
include higher-coordination shells based upon a structural model
obtained with Ceritds From this structural model we determined
reasonable coordination numbers and possible interatomic
distances for the support contributions.

Two structural models were explored to describe the higher-
coordination shells of 1¥Si: VO, on the (111) surface of
B-Si0; and VQ, on the (100) surface af-SiO,. The VO, unit
was positioned on the surface in such a way that only one silicon
neighbor is found in the third shell, using the-%i.) distance
of ~2.6 A as a structural constraint. The observed distance in
the model turned out to be very close to the distances as obtained
with EXAFS (Table 4). The resulting fits and EXAFS param-
eters for the interfacial structure withSiO, are listed in Table
4, and the total fit is shown in Figure 7e. The results for the
o-SiO; fit are presented in the Appendix (Table A3).

A structural model satisfying the conditions outlined above
is shown in Figure 2. According to the Cerfumodel three more
V—0 shells and one additional-¥Si shell should be observed
in the EXAFS analysis, in total seven shells. The distances to
all neighboring atoms up te-4.3 A are listed in Table 2. The
coordination parameters from the Cefinsodel were used to
optimize the analysis of the higher-coordination shells. In Table
4 the resulting EXAFS coordination parameters are given for
all seven coordination shells. The interfacial structure based
upon the EXAFS coordination parameters is shown in Figure
2a. The FT of the EXAFS fit based upon the iteration with the
Ceriug model describes the EXAFS data adequately over the
whole R-range of 0.7< R < 5 A (Figure 7e). In Figure 7f the
FT of the difference file (Raw- Oy — O(2) and the FT of the
EXAFS function representing the fit of the higher-coordination
shells (Sg) + Ow) + Sis) + Oy + O(7y) are shown. Figure 7f
illustrates that the higher shells can be described by shells 3

atom in the third shell, because the first and second shells areA comparison of the fit of the two-shell fit (Figure 7a) with the

out of phase with the third shell.

total fit (Figure 7e) clearly shows that the total fit also describes
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] HS Figure 10. ko-Weighted y-function of the separate higher shells
x obtained from theg3-SiO, model, Sg) (—), Ow) (- - -), Sis) (***), O
(gray solid line), and @) (gray dashed line), together with the noise
level.
-0.02 4
— . — demonstrates that the higher shells are adequately fitted, since
0 1 2 3 4 no peaks are present in the residue in the range<OR/ < 4.
X Axis Title At ~4.2 A a small contribution is still visible in the residue.
Figure 8. (a) Magnitude of the Fourier transform for the separate Adding an eighth shell to fit this contribution would lead to a
shells: Sg) (—), Ow) (- - -), Sie) (**), O (gray solid line), and @) better fit; however, our data range was not sufficient to make a

(gray dashed line). (b) Imaginary part of the Fourier transform for the it with eight shells statistically valid.

separate shells: &i(—), Ow) (- - -), Sis) (***), O (gray solid line), . . .
and Qy (gray dashed line). The higher shells do not have the same Variances for the imaginary and absolute part are 1.5 and

phase. This means that these contributions will partly cancel out in the 1-3, respeptively, V}/hiCh shows th"{‘t the fit is reatsqnatl)ly good.
total EXAFS fit. The statistical significance of the higher shells originating from

the support can be evaluated from Figure 10, showing the
individual EXAFS functions of the higher shells together with
the maximum peak-to-peak noise levebs®.0025. All higher-
shell contributions are above the noise level at low valuds of
3.2.4. Total Fits for 1¥*Nb and 1\*-Z. A similar procedure
was applied to fit the EXAFS data of 2™Nb and 1\/-Zr. The
results of the final fits for 1\-Nb and 1\V/-Zr are presented in
Table 5. The fits are presented in Figure 6A, showing a good
agreement between the FT of the data and the FT of the final
fit. For both supports only one support cation was observed at
an acceptable distance, indicating that the vanadium oxide is
anchored to the support with one-X\D—Msypportbond on alll
supports that were investigated. The structures obtained from
T T T T the EXAFS fits in combination with the Ceritimodel for 1\~
Nb and 1\~Zr are presented in Figures 2b and 2c.
R(A) Table 6 gives an overview of the distances from vanadium
Figure 9. Residue (Raw- total fit), Ak = 2.5-8 A1, for the seven- to the double-bonded oxygen$0), the single-bonded oxygen
shell fit from EXAFS of 1V-Si for the model org-SiO,, containing (V—0), and the support cation for all catalysts under investiga-
the AXAFS and nonseparable higher-shell contributions. The residue tjon  Data on 1\*Al from our previous paper have been
g:'tco"’ge;t&iagi?cs ;; :g;g?gf?ocro&g'zuaog for e umbrella model ¢, geq for comparisoff. It is clear that the WO and
V-+-Mgyppordistances are influenced by the support oxide. Here

o all three V-0 distances are taken to be equal; however, it has

the raw data much better than the two-shell fit in Reange been possible to split the second shell into a shell containing

0.7 = R=?2 A . o the V—Op—Mgypport cONtribution and a shell that contains the
Figure 8a gives the magnitude of the FTs of each individual 4, other V—O contributionsi

coordination shell, showing the peak position of each higher-

shell contribution. Figure 8b shows the imaginary parts of the 4. Discussion

FTs. Clearly, some of the different contributions are in antiphase.

This means that interference effects are present and that some 4.1. Structure of the VO, Cluster. There is no dispute in

of the contributions partially cancel out in the total EXAFS fit. the literature that at low loading the vanadium oxide cluster is

The use of the difference file technique unravels the interference present as a 4-fold-coordinated monomer for, e.@QAISIO;,

effect. TiO,, and ZrQ.#’~51 The data presented in this paper lead to
The FT of the residue (raw data total seven-shell fit) in the same conclusion for S¥ONb,Os, and ZrQ supports.

Figure 9 shows the AXAFS contribution peaking around 0.5 Raman, U\~vis—NIR, ESR, and XANES indicate that a

A. Moreover, in theR-range 0.7< R < 4 A no other higher- monomeric VQ species with vanadium in thet5oxidation

shell contributions are visible in the FT of the residue. This state is present on these support oxides. Raman spectroscopy
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TABLE 5: Structural Parameters from R-Space Fits of the Experimental EXAFS Ak = 2.5-11; AR = 0.7-3.5 for 1V—Nb
and AR = 0.7-4.0 for 1V—2Zr) for Samples 1V—Nb and 1V—Zr Based on the Ceriug Models for the Supported Umbrella

Model2
variances %
scattering R imaginary absolute
fit pair CN A Ao?c AES Niree® [\ part part
1V—Nb V=0 19 1.58 0.00137 10.39 17.1 14 0.84 0.68
—Op) 29 1.72 0.00331 3.76
VO 19 2.43 0.00400 —10.71
V++-Op) 19 2.64 0.00600 0.88
V-+-Nbs) 19 2.79 0.0153 —6.08
1vV—2Zr V=0 19 1.58* —0.00232 10.00 19.8 17 1.3 1.0
V=0 39 1.77 0.00918 6.07
V++-Op 19 2.38 0.0115 —0.49
+Op 19 2.64 0.0106 7.54
VeeeZre) 19 3.15 0.00714 11.51
V+++Oe) 19 3.25 0.00900 0.61

a2CN is the coordination numbe? R is the distanceS Ao? is the Debye-Waller factor, i.e. disordet Ey is the inner potential Nyee is the
maximum number of free parameters according to the Nyquist thedidmis the number of parameters used in the4ithese parameters are

fixed during the fit.

TABLE 6: Comparison of Bond Distances for All Catalysts,
1V—Al, 1V—Nb, 1V-Si, and 1V—-Zr, Including Comparison
to Literature Data on SiO,-Supported VOCI;

1V—-Al 1V—-Nb 1V-Si 1v—-zr
distance distance distance distance  distance
atom pair R) A) A R) A
V=0 1.58 1.58 1.58 1.57 1.58
V-0 1.72 1.72 1.77 1.78 1.77
V—CI 2.16
V++*Msyppof 3.09 2.79 2.61 3.13 3.20

Keller et al?” this work this work Deguns et &f. this work

aM = Al, Si, Nb, or Zr support cation.

showed a band between 1020 and 1040%mwhich is assigned

to a V=0 stretch vibration in a monomeric \\Gpeciesf The
V=0 (1.58 A) and -0 (1.72-1.77 A) distances observed
with EXAFS for the VQ clusters on Si@ Nb,Os, and ZrQ

are similar to the distances observed with EXAFS by Rulkens
et al. for the reference compound OV[OSiBD);]s, which has

a V=0 bond distance of 1.596 A and three-® bond distances

of 1.770 A%5 and for SIOVOC)} which has a ¥=0O distance of
1.57 A and a O distance of 1.78 A according to Deguns et
al.44

4.2. Determining the Interfacial Geometry for VO4 on
SiOy, NbyOs, and ZrO». In our previous paper we have
determined with EXAFS spectroscopy the interfacial geometry
for an alumina-supported vanadium oxide clustdtwas found
that the VQ cluster is attached to the support with only one
V—0,—Al bond. In the following section the interfacial
geometry is discussed for SiQ Nb,Os-, and ZrQ-supported
catalysts.

4.2.1. Significance of Higher Shells in the EXAFS Data
Analysis and the Use of CeriiStructural ModelsThe three-
shell fit for 1V—Si (Table 4 and Figure 7a) demonstrates that
the third shell consists of only one Si atom, which could be fit
within the limit of the number of free parameters. This third
shell, containing only one silicon scatterer nearest to the

Neither the surface of amorphous Si@or the surfaces of
Nb2Os and ZrQ are well defined. For silica, the surface will
most probably consist of a mixture of structures, similar to quartz
surfaces with a tetrahedral coordination of the silicon atoms.
The use of structural model surfaces obtained fremand
p-quartz gives an indication of the position of atoms and
coordination numbers in higher-coordination shells. The statisti-
cal significance of the higher shells originating from th&iO,
support can be evaluated from Figure 10, showing the individual
EXAFS functions of the higher shells together with the
maximum peak-to-peak noise level80.0025. All higher-shell
contributions are above the noise level at low valuesk.of
Variances for the imaginary and absolute part of 1.5 and 1.3,
respectively, show that the seven-shell fit of-18i is accept-
able.

4.2.2. Quality of the EXAFS Data Analysis: The Number of
Free ParametersWhen the tetrahedral configuration and the
V=0 distance are taken as independent inputs for the EXAFS
fit, five parameters are required to fit the first two coordination
shells (V=0(;) and V—0(y) for all catalysts. Furthermore, the
coordination numbers for the higher shells are based upon the
Ceriug model. For the seven-shell fit of 1VSi this means that
20 free parameters ((7 shelis 4 parameters/shelly 8 fixed
input parameters) are required for the total fit (Table 4).
According to the Nyquist theoréth19.8 parameters are allowed
in the seven-shell 1¥Si EXAFS fit, usingAk = 8.5 A-land
AR = 3.3 A. A contribution to the total EXAFS spectrumRt
~ 3.7 A for VOJB-SiO; andR ~ 4.1 A for VO4/a-SiO, justifies
the largeR-range used for the fit, considering the large peak
width of the seventh shell. This shows that the maximum
number of free parameters allowed is not exceeded for this
EXAFS fitting process using the V/xoordination geometry,
the V=0 distance, and the coordination numbers from Cérius
model as input parameters.

Neither the 1\*Nb fit nor the 1\V~Zr fit exceed the
maximum number of free parameters. The-1Xf has the same

vanadium absorber atom, has been fit reliably without the use fit range Ak = 2.5-11 A=}, AR=0.7-4 A) as 1V-Si and a
of structural models. The presence of a silicon atom in the 3rd maximum of six shells in the total fit. This means that 19.8

shell has already been shown in the literafir&:27:44 An

free parameters are available, while only 17 are needed when

iterative process, using structural models made with the help the first shell distance and all coordination numbers are taken

of Ceriug and the results of the EXAFS data analysis, has led
to further insights in the interfacial geometry between\&dd

the SiQ surface. In both the structural models of the silica
surface Q-ASiOZ andg-SiO,) the third shell distance is the same,
i.e., 2.61 A.

as fixed parameters. For the five-shell fit of the-1Mb catalyst

17 free parameters are needed when tkeO/distance and the
distorted tetrahedral coordination are taken as independent
parameters, whereas 17.15 are available according to the Nyquist
theorem Ak = 2.5-11 A~1, AR=0.7-3.5 A).
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4.2.3. V+*Mgypport Distances from the EXAFS Analysis
Compared to Reference Compoundshe V---Si distance
observed for our 1¥#Si sample (2.61 A) is shorter than the
V-+-Si distance reported for SIOVOL(V+-Si = 3.13 A, on
the basis of EXAFS). XRD measurements on the reference
compounds VO(OSiR)s and VOCI(QSiBuy)]s showed V-+
Si distances of 3.3 and 3.13 A, respectivé#y354The different

substituents around vanadium in the compounds discussed VO(OR);

above, compared to our catalyst, can explain the shorteBV
distance (0.50.7 A). The substituents of the reference com-
pounds are all larger than a single oxygen atom. One can
imagine that it is not possible for the vanadium to get close to
the silicon atom due to steric hindrance. For the other supports
reference crystalline compounds show that the shortest V
Msupportdistance is 2.91 A for Nbve) ~3.68 A for Zr\,0;,
and~3.33 A for AIV0,.55-5° For all catalysts under investiga-
tion the V-+-Mgypport distance is shorter than those for the
reference compounds. In the case of AlVthe Al-O bond
distances are much larger than that in $hal O3 used for our
model, explaining the larger AtV distance in the reference
compound. For 1¥Nb the Nb-O bond was much longer in
the NbVQ; (~2.3 A) crystal than that in the NBs support
(1.89 A) as well. For 1¥-Zr, however, the ZrO distance in

the model was similar to the distance in Z20¥. In that case

the longer V--Zr distance can partly be explained by a longer
V—0 distance in Zry0; (2.06 A), compared to the EXAFS
results.

4.2.4. Support Catiorversus Vanadium Scatterer in the
Higher ShellsAlthough polymeric species are not expected on
a silica support according to the literatdféone could argue
whether the third shell in the 1VSi fit is due to a support

J. Phys. Chem. B, Vol. 110, No. 29, 20064321

TABLE 7: Chemical Shift in 5V NMR as a Function of the
Number of Chlorine Atoms Attached to Vanadium

o(°V) (ppm)

R = Me’677 R = Et7 R= ipr77 R= iBu77
VOCl; 0 0 0 0
VOCI,OR —290 —300 —309 —288
VOCI(OR), —414 —506 —478
—458 —443 —630 —538

aValue obtained for sample in tetrahydrofuran.

more than 2-fold symmetry was present. Furthermore, they
mentioned that there is no suitable reference compound available
to check their suggestion for such a molecular structure. Wachs
and co-workers came to the same conclusion for a silica-
supported vanadium oxide catal§3tn that case they compared
the chemical shifts of their supported vanadium oxide catalysts
with two reference compounds ([E8i0]3VO and [(c-GH11)7-
(Siz012)VO],). The chemical shifts of the catalyst and the
reference compounds match each other, indicating that the
vanadium has a 4-fold coordination environmé3, symmetry,

and three \-O—Si bonds.

It is generally known that the chemical shift in NMR is
determined by the atoms surrounding the vanadium atom. The
first coordination shell will have a profound influence on the
value of the chemical shift; however, the second and higher-
coordination shells will influence the chemical shift as well.
Therefore one can expect that the chemical shift changes with
the number of Si atoms around the vanadium atom, as suggested
by Wachs and co-workefS.Indeed, Lapina et al. have studied
the chemical shift for vanadium compounds with varying silicon
coordination environments. These authors have shown that the

cation or a neighboring V scatterer. A neighboring V scatterer cnemical shift for (SiO)VOG], with one bond to the support,
is expected to be present, when dimeric, polymeric, or crystalline js much lower 0iso = —295 ppm) than those for the silica-
vanadium oxide species are present on the catalyst surface O5upported vanadium oxide catalysts{ = —710 ppm) and
in the case that monomeric species are placed very close togethefeference compoundsi{, = —736 ppm andis, = —714 ppm,
at the surface. If two monomers were close together, then therespectively) reported by Wachs and co-worl&f§However,
distance between two “neighboring” vanadium atoms would be a5 s jllustrated in Table 7, it has to be mentioned that the
6.6 A for the classical model with three support bofti$his chemical shift of (SiO)VOGIseems to be influenced profoundly
distance is so large that it cannot be observed in our EXAFS by the number of chlorine ligands and less by the number of
data. silicon ligands. In other words, the influence of the number of
In a recent paper by our group we have shown with an silicon neighbors on the chemical shift is not entirely clear.
extensive analysis of the EXAFS data that on a low loaded However, severe treatment may have led to some structural
alumina-supported vanadium oxide catalyst no\W/scatterer changes, enabling the three bonds to the surface.
pair is present! When the Si scatterer was replaced by a V. went et aP observe a very short0 bond in their Raman
scatterer in the three-shell fit a very short distance of 2.26 A spectra, which resembles the=@ in VOCl;. They conclude
was observed. In dimeric and polymeric species theW that a species with three-YO-support bonds is present on the
distance is much larger as is shown by the following literature SjQ, surface, since VOGlhasCs, symmetry. Went et al. even
results. The V--V distance in a polymeric vanadium oxide suggest four bonds (bond ordefl) to the support for a titania-
species is around 3.8 A, according to Céhtor magnesium  supported vanadium oxide catalyst, even though they realize
divanadate (MgV207), where vanadium is present as a dimer that the number of V-O—Mgypportbonds cannot be determined
and has a 4-fold oxygen coordination, the-¥ distance is  with Raman spectroscoy.Anpo et al?! mention that the
3.42 A%2 For ammonium monovanadate (MWWDs), where amount of VOC} deposited via chemical vapor deposition
vanadium is organized in chains, the-W distance is 3.43 &3 (CVD) on the SiQ surface can be monitored with UV (charge
and in vanadium pentoxide {®s), with pentacoordinated  transition of 3~ — V5) and IR (OH vibration) spectroscopies.
vanadium, the smallest-¥V distance is 3.08 &4 The results The formation of HCI during the reaction indicates that
show that the low loaded Siupported catalyst does not vanadium is anchored to the surface via-®—Si bonds.
contain a V++V scatterer pair, which is in total agreement with  Unfortunately, the authors did not link the amount of HCI
the Raman data presented above. formed during reaction and calcination nor the amount of OH
4.3. Plausible Models for the Interfacial Structure of VO, groups disappearing to the amount of vanadium present and
Clusters on Oxidic Supports.4.3.1. Bidence for the Classical  thus did not prove unambiguously that the number efG~
Model. Combined NMR and Raman data on Fi€upported Msupportbonds is three.
vanadium oxide led Eckert and Waéhgo conclude that a 4.3.2. Comments on the Classical Model and Alterreati
compound of the @-type is present, i.e., (FO—)3V=0, Models.Various researchers, however, oppose the idea of three
although their NMR data only suggested that a species with bonds to the surfac®:2427.68 Both Rice et al. and Kéraen et
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Figure 11. (A) IR and (B) Raman spectra of the OH region of-28i recorded in the in situ EXAFS cell under a flow of He/(a) dehydrated
at 700 K and (b) after cooling to 77 K.

al. have shown that the amount of HCI and propanol released O,—Msyppor It is important to indicate that the Raman spectrum
per vanadium atom upon anchoring of a vanadium precursor toin the region between 1100 and 800 ¢nafter cooling to 77 K

the silica support is significantly lower than thr&e26 Their remained almost unaltered, the only change being the shift of
experiments indicate that the vanadium oxide unit is attached the V=0 vibration from 1046 to 1035 cm. Thus, small traces

to the support with one or two bonds. Inumaru et al. even claim of water present in the EXAFS measurement cell may be
that it is impossible to reach the state with three bonds to the responsible for the partial rehydration of the catalyst material
support due to steric hindranéeRecently, Gijzeman et al.  leading to the formation of one or two-MOH groups, although
proposed a model with one-YO—Mgygportbond to explain the the overall molecular structure of the supported vanadium oxide
temperature dependence of the=® Raman stretch vibration  species with one ¥O bond and one ¥ Op—Msypport bond
frequency of 1 wt % vanadium oxide catalysts supported on remained unaltered.

silica and niobi&? Density functional theory calculations Finally, several structural models where vanadium is attached
illustrated that the energy of formation was significantly lower with three bonds to the surface of the support were investigated
for the umbrella model than that for the classical médel with Ceriug. Possible V--Msupport distances were determined

vanadium oxide species with only one bond to the surface haswith Ceriug, with the V—O distances according to the EXAFS
been reported for SIOVOgbased on EXAFS analyst4:2544 results for the ¥=0Opy and V-0 shells (Table 3). It was
Furthermore, a similar molecular structure has been reportedimpossible to adjust all three- MO—Mgpporbonds in the Cerilfs
for supported rhenium oxide catalygfs’? model to the distance obtained with EXAFS. In most cases the
In our previous study we have examined the structure of a 1 V--Mgypportdistance determined with the Cerdumodels was
wt % alumina-supported vanadium oxide catalyst. The molecular too short compared to the EXAFS results. Only for Z®
structure of the V@ cluster (one ¥=0O bond of 1.58 A and (classic) two V+*Mgypporidistances were longer than the distance
three V-0 bonds of 1.72 A) was determined with EXAFS obtained from EXAFS, and for the MBs-A (classic) all three
spectroscopy. Moreover, the EXAFS analysis allowed us to V-:-Mgyppordistances were longer. One could argue that for the
establish the position of the vanadium atom relative to the ZrO,-B model the average distance is 3.23 A, which is close to
alumina support O anions and Al cations, resulting in a proposal the distance obtained with EXAFS. However, the difference

for the interfacial geometry, including only one~\D,—Al bond between the three values is so large that these should be easily
and several other support contributions to the EXAFS spec- separated with EXAFS.
trum2” These considerations make it clear that the classical model

Unfortunately, EXAFS does not give detailed information on could not be accommodated on the support surfaces, except
the exact state of the other two\D single bonds. We can  major surface restructuring is taking place. It has to be
neither detect a possible bond between the two oxygen atomsemphasized that the EXAFS measurements are carried out at
from the V-0 single bonds as suggested by Gijzeman et al. in liquid nitrogen temperatures, which may have resulted in the
the peroxo containing umbrella mod@lInor is it possible to adsorption of traces of water. However, at high temperatures
observe the possible presence of hydrogen atomdQM), as surface reconstruction may take place, enabling the formation
already discussed in our paper on alumina-supported vanadiumof a VO, cluster with three bonds to the support. Possible
oxide catalyst3227To evaluate the possible presence efOH mechanisms of reconstructions and the influence of the vana-
bands, IR and Raman spectroscopies have been applied in a@ium thereupon are, to our best knowledge, unknown. Therefore,
separate set of experiments on identical catalyst wafers andwe chose to use the original atom positions obtained from the
measured in the same EXAFS in situ measurement cell, but of crystalline oxide structures produced with Cefiudoreover,
course equipped with different spectral windows. The catalyst the presence of a Si scatterer at 2.61 A was unambiguously
samples were first measured just after dehydration at 700 K established with EXAFS alone. This excludes a necessary
and later on after cooling to 77 K, the temperature at which the surface reconstruction at least for 1+'@i.

EXAFS spectra described in this work and our previous gaper Without a surface reconstruction formation of a surface
have been measured. The results for the-5V catalyst are species with two bonds to the silica surface is impossible, taking
given in Figure 11. Both IR and Raman reveal one single and into consideration the short-vO distances of 1.77 A observed
intense band at 3738 crh which is commonly assigned to a  with EXAFS. The V-0 distances from the twoO—Si bonds
Si—OH vibration. After the sample was cooled to 77 K an obtained from Ceritiswere ~2.12 A, which is too long, and
additional sharp band was detected centered at 3668 vhich the V---Si distances were about 2.45 A, which is too short.
can be assigned to a-YOH vibration. In other words, a very  However, additional experimental proof will be required to
plausible surface species under the experimental conditionsdiscard the molecular structure with two bonds to the supporting
applied has the following molecular structure:=8(OH),— oxide as a viable vanadium oxide surface species. Therefore,
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TABLE Al: Crystallographic Data and the Input Zr0; is tetrahedral coordinated. One=D bond of 1.58 A and
Parameters for FEFF 8 Used To Create the Theoretical three V-0 bonds with distances ranging from 1.72 to 1.77 A
Fszngi?trgrrg;epglilres for the V=0, the V=Msuppor, and the V=V have been detected. It was demonstrated that higher shells have
to be included in the EXAFS data analysis to fit the data
a;girp Jg:ﬁ;‘;’;ﬁ of N (E) o2 (:\’/) (‘;/\i/) & properly and to elucidate the interfacial geometry of vanadium

supported on AlO3;, SiO,, NbOs, and ZrQ. For the 1\-Si
v-0 NavOo, 75 4 169% 0004-22 1 084 sample it has been unequivocally demonstrated that only one

V—Nb 1 300 O 0 1 0.80 . . . . .
V—Si 1 300 O 0 1 080 Si scatterer is present in the third shell at 2.61 A, showmg that
V—Zr 1 300 O 0 1 0.80 the VOq cluster is anchored to the surface of the S80pport

V-V 1 300 O 0 1 0.80 via one \-0,—Si bond. The EXAFS results combined with

all Ceriug models should be envisaged as plausible structures structural modeling using Ceritisoftware lead to one unique

to accommodate the umbrella V@nit and enabling to fit the  V—Op—Msypporinteraction for all investigated supports, where
higher shells of the EXAFS data. By no means, they can be the exact -0, and the V+-Msypportdistances depend on the
seen as exclusive solutions simply because no detailed structuratype of oxidic support. The data presented in this paper show
information on amorphous silica, niobia, or zirconia is currently that the umbrella model proposed for supported monomeric
available. However, the EXAFS data analysis results together vanadium oxide catalysts is viable for the low loaded supported
with the Cerius models for all supports suggest an interfacial vanadium oxide catalysts studied in this paper. Additional IR
structure in which the vanadium oxide cluster is attached to and Raman spectra measured under almost identical conditions
the surface with only one YO—Msypportbond, showing that  as those of the EXAFS measurements reveal the presence of
the umbrella model is viable for all Supports under inVeStigation V—0OH groups, Suggesting that a p|ausib|e surface Species on

and under the measurement conditions applied. the supports under investigation is of the types\@OH),—
luding R K Op—Msupport Further experimental and theoretical studies will
5. Concluding Remarks verify if this molecular structure is indeed representing the state

Raman, XANES, and EXAFS showed that after dehydration of supported vanadium oxide catalysts (under reaction condi-
1 wt % vanadium oxide supported on,®ks, SiO,, Nb,Os, and tions) and may explain metal oxide support effects observed in
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Figure Al. Graphical representation of the structural models obtained with Cdduthe SiGQ support: (a) thes-SiOx(111) plane, (b) top view
of the 5-SiO,(111) plane, (c) thex-SiO,(100) plane, and (d) top view of the-SiO,(100) plane.
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Figure A3. k-Weighted Fourier transform of the difference file (Raw
— Op) — Op) Ak = 2.5-8 A1, containing the AXAFS at a lovR
value and nonseparable higher-shell contributions, and the difference
file for the higher shells (- - -), @} + Ow) + O) + Sie) + Oy, obtained

a 5 from the a-SiO, model.
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Figure A2. (a)k-Weighted Fourier transformik = 2.5-11 A-?) of Acknowledgment. The EXAFS work at the HASYLAB
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thea-SiO,(100) plane. (bk!-Weighted Fourier transform of the residue  financial support from the NRSCC, NWO/CW-Van der Leeuw,

(Raw — total fit) Ak = 2.5-8 A2, containing the AXAFS at a lowR NWO/CW-VICI, and a EU-COST D15 program.
value and nonseparable higher-shell contributions. The residue indicates

the absence of a nonfitted contribution for the umbrella model on top

of the (100) plane ofi-SiO; for 0.7 < R < ~4 A. Appendices
TABLE A2: Interatomic Distances and Coordination . Appendix 1. Reference Compounds and FEFF 8 C_alcula-
Numbers for the a-SiO,(100)-Supported VQ, Molecule, tions. Data for the V-O and \**-Msuppor Phase shift and
Obtained from the Model Produced with Cerius? backscattering amplitude were obtained from calculations with
73 i i
VO, supported on the (100) surfacemfSio, the FEFF 8 codé?73 The scattering potentials are calculated

by overlapping free atom electron densities within the well-
known muffin-tin approximation. In this study, the Heein
Lundqvist (HL) potential* was used to calculate the phase shift
V=0 1.58 é and backscattering amplitude. The theoretical¥ reference

coordination
atom pair distance (A) number

x:-%i %y 1 was calibrated with the experimental N&®, EXAFS data using
VO 284 1 an R-space fit. The input parameters of the FEFF8 code were
V-0 3.28 1 adjusted until the experimental reference was fitted witi?

Ve Si 3.93 4.14 2 = 0 andAE, = 0, and the distanceR(= 1.696 A) and the
V-0 4.07 4.55 4.66 5

coordination number (CN= 4) agree with the crystallographic
data’ This resulted in a theoretical reference with a larger
k-range than that of the experimental data. The reference spectra
selective oxidation and oxidative dehydrogenation reactions. In were measured at room temperature; the sample was measured
any case, the described experiments also reveal that the appliect liquid nitrogen temperature. This means that, besides a
measurement conditions clearly affect the molecular structure difference in structural disorder, a temperature effect has to be
of supported vanadium oxides making detailed comparisonsincluded in the difference in the Deby&Valler factor Ac?)
between the many spectroscopic results available in the literaturebetween the sample and the reference as obtained in the EXAFS
far from trivial. data analysis. For the-¥Msypporrand V-++V scatterer pair the

4.72 4.78

TABLE A3: Structural Parameters from All R-Space Fits of the Experimental EXAFS Ak = 2.5-11; AR = 0.7-4.0) for
Sample 1\-Si

variances
imaginary absolute
fit scattering pair CR Re(A) Ag?d AE® Nired Y part part
V=0, 1n 1.58 —0.00274 10.76
V—0p) 3 1.77 —0.00156 0.07
V+++Si@g) 1n 2.61 0.0119 —0.16
seven shellg-SiO, VO 1n 2.96 0.00200 8.38 19.8 20 1.5 1.3
V:++-Os) 1n 3.16 0.00200 8.38
V+++Si) 2n 3.98 0.00768 —0.16
V++-O) 5n 4.38 0.0350 —13.18

2 A seven-shell fit based on tle SiO,(100)-supported umbrella modéICN is the coordination numbetR is the distance? Ac? is the Debye-
Waller factor, i.e. disorder Ey is the inner potentiall Nyee is the maximum number of free parameters according to the Nyquist the®imis
the number of parameters used in the fithese parameters are fixed during the fit.
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distance between the vanadium (absorber) atom and the scatterer (31) Vaarkamp, M., Linders, J. C., Koningsberger, DP8ysica BL995

atom (Nb, Si, Zr, or V) was set to 3.00 A. Th¢k)-functions
were calculated fork = 0 A=1 to k = 20 AL Suitable

experimental reference compounds were not available to us for

208/209 159.

(32) Koningsberger, D. C.; Mojet, B. L.; Dorssen, G. E. v.; Ramaker,
D. E. Top. Catal.200Q 10, 143.

(33) Ceriug, version 3.5; Molecular Simulations, Inc.: San Diego, CA,

calibration purposes. The input parameters used to calculate thel997.

theoretical references are listed in Table Al.
Appendix 2. Structural Models of SiO, Surfaces.Figure

(34) Ferreira, M. L.; Volpe, MJ. Mol. Catal. A: Chem2002 184
349.
(35) de Leeuw, N. H.; Higgins, F. M.; Parker, S. L.Phys. Chem. B

Al shows the graphical representations of two structural models 1999 103 1270.

obtained with Ceriusfor the SiQ support surface.
Appendix 3. Fit for 1V —Si Based on the Ceriud Model

for the VO4 Molecule Supported on the (100) Surface of
a-SiO,. The same procedure as described in detail for thg VO
supported on the (111) surface @SiO, was followed for a
model ono-quartz (100). The final fit and residue are shown
in Figure A2, and the fit parameters are included in Table A3.
This fit is of the same quality as that fgf-quartz-(111)-
supported VQ. The variances for the imaginary (1.5) and

(36) Gruehn, RJ. Less-Common Me1966 11, 119.

(37) Delgass, W. N.; Haller, G. L.; Kellerman, R.; Lunsford, J. H.
Spectroscopy in Heterogeneous Catalygtsademic Press: New York,
1979.

(38) Zheng, X.; Fu, W.; Albin, S.; Wise, K. L.; Javey, A.; Cooper, J. B.
Appl. Spectrosc2001, 55, 382.

(39) Hardcastle, F. D.; Wachs, I. B. Phys. Chem1991, 95, 5031.

(40) Frost, R. L.; Erickson, K. L.; Weier, M. L.; Carmody, O.
Spectrochim. Acta. Part 2005 61, 829.

(41) Gao, X.; Jehng, J.-M.; Wachs, I. E. Catal. 2002 209, 43.

(42) Baltes, M.; Cassiers, K.; Van der Voort, P.; Weckhuysen, B. M.;
Schoonheydt, R. A.; Vansant, E. ¥. Catal. 2001, 197, 160.

absolute (1.3) part are in the same range. However, when the  (43) wong, J.; Lytle, F. W.; Messmer, R. P.; Maylotte, D. Phys.

FT of the fit for (Siz) + Ou) + O) + Sie) + Oy is compared
to the FT of Raw— Oy — O, Figure A3, one can see that
the fit of the higher shells for the-quartz model is deviating
from the data more than the fit for tiquartz.
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