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Application of AXAFS Spectroscopy to Transition-Metal Oxides: Influence
of the Nearest and Next Nearest Neighbour Shells in Vanadium Oxides**

Daphne E. Keller, Bert M. Weckhuysen,* and Diek C. Koningsberger*!!

Abstract: The influence of changes in
coordination number, interatomic dis-
tances, and oxidation state on the in-
tensity and centroid position of the
Fourier transform (FT) of the atomic
X-ray  absorption fine structure
(AXAFS) peak of vanadium oxide
bulk model compounds and alumina-
supported vanadium oxide clusters has
been investigated. Using Na;VO, and
V,05 as model compounds, it has been
shown that the nearest neighbour shells

AXAFS intensity; specifically, a 40 %
decrease in intensity was observed be-
tween these two compounds. Secondly,
the influence of partial reduction of the
vanadium oxide species has been deter-
mined; this led to a 50% decrease in
the AXAFS intensity and to an in-
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crease in the centroid position. Further-
more, the influence of the vanadium
oxide loading has been assessed. A
non-linear relationship between the va-
nadium oxide loading and the AXAFS
intensity has been found, indicating
that the AXAFS intensity is sensitive
to the formation of V-O—V bridging
bonds between the vanadium VO, clus-
ters. The results show that AXAFS can
be used to probe the relative energy
level of the vanadium valence orbitals.

have a pronounced influence on the

Introduction

Many parameters affect the catalytic properties of transi-
tion-metal oxide catalysts, for example, metal oxide loading,
pre-treatment conditions, molecular structure, electronic
structure, and the nature of the supporting oxide.l” Various
researchers have investigated the activities and selectivities
of metal oxide catalysts. However, little is known about the
parameters that are truly responsible for the catalytic action
of transition-metal oxides.

To study the effect of the support on the catalytic perfor-
mance, one has to find a tool that is capable of probing the
influence of the local environment (e.g., the support or pro-
moters) on the properties of the catalytically active species,
that is, a metal particle or metal oxide cluster. Metal-

[a] Dr. D. E. Keller, Prof. Dr. B. M. Weckhuysen,
Prof. Dr. D. C. Koningsberger
Inorganic Chemistry and Catalysis Group
Department of Chemistry, Utrecht University
P.O. Box 80083, 3508 TB Utrecht (The Netherlands)
Fax: (431)30-251-1027
E-mail: b.m.weckhuysen@chem.uu.nl

d.c.koningsberger@chem.uu.nl

[**] AXAFS: atomic X-ray absorption fine structure.
Supporting information for this article is available on the WWW

. ;
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2007, 13, 58455856

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(oxide)-support interactions can be ascribed to a structural
(particle/cluster size and shape) effect, but can also have an
electronic origin. For supported metal particles, the effect of
the support on the catalytic properties has been determined
by several techniques, for example, XPS, FI-IR analysis of
adsorbed CO, and newly developed delta XANES and
atomic XAFS (AXAFS) techniques.* ' In particular, the
application of AXAFS has, in our opinion, led to a better
understanding of metal-support interaction effects.® >l
AXAFS is sensitive to changes in the potential around
the X-ray absorbing atom. The potential field around an
atom is mainly determined by the first and second coordina-
tion spheres. O’Grady et al. have shown for Pt/Ru alloys
that the AXAFS intensity changes systematically with the
composition of the alloy." Thus, when the number of Ru
atoms around a Pt atom increases, the intensity of the FT
AXAFS peak increases and the peak centroid shifts to
lower values of R. Comparison of these effects with the ef-
fects observed for a Pt electrode as a function of the applied
voltage suggests that the first coordination shell of the Pt in
the Pt/Ru alloy influences the electronic properties (inter-
atomic potential) of the Pt atom.'®'"! The effect of changes
in the coordination around the absorber atom has been fur-
ther illustrated for Pt by van Dorssen et al., who compared
the AXAFS of a Pt foil with that of bulk Na,Pt(OH)s. The
AXAFS intensity was found to be significantly higher in the
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case of Na,Pt(OH), and the peak position was shifted to
lower values of R. The increase in intensity is due to the
fact that the Pt—O bond length in Na,Pt(OH); is shorter
than the Pt—Pt bond length in the foil, which results in more
interaction between the Pt absorber atom and the scatterer
oxygen atoms.”” The influence of bond length on the posi-
tion and intensity of the AXAFS peak has been thoroughly
discussed by Wende et al.’!! They showed that for oxygen
atoms on a Cu surface, a shorter Cu—O distance caused the
AXAFS peak to appear at lower values of R with increased
intensity.?!l

The effect on the AXAFS of next nearest neighbours,
that is, atoms two or more shells removed from the absorber
atom, has been investigated for organometallic systems and
for ions in aqueous solutions.”>?!! Tromp et al. have shown
that for para-substituted NCN-pincer Pt complexes, the
AXAFS of Pt varies with the nature of the substituent. An
electron-donating substituent (NH,) results in a higher
AXAFS intensity than an electron-withdrawing substituent
(COOH), and the peak centroid shifts to lower values of R
for the electron-withdrawing substituent.”>?! The influence
of neighbouring atoms over a longer range has been demon-
strated for Zn(OH),*” ions in basic solution. The interaction
between the zincate ion and surrounding hydrated cations
causes dramatic changes in the AXAFS as a result of
changes in the Zn—M distances and cation electronegativi-
ty. 24

AXAFS has also been applied to probe the influence of
supporting oxides (zeolites and amorphous mesoporous sup-
ports) on the electronic properties of Pt and Pd parti-
cles.® 1014155 Ty these studies, metal nanoparticles of similar
sizes were used to separate metal particle size effects from
support effects.”! It has been shown with AXAFS that the
influence of the support is exerted through changes in the
electron density on the support oxygen atoms when the sup-
port composition is altered.'” The complete density of
states (DOS) of the Pt is shifted to higher binding energy,
and the location of the 6s,p interstitial bonding orbital
(IBO) moves from the surface to the metal-support inter-
face of the Pt particles with decreasing ionicity of the sup-
port! (with decreasing electronic charge on the oxygen
atoms of the support).”® The variations in support oxygen
charge density are often the result of promotion effects or
alterations in the support cations (e.g., Si/Al ratio), and so
these are next nearest neighbour effects.® !

The results mentioned above for bulk metal systems, or-
ganometallic systems, and supported metal catalysts have
shown that AXAFS is a viable tool for probing the influence
of the local surroundings on the electronic properties of a
central atom. Although the presence of an AXAFS contri-
bution in the X-ray absorption data of oxide systems has
been established,™*” to the best of our knowledge, no sys-
tematic study of the influence of the chemical surroundings,

! Tonicity of the support (definition as used in AXAFS-related papers):
the effective electron density on the support oxygen atoms. High ionici-
ty results in electron-rich oxygen atoms.!®!
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including the effect of the support, on the AXAFS of small
metal oxide clusters has yet been carried out.

In the present work, three case studies have been used to
determine the influence of changes in the first and next
nearest neighbour shells on the AXAFS of vanadium bulk
reference compounds and alumina-supported vanadium
oxide clusters. In particular, the effects of oxidation/reduc-
tion treatments and vanadium oxide loading on the Fourier
transform AXAFS peak (both intensity and centroid posi-
tion) of alumina-supported vanadium oxide clusters have
been determined. Using atomic XAFS, it has been possible
to differentiate the effects of the formation of formal chemi-
cal bonds between VO, clusters from the sole presence of
isolated neighbouring VO, clusters.

Results

Background subtraction; isolation of the AXAFS oscilla-
tions from the atomic background: Isolation of the AXAFS
oscillations from the atomic background may be complicat-
ed. The first shell contribution for vanadium oxide samples
is found at a much shorter distance than for Pt nanoparti-
cles. Consequently, overlap between the EXAFS, AXAFS,
and possibly other contributions such as double-electron ex-
citations (DEE)??! or Ramsauer-Townsend features
(RTR)™"! makes the analysis much more difficult. This com-
plicates the isolation of the AXAFS and EXAFS contribu-
tions from the background. The presence of DEE or RTR
in the raw data cannot be excluded. When a systematic
method for background subtraction is used, the AXAFS can
be reliably and reproducibly isolated from the atomic back-
ground.

The background subtraction procedure is illustrated in
Figure 1. For all samples, the starting point of the back-
ground was chosen at the lowest possible energy after the
edge. It is very important that the start point is not so low
that the background starts to follow the edge shape, since
purely isolated atomic contributions to the spectrum are in-
corporated into the final y(k) obtained after background
subtraction. For the alumina samples, this means that the
background is started after the first small feature after the
edge rise.

The need for a continuously adjustable smoothing param-
eter (SM) is shown in Figure 1a and d for Na;VO, and 1V-
Al-D (1 wt% V,0s on Al,O;, after dehydration), respective-
ly. The peak intensities of the main EXAFS peak and the
AXAFS peak, as well as the intensity of the FT at R=0 A,
were determined for a series of different SM parameters.
Obviously, the value of SM has a significant effect on the
peak intensities. The SM parameter was varied in incre-
ments of 0.1 around a suitable value of about 10 for 1V-Al-
D. In this case, a variation in the SM parameter of roughly
1% 1is required to find the optimal value. In the case of
Na;VO,, a variation in the SM parameter of about 0.5
around a suitable value of 19.5 was required. The resulting
Fourier transforms of the EXAFS functions are shown in

Chem. Eur. J. 2007, 13, 58455856
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Figure 1. Intensity of the main EXAFS peak at R=1.2 A, and of the AXAFS peak at R=0.7 A and at R=0 A as a function of the smoothing parameter
(SM) for a) Na;VO, and b) 1V-Al-D. The SM criterion used in this work is indicated by a vertical solid line. Fourier transforms for three different SM
values, indicated by the solid (correctly smoothed), dashed (undersmoothed), and dotted (oversmoothed) vertical lines for ¢) Na;VO, and d) 1V-Al-D.

The resulting backgrounds for three SM values for e¢) Na;VO, and f) 1V-Al-D.

Figure 1b and e at three different SM values: one over-
smoothed (dotted line), one at the correct SM value (solid
line), and one undersmoothed (dashed line). The over-
smoothed spectra show considerable intensity at R=0 A.
The undersmoothed spectra show distinctly lower intensities
for the EXAFS main peak and the AXAFS peak. The cor-
responding backgrounds at the different SM factors are
shown in Figure 1c and f. The correct value of the SM pa-
rameter is indicated by a minimum value of the FT at R=
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0 A and a maximum intensity of the EXAFS and AXAFS
contributions, as indicated by the solid line in Figure 1b and
e.

Determining the influence of the nearest and next nearest
neighbours on the AXAFS of bulk and supported vanadium
oxide species: three case studies: To determine the AXAFS
contribution to the XAFS spectrum, the EXAFS part has to
be eliminated from the spectrum through fitting of the data.
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The fitting results and an extensive discussion thereof are
provided in the Supporting Information. Table 1 provides a
summary of the fitting results (interatomic distances and co-
ordination numbers), together with the catalyst codes used
throughout this paper. Details of the preparation and pre-
treatment of the catalysts are provided in the Experimental
Section.

Table 1. Sample codes together with a summary of the EXAFS fit re-
sults.

Sample Sample N R
code [A]®!
Na;VO, bulk Na;VO, V-0, 4 1.70
V,0; bulk V,05 V=04 1 1.58
V-0, 1 1.779
V=04 2 1.878
V-0, 1 2.017
V-Op 1 2.790
1V-Al-D 1wt% V,05/ALO; after dehydra- V=0, 1 1.58
tion
V-0, 3 1.72
V-Op 1 2.29
V-Aly 1 3.09
VO, 2 3.50
VO 2 432
1V-Al-R 1wt% V,05/ALO; after reduction V=0, 0.67 1.58
V-0, 211 171
V-04 1.87 198
SV-Al Swt% V,05/AlLO; V=0, 096 158
V-0, 3.02 172
V-0 103 2.10
V+Oy 100 236
VAl 093 3.07
V-V 107 3.50
V0O 097 291
10V-Al 10 wt % V,05/Al,04 V=0 096 158
V-0, 3.02 172
V0O 105 2.70
V--Aly 095 3.16
V-V 116295
VO 099 320
VO 238 345
20V-Al 20 wt % V,05/Al,0, V=0 096 158

V-0, 301 171
VeOu L1 267
VAl 095 3.16
VeV, 205 295
VO 099 320
V-0 408 356

[a] N: coordination number. [b] R: interatomic distance.

Case I: Bulk oxides: Na;VO, and V,Os: The structures of
Na;VO, and V,0s are well known from XRD data. Their
known structural parameters were used to obtain a fit for
the EXAFS data. The Fourier transform of the raw data and
the best fit for Na;VO, and V,0Os are presented in Figure 2a
and b, respectively. Schematic structures with the resulting
interatomic distances and coordination numbers are illus-
trated in Figure 2c and d. An extensive discussion of the
EXAFS data analysis is provided in the Supporting Informa-
tion.
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Figure 2. k'-weighted Fourier transforms of the experimental (k) (solid
line) and the final fit (dashed line) for a) Na,VO, (Ak=2.5-10 A~', AR=
0.8-1.5 A) and b) V,05 (Ak=2.5-10 A~!, AR=0.7-2.2 A). Schematic rep-
resentations of the final fit results: ¢c) Na;VO, and d) V,Os.

The AXAFS contributions were obtained after subtrac-
tion of the final fit from the raw data. The Fourier transform
of the residue (k', Ak=2.5-8 A1), plotted from 0 to 1 A in
Figure 3(a), shows separate AXAFS peaks for the two refer-
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Figure 3. Residue (raw - total fit), Ak=2.5-8 A", in the AXAFS region
(0<R<1A) for a) Na;VO, (solid line) and V,0s (dashed line), b) 1V-
Al-D (solid line) and 1V-Al-R (dashed line) and c) 1V-Al (solid line),
5V-Al (dashed line), 10V-Al (dotted line), and 20V-Al (dot-dashed line).

ence compounds. It can be seen that the total potential
field> around the tetrahedrally coordinated vanadium in
Na;VO, leads to a much more intense AXAFS peak than
that in the case of the square-pyramidal vanadium coordina-
tion in V,0s. The intensity increases from 0.062 to 0.101 and
the centroid position shifts to slightly lower R from 0.46 A
to 0.43 A, as listed in Table 2. Obviously, the type (number

* The total potential field depends on many parameters, including inter-
atomic distances, symmetry, and coordination. The extent to which
these parameters influence the AXAFS is dealt with in the Discussion
section.
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Table 2. AXAFS intensity and centroid position as a function of vanadium coordination, vanadium oxide
loading and pre-treatment conditions, together with average bond distances, coordination number, oxidation

state, and number of V-V neighbours.

FULL PAPER

Based on the results of
XANES, Raman, UV/Vis, and
ESR analyses, as presented in

Na,VO, V,Os IV-ALD  IV-ALR  IV-AL SV-AL - 10V-AL 20V-AL - he Supporting  Information
Taxars 0.101 0.062 0.047 0.026 0.047 0.016 0.038 0.031 we tentatively assume that not
centroid position [A] 0.43 0.46 0.46 0.50 0.46 0.42 0.45 0.46 : .
J all of the vanadium oxide clus-
(Ry—o) [A] 1.70 1.83 1.678 1796 1678 1678 1678 1678 .
CNo 4 5 4 46 4 4 4 4 ter.s in 1V—A.1—R are reducgd.
oxidation state S5+ S5+ S5+ <5+ 5+ S5+ S5+ 5+ This would imply that a mix-
Ry.y (A) - - - - - 3.5 2.95 2.95 ture of the original dehydrated
CNy - - - - 0 1 116 2.05 four-fold coordinated vanadi-

and distance) of nearest neighbour oxygen coordination has
an influence on the AXAFS intensity and centroid position.

Case II: Low-loaded alumina-supported vanadium oxide
under oxidizing and reducing conditions: 1V-Al-D and 1V-
Al-R: The fit for 1V-Al-D has been described in detail in
previous papers by our group.”! The data could be fitted
with a monomeric VO, species with one V=0 bond, two V—
O bonds, and one V—O,,~Mpon bond. The fitting results
are summarised in Figure 4a and c, in which the Fourier
transform of the raw data and the final fit are shown togeth-
er with a schematic representation of the interatomic distan-
ces and the coordination numbers obtained from the fit. The
differences between the 1V-Al-D and 1V-Al-R samples can
clearly be seen in the Fourier transforms (k' Ak=2.5-
11 A™"), which are plotted in Figure 4a and b. The obvious
dissimilarities indicate a change in vanadium oxide structure
upon reduction of the supported vanadium oxide with hy-
drogen.

um and reduced octahedrally
coordinated vanadium is pres-
ent in the hydrogen-treated vanadium oxide catalyst.

The fitting of the EXAFS data of the 1V-Al-R sample
was based upon the assumption that a mixture of two differ-
ent vanadium compounds was present in this reduced batch.
The best fit was obtained with a mixture of 70 % dehydrated
VO, and 30% reduced vanadium species and the Fourier
transform of the best fit is shown in Figure 4b. The reduced
species resembles the octahedrally coordinated V,0,, with
six oxygen neighbours at an average distance of 1.98 A.
Schematic structures based upon the final fit results are de-
picted in Figure 4d. A full discussion of the EXAFS data
analysis is provided in the Supporting Information.

The total fit was subtracted from the raw data resulting in
the difference file. Fourier transformation of the difference
file resulted in the AXAFS peaks (see Figure 3b). The
AXAFS intensity decreases upon mild reduction of the va-
nadium oxide catalyst and the centroid position increases
(see Table 2).

Case IlI: Influence of vanadi-

G um oxide loading: 5V-Al-D,

0.104 10V-Al-D and 20V-Al-D: The

< 0.054 influence of changes in the

= c) On 72A V-V coordination on the

E-ZEZ- VA N g i 4_32;,??:2\ (gﬁ AXAFS was investigated by

‘ / O %, increasing the vanadium oxide

0101 \3 sy ‘!Ai'fﬁé)"\.zm loading of the alumina-sup-

(')/ 4) (31, 3.50 A .

-0.154 b | s ported catalysts. The Fourier

0 1 ) 3 4 5 © transforms of the raw EXAFS

R(A) data and the corresponding

final fit (k', Ak=2.5-11A")

®) 0.8 % Q /QH Qa-clliom are presented in Figure Sa—c.

0.067 AN Qf\I/\QJ) The region at higher values of

e ¥ e [ L (o ¥ R, in which V-V interactions
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> oo different for each of the sam-
L .0.02- ples.

0041 \f R g During the fitting process,

0087 \ which is discussed in detail in

-0-030 z T z T . the Supporting Information, it

R (A) became clear that the basic

Figure 4. k'-weighted Fourier transforms of the experimental y(k) (solid line) and the total fit (dashed line).
a) 1V-AL-D (Ak=2.5-11 A~', AR=0.7-5.0A) and b) 1V-Al-R (Ak=2.5-11 A~', AR=0.7-2 A). Schematic
representations of the final fit results: ¢) 1V-Al-D and d) 1V-Al-R (dehydrated VO, left, reduced species
right).
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structure of each of the sam-
ples is made up of VO, units.
In 5V-Al-D, the VO, unit is
surrounded by other isolated
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Figure 5. k'-weighted Fourier transforms of the experimental y(k) (solid line) and the total fit (dashed line).
a) 5V-Al (Ak=25-11 A" AR=0.7-4.0 A), b)10V-Al (Ak=2.5-11A"', AR=0.7-4.0 A), and c)20V-Al
(Ak=2.5-11 A~', AR=0.7-4.0 A). Schematic representations of the final fit results: d) 5V-Al and e) 10V-Al
and 20V-Al Terminal H atoms have been omitted for clarity. The distances denoted in this representation are
shown as if the left vanadium atom is the absorber atom, meaning that O atoms at the same position within a
VO, cluster but belonging to the neighbouring cluster (at the right side of the diagram) have different V--O

interatomic distances.

VO, units at an average V-V distance of about 3.5 A. With
increasing vanadium oxide loading, chemical bonds are
formed between the different VO, units, resulting in a short-
er average V-V distance of about 2.95 A. Higher vanadium
oxide loading also leads to a higher V-V coordination
number, up to a maximum of two for 20V-Al-D. Schematic
structures based upon the resulting EXAFS coordination

parameters are presented in Figure 5d and e.
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The AXAFS contributions
were obtained after subtraction
of the final fit from the raw
data. The Fourier transform of
the residue (k', Ak=25-
8 A"), plotted from 0 to 1A
in Figure 3c shows the separate
AXAFS peaks for the alumi-
na-supported vanadium oxide
catalysts with loadings from
1wt% to 20 wt%. Clearly, the
vanadium oxide loading has a
profound influence on both the
AXAFS intensity and the cent-
roid position (Table 2).

Discussion

Origin of AXAFS: In most
cases, the oscillatory part
Ziowa(k) of XAFS is defined rel-
ative to an assumed smooth
“atomic  background” = (w,):
Ytotar = (Mot —Ma)/He-  In - princi-
ple, this results in a difference
spectrum between a free ab-
sorber atom and an absorber
atom in its chemical environ-
ment. However, the atomic
background y, is not necessari-
ly smooth. It may contain fea-
tures well above the absorption
edge, including white lines, res-
onances, and jumps due to
multi-electron transitions. Fur-
thermore, the atomic back-
ground p, may contain a fine
structure itself, both in mole-
cules and in condensed sys-
tems. This fine structure was
first described by Holland
etal. and is ascribed to the
scattering of the outgoing elec-
tron wave on the edge of the
embedded atom potential of
the absorber atom.”! This
effect is depicted schematically
in Figure 6. Back-scattering of

the photoelectron is resonant in nature. Thus, the back-scat-
tering amplitude of the AXAFS is enhanced when the kinet-
ic energy of the free photoelectron is equal to the energy of
the vanadium valence orbitals. The atomic background can
change when the potential around the absorber atom is al-
tered through overlap with the potentials of neighbouring
atoms causing the fine structure. The AXAFS features arise

from the difference between the free absorber atom poten-

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Schematic representation of the potentials surrounding an ab-
sorber atom. A photoelectron can scatter off the neighbouring atom po-
tentials (EXAFS) and scatter on the edge of its own embedded atom po-
tential (AXAFS).

tial and a changing embedded absorber atom potential.
Thus, the atomic absorption p, can be viewed as a combina-
tion of the atomic background of the free atom, that is, in
vacuum (P.), and the AXAFS signal (yaxars): Mo = Mreo(1 +
Zaxars). When all contributions to the absorption spectrum
are taken into account, the following expression for the
total absorption coefficient can be defined: o= tree(1 +

Kaxars)(1 4 Xexars) = Mree(1 4 Xiota)-

Background subtraction; isolation of the AXAFS oscilla-
tions from the atomic background: Previously, research has
been focused on the complete removal of the “atomic back-
ground”, that is, including the AXAFS, from the experimen-
tal data, resulting in the extraction of ygxars. The methods
of background removal are based on either removal by es-
tablished criteria or by iterative analysis.’**! In neither case
is the AXAFS part of the data in the same Fourier trans-
form as the EXAFS part of the data, which makes it diffi-
cult to determine a relationship between the separate contri-
butions to the X-ray absorption spectra. This implies that
the AXAFS should be kept in y,,, instead of in the back-
ground.

When the iterative background subtraction method is
used, detailed knowledge of the EXAFS part of the spec-
trum is presumed. In our case, however, we do not have de-
tailed information on the exact vanadium oxide structure
and support contributions to the spectrum prior to the back-
ground subtraction. Consequently, the background subtrac-
tion methods described above are not suitable for our
system.

Another background subtraction method, previously de-
scribed by Ramaker et al. for supported metal nanoparticles,
is focused on the sole removal of .. from the data.’”! This
new method makes use of a continuously adjustable smooth-
ing parameter (SM) to determine the best cubic spline back-
ground.” The original method was based on three criteria,
which are slightly adapted here for oxide systems:

1) The free-atom contribution, double-electron excitation
(DEE), and the Ramsauer-Townsend reflection (RTR)
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at low R (<0.3 A) have to be minimised; more specifi-
cally for the oxide systems, the FT has to tend towards
zero at R=0 A.

2) The main EXAFS peak at 1.2 A and the AXAFS contri-
bution at R=0.7 A remain at the highest possible inten-
sity.

3) This procedure is checked with k' and k> weighting for
different k ranges, including low k values (k=1.5A).
This ensures that no EXAFS (xexars) signal is removed
from the data.

The signal that remains at low R (0.7 A) is the difference
between the scattering for the embedded atom and the free
atom, that is, the AXAFS. The AXAFS has a long-wave-
length oscillation and high amplitude at low k values.

The method of background subtraction that has been
used in the present work is not very different from the
method described by Ramaker etal.®? Since the main
EXAFS peak is at 1.2 A for vanadium oxide, a considerably
shorter distance than the main peak in metal particles, the
AXAFS, DEE, and RTR contributions are found at shorter
distances as well. As a result, there is considerable overlap
between the different peaks. This can be clearly observed
for the EXAFS and AXAFS contribution in the FT, indicat-
ing that the separation of the different contributions to the
spectrum is not easy. The clearest criterion is that the inten-
sity has to be minimised at R=0 A, as is illustrated in Fig-
ure la and d. It does not concern overlapping peaks; it just
makes sure that no atomic background is incorporated into
the final y(k). Since the presence of DEE and RTR cannot
be excluded and these contributions may influence the in-
tensity of the peaks in the FT, it is important that back-
ground subtraction is performed consistently for all samples
under investigation. A consistent background subtraction
allows comparison of the AXAFS from different samples.

Parameters determining the potential and the FT AXAFS
peak: The exact shape and energy level of the potential of
the central vanadium atom is partly determined by the
energy of its orbitals.'” The AXAFS is related to the orbital
energy through the resonant scattering condition of the pho-
toelectron, that is, the kinetic energy of the photoelectron is
equal to the kinetic energy of the bound electron (only the
deeper localised valence orbitals are relevant for the
AXAFS scattering).® The effects determining the FT
AXAFS peak can be described using the muffin-tin approxi-
mation to approximate the embedded atom potential.
Within the muffin-tin approximation, the potential is flat
and zero in the interstitial region (R>R,,) and otherwise
equal to the sum of overlapping, spherically symmetrical po-
tentials (R<R,,). The average potential of all atoms at R,
is Vi, which determines the zero energy level or the effec-
tive bottom of the conduction band. The FT AXAFS peak is
then determined by the difference between the embedded
atom potential (V,,;,) and the truncated free atom potential
(V1ea),P which leads to the following mathematical descrip-
tion: |FT(ke*®yax)|~AV-I. Since the potential of the em-
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bedded absorber atom is influenced by its direct surround-
ings, that is, the neighbouring atoms, four parameters can in-
fluence the electronic properties of the absorber atom.

1) The average distance to the surrounding atoms: this af-
fects the interaction between the vanadium atom and its
neighbours and thus alters the shape of the coulomb tail
(i.e. roll-over).

2) The bond inductive effect, determined by the averaged
electronic properties of the neighbouring atoms (e.g.,
electronegativity). Variations in the electronic properties
of the neighbouring atoms lead to variations in V.

3) The coulomb effect, that is, variation in the electron den-
sity of the neighbouring oxygen atoms alters the cou-
lomb tail (i.e. roll-over) of the neighbouring atom poten-

tial and thus the potential of the vanadium atom. Vi,
changes as well, since the overall potential of the sur-
rounding oxygen atoms is altered.

4) Charge transfer to the vanadium atom. Charge transfer
induces variation in the vanadium atomic potential,
thereby causing changes in the roll-over and some varia-
tion in V.

The individual effects of each of these parameters on the
FT AXAFS peak intensity and centroid position are illus-
trated in Figure 7a and b, although the changes in peak in-
tensity and centroid position observed in the vanadium
oxide systems described herein suggest that several of these
parameters act at the same time. An increase in the average
distance to the neighbouring atoms, without a change in Vg,

Vanadium  Oxygen
Absorber  Scatterer
atom atom

Figure 7. Illustration of the effect of the average bond distance, the bond in

ctive effect, the coulomb effect, and charge transfer on the AXAFS intensi-

ty and centroid position. Each effect is illustrated separately, as if it were acting alone at a certain moment. a) Potential wells and b) corresponding
AXATFS for different situations: A) The average bond length (R, x A denotes an arbitrary value for the average bond length): An increase in the average
distance to neighbouring atoms, without a change in V;,, results in an decrease in AXAFS intensity since the decreased interaction is expressed in a
smaller coulomb tail. A small increase in the centroid position (R .qqia) is observed. B) The bond inductive effect (Vi,, y denotes an arbitrary value of
Vin): @ decrease in Vi, results in a lower AXAFS intensity and a decrease in Rcnoiq- C) The coulomb effect: Small changes in charge on the surrounding
oxygen atoms cause the oxygen potential to change. A slightly more positive oxygen atom (O°*) has a broader potential since the binding energy is
lower. The corresponding longer range coulomb tail and the simultaneous decrease in V;, result in a higher AXAFS intensity and a decrease in R..yoia-
D) The charge transfer effect: A slightly more negative vanadium atom (V°~) as a result of charge transfer has a more narrow potential since the binding
energy is higher and V;, increases. The corresponding shorter range coulomb tail results in a smaller AXAFS intensity and no change in Re.pyoia.!"”
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results in a decrease in FT AXAFS peak intensity since the
decreased interaction is expressed in a smaller coulomb tail.
A small increase in the centroid position (R nuoiq) 1S Ob-
served (Figure 7A). When V,, is lowered, the FT AXAFS
peak intensity decreases and R....qq decreases as well (Fig-
ure 7B). Small variations in the charge on the surrounding
oxygen atoms lead to variation in the oxygen potential. A
slightly more positive oxygen atom (O°*) has a broader po-
tential since the binding energy is lower. The corresponding
long-range coulomb tail and the simultaneous decrease in
Vi result in a higher FT AXAFS peak intensity and a de-
crease in R uoiq (Figure 7C). A slightly more negative vana-
dium atom (V°7) as a result of charge transfer has a narrow-
er potential since the binding energy is higher and V,, in-
creases. The corresponding shorter range coulomb tail re-
sults in a smaller FT AXAFS peak intensity and no change
in Reepoa (Figure 7D).10

Influence of changes in the nearest and next nearest neigh-
bour coordinations on the FT AXAFS peak: The origin of
changes in the AXAFS intensity and centroid position can
be straightforward. In many cases, however, a two-fold or
three-fold approach is needed to explain the observed ef-
fects. Although it may be possible to determine a dominant
effect in some of the cases discussed below, one has to be
aware of the fact that the changes in the AXAFS intensity
and the centroid position due to this effect may not explain
the observed trends. This is simply because either the
AXAFS intensity or the centroid position may move in the
opposite direction to that expected on the basis of the domi-
nant effect (see Figure 7). In the following, we attempt to
combine the data from AXAFS spectroscopy with known or
measured structural data to determine the parameters that
play a role in the AXAFS of vanadium oxide species.

Oxygen coordination: Table 2 summarises the changes in
the FT AXAFS peak together with relevant parameters for
the samples under investigation. Comparing the AXAFS for
V,0s with that for Na;VO,, a decrease in intensity and a
small increase in the centroid position are observed (Fig-
ure 3a). The oxidation state of the vanadium atoms is the
same, so the difference in AXAFS cannot be attributed to a
change in the number of electrons in the vanadium d orbi-
tals. The small increase in the centroid position can only be
explained by an increase in Vi, which is probably caused by
the change in the number of oxygen neighbours (from four
to five) and their relative position with respect to the central
vanadium atom. An increase in V, should also result in an
increase in the AXAFS intensity. However, the intensity de-
creases, implying that the change in Vi, is not the only
effect determining the AXAFS in this case. The intensity in-
crease caused by the change in Vi, is compensated, indeed
overcompensated, by a decrease in the roll-over of the po-
tential. This decrease may be attributed to a diminished in-
teraction between the vanadium atom and the surrounding
oxygen atoms as a result of a longer average V—O bond dis-
tance: 1.70 A for Na,VO, and 1.83 A for V,0s.
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Average oxidation state: Upon (partial) reduction, the
AXAFS intensity decreases and the centroid position moves
to higher values of R (Figure 3b). The increased centroid po-
sition can again only be explained in terms of an increase in
Vi This increase in Vi, is caused by both the change in
average oxidation state and the change in the number and
position of the neighbouring oxygen atoms. The expected
accompanying increase in AXAFS intensity may be partially
compensated by the decrease in roll-over. This decrease in
roll-over results from both the increase in the average V—O
distance (from 1.678 A to 1.796 A) and the lowering of the
average oxidation state of the central vanadium atom. The
lower oxidation state moves the potential well of the vanadi-
um upwards, diminishing its width at the truncation position,
thereby explaining the decrease in AXAFS intensity.

Vanadium oxide loading: With an increasing amount of va-
nadium oxide on the support surface, no alteration in the
first oxygen coordination shell is observed. Both the coordi-
nation number and the average bond distance remain the
same for all of the samples under investigation. The oxida-
tion state is also the same (V°") for all of the samples. The
AXAFS intensity and centroid position, however, are clearly
affected by the vanadium oxide loading (Figure 3c). An ini-
tial decrease in both intensity and centroid position is ob-
served for SV-Al, which is followed by an increase in these
parameters when the loading is further increased (10V-Al
and 20V-Al), as summarised in Table 2.

A V-V coordination appears in the EXAFS when the va-
nadium oxide loading is increased. Both the V-V distance
and the coordination number are a function of the vanadium
oxide loading. The observation of a much larger V-V dis-
tance for the 5V-Al sample may account for the dip in inten-
sity and centroid position. The distance is too large for the
formation of a V—O—V bridge, which implies that the
change in the AXAFS is the result of a more elaborate
mechanism (see Figure 8). The lower centroid position is the
result of a decreased Vi, value. At 5 wt% vanadium oxide
loading, the alumina surface is almost entirely covered with
monomeric vanadium oxide clusters. These clusters may
alter the properties of the support material, that is, the elec-
tron density of the support oxygen atoms, and thus influence
the other vanadium oxide clusters by way of a promoter-like
mechanism. A lower centroid position is caused by a de-
crease in Vi, and a decreased intensity is presumably caused
by a decline in the roll-over. These effects can only be ex-

0]

[ M,

O'VV\““O " W~o
0 0

I I
Al

Al
\o/

Figure 8. Mechanism of the influence of a neighbouring VO, unit on the
electron density of support oxygen atoms and vanadium atoms. Since one
cluster influences the other and vice versa, the arrows indicating the di-
rection of interaction are drawn in both directions.
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plained when a combination of two mechanisms is consid-
ered: changes in the electron densities of both the support
oxygen atoms and the central vanadium atom. An increase
in the oxygen electron density (O®") results in a smaller roll-
over and a higher V,,, value. Consequently, O°~ accounts for
an increase in centroid position and a decline in AXAFS in-
tensity. Thus, the alteration in the FT of the AXAFS is
indeed not solely determined by the electron density of the
support oxygen. A decrease in electron density on the vana-
dium atom itself (V) results in a lower V;,, and a decrease
in the roll-over. When these effects are operative at the
same time, the roll-over will diminish considerably whereas
there will be competition between the two opposing effects
on V. The net result is a lowering of V;,, and a decreased
roll-over, effects that are manifested in a substantially lower
AXAFS intensity and a centroid position at a lower value of
R.

When the loading is increased further, increases in both
the AXAFS intensity and the centroid position are ob-
served. The V-V bond length of 2.95 A for the 10V-Al
sample implies the formation of a V-O—V bridge in this
case. As a result, the neighbouring vanadium atom can di-
rectly influence the central vanadium atom through this
bridge. This implies a diminished influence of the support
on the electronic properties of the vanadium. Again, a com-
bination of at least two mechanisms is needed to explain the
resulting AXAFS. Presumably, the bridging oxygen has a
slightly lower electron density (O°F), resulting in a lower
Vi and increased roll-over. Concomitantly, the electron
density on the vanadium increases compared to that in the
case of 5V-Al, thereby causing a higher V;,, value and larger
roll-over.

The last step is the formation of multiple layers of vanadi-
um oxide at 20 wt %, that is, not all vanadium oxide clusters
are in direct contact with the support material because a
polymeric monolayer is exceeded (Table 3). In this case, the
intensity of the AXAFS decreases a little, while the centroid
position increases further. Less influence of the support re-
sults in a decrease in V;, and less roll-over. However, a V—
O—V bond is still present, which causes a higher V,, and a
larger roll-over. The net result of these opposing effects is
again a larger Vi, and slightly less roll-over.

AXAFS spectroscopy as a tool to probe changes in the
energy level of the vanadium valence orbitals: In principle,
AXAFS can be used to probe the energy level of the vana-
dium valence orbitals, as has been shown for the d-band po-
sition in metal particles."”) For vanadium oxide species, it

Table 3. Sample name and loading together with relative monolayer coverages; catalyst loadings are compared

to monomeric (2.3 VO,/nm?) and polymeric monolayers (7.5 VO,/nm?).1*”)

has been found that a combination of two or more changing
parameters is needed to explain the variations in the
AXAFS. In several situations, the changes in AXAFS inten-
sity and centroid position have only been explicable by as-
suming changes in the potential well of the vanadium atom,
that is, changes in the energy level of the valence orbitals of
vanadium. However, it may be difficult to distinguish be-
tween different effects, since coordination numbers and dis-
tances also play an important role.

Conclusion

The effect of the nearest and next nearest neighbouring
atoms on the AXAFS of vanadium has been determined for
both bulk and supported vanadium oxide species. Using
Na;VO, and V,0s as model compounds, it was shown that
the first shell oxygen coordination number and distances
have a pronounced influence on the AXAFS intensity; spe-
cifically, a 40% decrease in intensity was observed between
these two compounds. Secondly, the influence of partial re-
duction of the vanadium oxide species has been determined;
this resulted in a 50 % decrease in intensity and an increase
in centroid position because of a higher electron density on
the vanadium atom. Furthermore, the influence of the vana-
dium oxide loading has been investigated. A nonlinear rela-
tionship between loading and AXAFS intensity was found,
indicating that AXAFS is sensitive to both the formation of
a monomeric monolayer and the formation of V-O—-V
bridging bonds between the VO, clusters at higher loadings.
Moreover, AXAFS is related to the relative energy level of
the vanadium valence orbitals, and this has been shown to
change as a function of the nearest and next nearest neigh-
bours.

AXAFS can be useful in determining the electronic prop-
erties of vanadium oxide species. It can provide information
on the relative energy levels of the vanadium valence orbi-
tals, which may sometimes be linked to the exact energy
level. It may be difficult to distinguish between the different
effects that are operative and isolation of the AXAFS signal
is not always straightforward. However, a means of ranking
vanadium oxide species on the basis of their electronic prop-
erties may prove useful in several fields, not least in catalysis.

Experimental Section

Catalyst preparation: The Al,O;-supported vanadium oxide catalysts
were prepared using y-AlL,O; (prepared in-house, Sppr=165m’g™,
Vore=035mLg™"). The ALO; sup-
port was prepared by the sol-gel

method.® The series of catalysts was

Sample Sample Loading VO, % Monomeric % Polymeric ~ prepared by incipient wetness im-
name per nm? monolayer monolayer pregnation with an NH,VO; (Merck,
1V-Al 1wt% V,04/ALO; 0430 533 p.Z?.) solutton with oxalic acid (Bro<.:a—
SV-Al 5wt% V,04ALO, 215 8.1 cef, 99.25/? pure).. Table 3 coptams
10V-Al 10 wt% V,04/ALO, 467 203 623 S}?me p}l‘ys‘COChzmlc.al properties Of
20V-Al 20 Wt% V,0/ALO, 109 474 145 the catalysts under investigation, to

gether with the catalyst code names
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used throughout this paper. The catalysts were dried for one night at
room temperature and then for one night at 393 K and thereafter they
were calcined at 773 K for 3 h. This resulted in a series of catalysts with
loadings ranging from 0.43 VO, per nm® to 10.9 VO, per nm’.

Oxidation and reduction treatments: The dehydration (D) and reduction
(R) pre-treatments to which 1V-Al was subjected were carried out in a
special cell with quartz windows that enabled Raman measurements at
room temperature under a controlled atmosphere.’”” The dehydration
pre-treatment was performed at 723 K in pure O, (40 mLmin ") for 3 h.
The catalyst pre-treated in this way is denoted as 1V-Al-D in this paper.
The reduction pre-treatment was performed after the dehydration pre-
treatment. Prior to the reduction treatment, the sample was flushed with
N, (90 mLmin") at 723 K for 30 min; it was then reduced at 723 K for
30 min in a 10% Hy/N, flow of 100 mLmin~'. The hydrogen pre-treated
catalyst is denoted as 1V-AI-R in this paper. In the EXAFS cell, the de-
hydration pre-treatment was carried out at 623 K in a 2.5% O,/He flow
for 2 h and the reduction pre-treatment was performed after the dehydra-
tion treatment at 723 K for 30 min in a 10% H,/He flow (100 mLmin™").
The sample compartment was flushed with He for 15 min prior to the re-
duction. All more highly loaded catalysts were dehydrated at 623 K in a
2.5% O,/He flow for 2 h.

Raman and UV/Vis diffuse reflectance spectroscopic measurements: A
special cell with quartz windows was used to permit Raman measure-
ments on the 1V-Al pre-treated samples. The Raman spectrum (exposure
time 50 s; 50 accumulations) was collected at room temperature using a
Kaiser RXN spectrometer equipped with a 532 nm diode laser. A 5.5¢
non-contact objective was used for beam focusing and collection of the
scattered radiation.

UV/Vis diffuse reflectance spectra of 1V-Al in the range 200-2200 nm
were measured at room temperature after the pre-treatments using a
Varian Cary 500 UV-Vis-NIR spectrometer. This set-up was equipped
with a diffuse reflectance accessory, which was set to collect diffuse re-
flected light only. The spectrum was scanned with an averaging time of
0.1's, a data interval of 1 nm, and a scan rate of 600 nmmin '. Baseline
correction was performed by using a white Halon standard.

XAFS spectroscopy: XAFS experiments on the alumina-supported vana-
dium oxide catalysts were carried out at beamline E4 in Hasylab (Ham-
burg, Germany) using an Si(111) monochromator. The measurements
were performed in fluorescence mode, using an ion chamber filled with
400 mbar N, to determine I,. The detector was a seven-element solid-
state (SiLi) detector. The monochromator 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 on samples in
an in situ cell with Kapton windows. Details of the cell design can be
found elsewhere.”® Data were collected from the 1V-Al samples at 77 K
after dehydration and reduction pre-treatments and those from four
scans were averaged. The more highly loaded catalysts were analysed
after dehydration treatment at 77 K and typically one scan was used for
analysis.

EXAFS data analysis was carried out using the XDAP protocol devel-
oped by Vaarkamp et al.® The background was subtracted employing
cubic spline routines with a continuously adjustable smoothing parame-
ter.® This led to the normalised oscillatory part of the XAFS data, for
which all contributions to the spectrum, including the AXAFS, were
maximised.!

The EXAFS data analysis program XDAP allows one to perform multi-
ple-shell fitting in R-space by minimising 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.**! All contributions were fitted simultaneously in
R-space with concomitant inspection of the FT of the difference file and
calculated fit of each individual contribution. The difference file tech-
nique was applied in conjunction with phase-corrected Fourier transforms
to resolve the different contributions to the EXAFS data.’ The fit was
evaluated in all weightings (k" with n=0, 1, 2, and 3) to unravel anti-
phase behaviour, which can easily lead to the non-detection of a particu-
lar contribution when only one particular weighting is used.?**-*!l Details
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of the fitting procedure in relation to supported vanadium oxides have
been described in previous papers by our group.®3!

Cerius’ structural model: A structural model of the VO, unit on the y-
AlLO; surface was produced using Cerius’ molecular modelling soft-
ware.?l The y-Al,0; crystal was built up from X-ray diffraction data ob-
tained and interpreted by Zhou et al.¥} Subsequently, this crystal was cut
along the (110) plane to expose the preferentially exposed surface; that
is, the D layer according to the LEIS measurements performed by
Stobbe-Kreemers et al.*!

To create a structural model for supported monomeric vanadium oxide, a
VO, moiety was attached to the Al,O; surface. The distances of the V=
Oy and V-0, coordinations of the VO, unit, as found in the EXAFS
analysis, were used as input parameters for the Cerius’ molecular model-
ling program. The coordination numbers and distances of the V—O, and
V—Aly, higher coordination shells, as found in the EXAFS analysis, were
taken as structural constraints. Rotation of the VO, unit about the
Algyppor—Opp) bond and bending of the V—O4~Aly. bond were the
only operations performed to find a configuration that fitted the EXAFS
data. The atoms of the Al,O; support were kept fixed at all times. More
highly loaded vanadium oxide catalysts (5 to 20 wt % ) were initially mim-
icked by adding monomeric species on adjacent aluminium atoms, with
the V-V distance from the EXAFS analysis as an additional constraint.
This resulted in a model based on closely associated monomers and in-
corporating V-O—V bridges. The final higher-shell EXAFS fits for the
dehydrated samples were determined after several iteration steps starting
from the molecular model obtained by means of Cerius’.
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