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Abstract

The bulk structural evolution of a vanadium containing heteropolyoxomolybdate (HPOM), Hy[PVMo,,04] * 13 H,O, with vanadium substituting

for Mo in the Keggin ion was studied under reducing (propene) and partial oxidation reaction conditions (propene and oxygen) by in situ X-ray

diffraction (XRD) and X-ray absorption spectroscopy (XAS) combined with mass spectrometry. During treatment in propene, the loss of crystal
water in the temperature range from 373 K to 573 K is followed by a partial decomposition, reduction of the average Mo valence, and formation
of a characteristic cubic HPOM at 573 K. This behavior is similar to the structural evolution of H;[PMo0,,040] * 13 H,O during treatment in pro-
pene. The formation of cubic Mo,[PVMo;;4O40] with Mo centers on extra Keggin framework positions and V centers remaining in the lacunary
Keggin ion coincides with the onset of catalytic activity at ~573 K. The detailed investigations of the local structure around the vanadium centers
in Mox[PVMo1,4O40] permit to propose a model for the geometric structure of the active site in Mo and V containing metal oxide catalysts. The
cubic Mo,[PVMo;;4O4] phase prepared from Hs[PVMo;,04] * 13 H,O is stable in propene and oxygen up to ~ 620 K and exhibits an onset of

activity at ~ 573 K. This onset of activity is correlated to characteristic changes in the average local Mo structure indicating a reversible transition
from the reduced state of the active site in Mo [PVMo;;4O4] to an oxidized state under propene oxidation reaction conditions.

Keywords: In situ, structure-activity relationships, molybdenum, XAFS spectroscopy, polyoxometalates, partial oxi-

dation, vanadium, heteropoly acids.

Introduction

Developing more active and selective catalysts for
partial oxidation of alkanes and alkenes is extensively pur-
sued in both industrial and academic research. Molybdenum
oxide based catalysts for partial oxidation reactions have
long been studied and industrially employed. [1] Recently,
mixed MoVNbTeO, catalysts have been reported to possess
a superior activity and selectivity for the oxidation of al-
kanes. [1] At present, the interaction of Mo, Nb, and V in
these particularly active and selective catalysts is deduced

from their arrangement in the ideal crystallographic structure
of the as-prepared material. [2] Detailed structure-activity
relationships obtained from in situ investigations of these
complex mixed oxides remain scarce. However, a rational
design of improved catalysts will not be possible without a
fundamental understanding of the relationships between the
“real” structural and the catalytic properties of the mixed
oxide system under reaction conditions.

In order to elucidate the promotional effect of addi-
tional metal centers on the catalytic properties of mixed
molybdenum oxide catalysts, suitable model systems are
sought. Those systems ought to permit to investigate the
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influence of individual metal centers in well-defined oxide
catalysts on the structural evolution of the precursor during
activation and under reaction conditions while considerably
reducing the complexity of the system studied. Heteropoly-
oxomolybdates (HPOM) are active catalysts for the partial
oxidation of alkanes and alkenes. [1, 3, 4, 5, 6] They consti-
tute suitable “real” model systems because of (i) their known
structural evolution under reaction conditions, (ii) the simi-
lar onset of catalytic activity, which indicates similar active
sites for alkene oxidation, and (iii) their potential to accom-
modate additional metal centers inside or outside of the pri-
mary Keggin ion. Moreover, HPOM are often envisaged as
ideal model systems because of their reasonably well-
understood preparations procedures which in principal per-
mit to tailor-make mixed oxide systems. However, with
respect to structure-activity relationships it has been shown
that the “real” structure of the HPOM catalyst under reaction
conditions does not necessarily correspond to the ideal crys-
tallographic structure of the originally prepared Keggin type
material. [7, 8] Measuring the catalytic properties of the
material needs to be combined with in situ structural inves-
tigations of HPOM under reaction conditions to obtain reli-
able structure-activity correlations.

Recently we were able to show, that migration of mo-
lybdenum centers out of the Keggin ion of H3[PMo1,04] *
13 H,O onto extra-Keggin sites resulting in a partially de-
composed lacunary Keggin ion takes place during thermal
activation. [9] Conversely, thermally stable HPOM like, for
instance, Cs;[PMo1,049] whose Keggin ions remain intact at
elevated temperatures without a partial decomposition de-
tectable, are catalytically inactive. Thus, the as-prepared and
ideal Keggin ion of H3[PMo,040] * 13 H,O is only the pre-
cursor for the active catalyst, which consists of partially
reduced and decomposed Keggin ions and Mo centers on
extra-Keggin framework positions. A partial decomposition
and migration of metal centers has previously been reported
for Keggin ions with [10, 11, 12, 13, 14] and without ad-
denda substituents. [15, 16, 17, 18, 19, 20] In particular with
respect to the thermal activation of a vanadium containing
heteropolyoxomolybdate, Hy[PVMo;;049] * 13 H,O0, it has
been proposed that substitution of molybdenum centers by
vanadium destabilizes the Keggin ion resulting in a decom-
position and migration of vanadium centers out off the Keg-
ginion. [8, 10, 11, 12, 13, 14, 16, 19, 21, 22]

Here, we present in situ X-ray diffraction (XRD) and
in situ X-ray absorption spectroscopy (XAS) investigations
of Hy[PVMo;,04] * 13 H,O during thermal treatment (i.e.
activation) under reducing (propene) and catalytic (propene
and oxygen) reaction conditions. In addition to a detailed
structural characterization of the starting material and the
catalyst obtained after thermal activation, we show that a
local spectroscopy like XAS that provides a direct “image”
of the structure around the vanadium centers is ideally suited
to probe the local geometric structure of the active site of
vanadium containing polyoxomolybdates.

Experimental
Preparation of H4[PVM011040] * 13 H,O

18.58 g of MoOs; (corresponding to 11.73 mmol Moy;)
and 1.067 g of V,0s (corresponding to 11.73 mmol V) were
suspended in 650 ml water in a three-necked 1000 ml flask
equipped with a condenser. Commercial phosphoric acid
(H3PO, (~ 82.5 %)) was diluted by a factor of 100 and the
exact concentration was determined by titration with NaOH.
81 ml of this solution (11.73 mmol P) were added dropwise
to the boiling and stirred suspension of the metal oxides.
After complete addition of the phosphoric acid a clear amber
colored solution was obtained. The concentration of
H4[PVMo0,,04] * 13 H,O in this solution was determined
by conductometric titration to be 13.8 mmol/l. The solid
product was isolated by removing the solvent in a rotary
evaporator at ~ 90 °C and dried in a vacuum desiccator. X-
ray fluorescence analysis afforded a Mo : V ratio of 11 : 1 in
the as-prepared Hy[PVMo,,04] * 13 H,0 material.

Preparation of CsyH[PVM011040]

Cs,CO; was dissolved in water to give a solution of
about 110 mmol/l. The exact concentration of the solution
was determined by titration with HCL. 300 ml of the
H4[PVMo0,;040] * 13 H,O solution (13.8 mol/l) were heated
to 76 °C. An adequate amount of the Cs,CO; solution (Cs to
P ratio of 2:1) was diluted to 80 ml and added dropwise to
the stirred solution of Hy[PVMo;;04] * 13 H,O. In order to
isolate the solid formed, the suspension was first reduced in
volume using a rotary evaporator operated at 90 °C. Subse-
quently, during continuous stirring the remaining slurry was
dried on a Petri disk at 90 °C.

X-ray diffraction (XRD)

In situ XRD experiments were performed on a STOE
Theta/Theta powder diffractometer (Cu K, radiation, Si
secondary monochromator) and a scintillation counter oper-
ated in a stepping mode. The in situ cell consisted of a PAAR
XRK900 high temperature diffraction chamber. The gas
phase composition at the cell outlet was continuously ana-
lyzed with an Omnistar quadropole mass spectrometer
(Pfeiffer) in a multiple ion-monitoring mode. In situ XRD
measurements were conducted at 1 bar in flowing reactants
(flow rate of 100 ml/min). Gas phase compositions of 10 %
propene in helium, or 10 % propene and 10 % oxygen in
helium were employed. XRD patterns were measured every
25 K in the temperature range from 315 K to 773 K resulting
in an effective heating rate of 1.3 K/min. A description of
the procedure used can be found in Ref. [23]. Ex situ XRD
measurements were performed on a STOE STADI P diffrac-
tometer (Cu Ka,; Ge primary monochromator) in a range of
5° - 100° in 26 with a step width of 0.01° and a measuring
time of 10 sec/step. Structural refinements to the experimen-
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tal diffraction patterns were performed using the software
TOPAS v 2.1 (Bruker AXS). Structural data employed in
the XRD and XAS analyses were taken from the Inorganic
Crystal Structure Database (ICSD).

X-ray absorption spectroscopy (XAS)

In situ transmission XAS experiments were performed
at the Mo K edge (19.999 keV) at beamline X1 at the Ham-
burg Synchrotron Radiation Laboratory, HASYLAB, using
a Si 311 double crystal monochromator. The storage ring
operated at 4.4 GeV with injection currents of 150 mA. The
in situ experiments were conducted in a flow-reactor [23,
24] at 1 bar in flowing reactants (flow rate of 30 ml/min,
temperature range from 300 K to 773 K at 5 K/min, subse-
quently held at 773 K). The gas phase composition at the
cell outlet was continuously analyzed using a mass spec-
trometer in a multiple ion-monitoring mode (Omnistar from
Pfeiffer). The heteropolyoxomolybates were mixed with
boron nitride and pressed with a force of 1 ton into a 5 mm
in diameter pellet resulting in an edge jump at the Mo K-
edge of Ap, ~ 1.5 (~7 mg HPOM and ~30 mg BN).

Because of the low concentration of vanadium in a
heavily absorbing matrix (Mo and Cs atoms), ex situ XAS
measurements at the V K edge (5.465 keV) were conducted
at the ,,High Brilliance X-ray Spectroscopy Beamline ID26
at the European Synchrotron Radiation Facility, ESRF.
Mo,[PVMo;,,04] and Cs,Mo,[PVMo;,.,O4] were pre-
pared from  Hy[PVMo;Op] * 13 H,O and
Cs,H,[PVMo,;04], respectively, in the in situ XRD set-up
according to the procedure described above and sealed in an
argon atmosphere. The samples were mixed with cellulose
in a ratio of 1 : 10, placed on a sample holder, and measured
at 50 K. Spectra were collected in the fluorescence mode
with a measuring time of about 7 min.

X-ray absorption fine structure (XAFS) analysis was
performed using the software package WinXAS v3.1 [25]
following recommended procedures from the literature. [26]
Background subtraction and normalization were carried out
by fitting linear polynomials to the pre-edge and the post-
edge region of an absorption spectrum, respectively. The
extended X-ray absorption fine structure (EXAFS) y(k) was
extracted by using cubic splines to obtain a smooth atomic
background, py(k). The pseudo radial distribution function
FT(%(k)*k®) was calculated by Fourier transforming the k’-
weighted experimental y (k) function, multiplied by a Bessel
window, into the R space. EXAFS data analysis was per-
formed using theoretical backscattering phases and ampli-
tudes calculated with the ab-initio multiple-scattering code
FEFF7. [27] Single scattering and multiple scattering paths
in the Keggin ion model structure were calculated up to 6.0
A with a lower limit of 2.0 % in amplitude with respect to
the strongest backscattering path. EXAFS refinements were
performed in R space simultaneously to magnitude and
imaginary part of a Fourier transformed k*-weighted and k'-
weighted experimental (k) using the standard EXAFS for-
mula. [28] Structural parameters that are determined by a
least-squares EXAFS refinement of a Keggin model struc-

ture to the experimental spectra are (i) one overall E; shift,
(i) Debye-Waller factors for single-scattering paths, (iii)
distances of single-scattering paths, (iv) one third cumulant
for the Mo — O distances in the first coordination shell and
one third cumulant for all remaining scattering paths. Coor-
dination numbers (CN) and S,” were kept invariant in the
refinement.

Results
Characterization of Hi[PVM011040] * 13 H.O

The ex situ X-ray diffraction pattern of as-prepared
H4[PVMo0,,040] * 13 H,O is depicted in Figure 1. The simu-
lated pattern shown in Figure 1 was obtained from a refine-
ment of a H3[PMo0;,040] * 13 H,O model structure to the
experimental pattern (H;[PMo,04] * 13 H,0, P-1, [ICSD
31128,a=14.10 A, b=14.13 Ac=13.55 A, a = 112.1°, B
= 109.8°, y = 60.7°]; Hy[PVMo,,040] * 13 H,0, P-1, [a =
1408 A,b=1411Ac=13.52 A, a = 112.1°, = 109.6°, y
= 60.9°], atomic coordinates were kept invariant in the re-
finement). A schematic representation of the structure of
H4[PVMo,,04] * 13 H,0 is shown in the inset of Figure 1.
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Figure 1: Experimental (dotted) and simulated (solid) X-ray
diffraction pattern of as-prepared Hy[PVMo,,04] * 13 H,O
(P-1,a=14.08A,b=1411Ac=1352A, a=112.1°, B =
109.6°, y = 60.9°). The inset shows a schematic structural
representation of Hi[PVMo;;0y4] * 13 H,O.

The evolution of the relative sample weight (TG) during
thermal treatment of H4[PVMo,,040] * 13 H,O in oxygen
has been previously described [21]. A weight loss detected
in the temperature range from 300 K to 523 K corresponds
to the loss of crystal water from as-prepared Hs[PVMo;,04]
* 13 H,O. A further weight loss, a second peak in the water
signal, and an endothermic DSC signal at 573 K correspond
to the loss of so-called structural water of Hy[PVMo;;040] *
13 H,0. As will be discussed later this temperature coin-
cides with the onset of catalytic activity. UV-Vis spectra of
H4[PVMo0,;040] * 13 H,O measured in solution exhibited an
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Table 1: Structural parameters (type of pairs and number (N) of nearest neighbors at distance R) obtained from a refinement of a
Keggin ion model structure (based on ICSD 209, Table 2) to the experimental XAFS functions y(k) of H4[PVMo0,,040]*13H,0
(Figure 4) and cubic Mo,[PVMo;,.,Oy4] (Figure 4) at the V K edge (Nj,q = 35, Nigee = 20, 12 single scattering paths and 7 multi-

ple scattering paths, Eo =-7.3 eV).

H4[PVM011040] * 13H20 (Model)

H4[PVM011040] * 13H20

Mo, [PVMoy;O4]

Type N R, A N R, A o, A2 N R, A o, A2
V-0 1 1.71 1 1.62 0.0038 1 1.64 0.0048
V-0 2 1.91 2 1.97 0.0040 2 2.00 0.0054
V-0 2 1.92 2 1.97 0.0040 2 2.00 0.0054
V-0 1 2.46 1 2.46 0.0042 1 2.44 0.0038
V-Mo 2 342 2 3.33 0.0063 2 3.44 0.0051
V-P 1 3.57 1 3.50 0.001 1 3.52 0.001
V-Mo 2 3.72 2 3.68 0.0024 2 3.66 0.0039
V-Mo 2 4.89 2 4.86 0.0086 2 4.92 0.0066
V-Mo 2 5.02 2 5.04 0.0086 2 5.08 0.0066
V-Mo - - - 0.6 2.84 0.0051
additional band compared to H3[PMo1,049] * 13 H,O indi-
cating the incorporation of vanadium in the Keggin ion. o5 | [ L L N
15.0 ' T - 0.10 P Lt - o 7
I V K edge 5 L .
100} . = 005} .
= - ]
[T L i
T sol | 0.0 ’ i
<
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Figure 2: Experimental XAFS y(k)*k* of Hy[PVMo;;04]
* 13 H,0 measured at the V K edge (50 K) and at the Mo
K edge (room temperature, 4.5 min/spectrum).

Figure 2 shows two experimental XAFS )((k)*k3 of
H4[PVMo;10y4] * 13 H,O measured at the Mo and V K
edges at 300 K and at 50 K, respectively. The Mo K edge
spectrum was measured in about 4.5 min. The signal to
noise ratio up to 14 A™ at the V K edge and 15 A" at the
Mo K edge is certainly sufficient for the XAFS analysis
described below. The experimental and theoretical Mo K
edge FT(x(k)*k°) of Hy[PVMo,;;O4] * 13 H,0 and

Figure 3: (A) Experimental (dotted) and theoretical (solid)
FT(x(k)*k®) of the Mo K edge spectra of Hy[PVMo;,04] *
13 H,O (PVMoy;) and H;3[PMo1,04] * 13 H,O (PMoy»)
together with (B) a schematic representation of the Keggin
ion.
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H;3[PMo1,04] * 13 H,0 are depicted in Figure 3, together
with a schematic representation of the Keggin ion. The
theoretical FT(y(k)*k’) were obtained from a refinement of
a Keggin model structure to the Mo K edge data of
Hy4[PVMo,,04] * 13 H,0 and H3[PMo;,040] * 13 H,O.

0.5

H4[PVM011040]

Mo,[PVMO011.x04]

FT(x(k)*k%)

0.2F . 7
Mo,[PVMO011.xO40]

R, (A)

Figure 4: Experimental (dotted) and theoretical (solid,
Table 1) FT(x(k)*k’) of the V K edge spectra of (I.)
Hy[PVMo,,040] * 13 H,O, (II.) Mo,[PVMo,,.O4] without
taking shell D into account, (III.) Mo,[PVMo;;_,O4] taking
shell D into account, and (IV.) single scattering shells in the
local structure around the V center in the Keggin ion
(schematic representation in Figure 5). The FT(x(k)*k’)
have been arbitrarily phase corrected by a shift of 0.4 A.

Figure 5: Schematic representation of the local structure
around the V center in the Keggin ion of Hy[PVMo;;04] *
13 H,0. The neighboring Mo centers are indicated (A: V-
Mo at 3.4 A, B: V-Mo at 3.8 A, C: V-Mo at 5 A).

The local structure parameters obtained correspond
to those reported in the literature [9] with insignificant de-
viations between Hy[PVMo,,04] * 13 H,O and

H;3[PMo1,049] * 13 H,0. The experimental and theoretical
V K edge FT(3(k)*k’) of Hy[PVMo,;04] * 13 H,0 is de-
picted in Figure 4(I.). The theoretical FT(x(k)*k’) was
obtained from a refinement of a Keggin model structure to
the V K edge data of Hy[PVMo;;049] * 13 H,O. The local
structure parameters obtained are presented in Table 1. The
local structure around a V center in the Keggin ion is
shown in Figure 5.

Thermal treatment of H4J[PVM011040] * 13 H20 in pro-
pene

The evolution of XRD patterns measured during thermal
treatment of Hy[PVMo,,040] * 13 H,O in 10 % propene in
the temperature range from 323 K to 723 K resembles that
presented in the literature for the thermal treatment of
H;3[PMo0,040] * 13 H,0. [9] Under these conditions a sin-
gle-phase cubic HPOM is obtained at 773 K without further
decomposition and reduction to MoO,. The background
corrected and normalized XRD pattern of the cubic HPOM
at 300 K in comparison to that obtained from a thermal
treatment of H3[PMo1,040] * 13 H,O is depicted in Figure
6. Except for the strongest peak at about 27 © a very good

20 —
Moy[PVMO011.4O40]

Mox[PM012.4Ou0]

0.0 PR o

10 20 30 40 50 60 70
Diffraction angle 28, (°)

Normalized intensity
=
o

Figure 6: Comparison of the experimental XRD patterns
of cubic Mo,[PVMo;;.,04] and Mo,[PMo,,O4] obtained
from thermal treatment of H4[PVMo;,04] * 13 H,O and
Hy[PMo,040] * 13 H,0, respectively, in 10 % propene in
He.

agreement between the intensity ratios of the peaks in both
experimental patterns can be seen. The simulated diffrac-
tion pattern shown in Figure 7A was obtained from a re-
finement of the structure of cubic Mo,[PVMo,;,O4] to the
experimental pattern. The structural data determined for
Mo, [PVMoy;,Oy] are given in Table 2. A schematic rep-
resentation of cubic Mo,[PVMo;;,Oy] is depicted in Fig-
ure 7B.

The evolution of the Mo K near-edge spectra of
H4[PVMo0,,040] * 13 H,O resembles that of H3[PMo0;,04¢]
* 13 H,O as reported in Ref. [9]. A refinement of a Keggin
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Table 2: Atom coordinates in the unit cell of Mo,[PVMoy .
xOy40] obtained from a refinement of a structural model
based on K,H[PMo0,,04]*H,O (ICSD 209, Pn-3mZ, a =
11.6 A] with K and H,O omitted) with a molybdenum cen-
ter (Mo2) on an extra-Keggin framework position (Pn-
3mZ, a = 11.861 A). Atom coordinates were kept invariant
in the refinement except for the coordinates of the extra-
Keggin Mo center.

Site X y z Occ
Mol 0.4670 0.4670 0.2587 0.94(2)
01 0.6528 0.6528 0.0060 1

02 0.0689 0.0689 0.7670 1

03 0.1233 0.1233 0.5398 1

04 0.3273 0.3273 0.3273 1

P1 0.2500 0.2500 0.2500 1

Mo2 0.403(3) 0.764(3) 0.764(3)  0.15(1)

3000 Theory N

I Experiment 1

2500 |- ]

2000 |~ ]

N i |
(%2}

$ 1500 |- ]

g i i

1000 |~ ]

500 |~

10 20 30 40 50 60 70
Diffraction angle 26, (°)

Figure 7: (A) Experimental and simulated XRD patterns of
cubic Mo,[PVMo;;.O4] (Table 2) obtained from thermal
treatment of Hy[PVMo;,04¢] * 13 H,O in 10 % propene in
He from 300 K to 773 K. (B) Schematic structural repre-
sentation of the cubic Mo,[PVMoy;_,O4] phase.

model structure to the experimental Mo K edge
FT(x(k)*k3) of Cs,Hy[PVMo,,049] and Cs,H[PMo0,04]
during thermal treatment in 10 % propene was performed
to elucidate the evolution of the average local structure
around a Mo center. For the comparison of the structural
evolution of the V containing and the V free Keggin ion,
the Cs salts of Hy[PVMo0;04] * 13 H,O and
H;[PMo;,040] * 13 H,O were chosen because of their supe-
rior thermal stability against decomposition to MoOj;. The
presence of a major amount of MoOsz would render a reli-
able determination of the average local Keggin structure
under reaction conditions more difficult. The evolution of
selected Mo — O and Mo — Mo distances in the average
local structure around a Mo center in Cs,Hy[PVMo;104]
and Cs,H[PMo0,049] during thermal treatment in 10 %
propene is depicted in Figure 8. At temperatures above 573
K a significant increase in the selected Mo — O and Mo —
Mo distances can be seen. For the Mo — Mo distances cho-
sen the structural transformation appears to be finished at ~
700 K resulting in a stable phase upon further heating.

I

3.84 1
3.80
3.76
3.72
3.58
3.54

3.50

Distance R, (&)

3.46

3.42

2.07} r

2.031

1.99r |
L Il L ‘ Il L L ‘ L L L ‘ L L L ‘ L L Il ‘ L

373 473 573 673 773
Temperature, (K)

Figure 8: Evolution of representative Mo — O and Mo —
Mo distances in the average local structure around a Mo
center in Cs;H,[PVMo,,040] and Cs,H[PMo0,04] in 10 %
propene in He. The dashed line indicates the onset of cata-
lytic activity.

The V K near-edge spectra of Hi[PVMo;;0y4] * 13
H,0, cubic Mo,[PVMo,;,Oy4], and various vanadium ox-
ide references (V,03, VO,, V,0s) are depicted in Figure 9.
The reduction in the height of the characteristic V K pre-
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Figure 9: V K near-edge spectra of Hi[PVMo,,0,40] * 13
H,0, Mo,[PVMo;;,04], and various vanadium oxide ref-
erences (V,03, VO,, V,05).
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Figure 10: Experimental FT(x(k)*k’) of the V K edge
spectra of Hy[PVMo;;040] * 13 H,O (PVMoyy, solid) and
Mo,[PVMoy ; Os0] (dotted).

edge peak at 5.47 keV indicates a reduction of mostly V"
in HyPVMo;;04] * 13 H,0 to mostly V*' in
Mo,[PVMoy, 4Oy]. Figure 4 (1I.) shows the FT(x(k)*k3) of
cubic Mo,[PVMo;;4Oy4] together with a theoretical re-
finement of the local structure around a V center substitut-
ing for Mo in the Keggin ion. The structural parameters
determined are given in Table 1. The refinement results in a
good agreement in the range between 1.5 and 2.5 A and
between 3.5 and 5.0 A. However, a considerable deviation
between experimental data and simulation can be observed

at about 2.9 A. Only after extending the simulation by an
additional Mo — Mo shell at about 2.9 A (D in Figure 4
(IV.)), could a satisfying agreement between theory and
simulation over the entire data range be obtained (Figure 4
(IIL)). A comparison between the V K edge FT(y(k)*k’) of
H4[PVMo;;049] * 13 H,0 and cubic Mo,[PVMo;;,O4] is
depicted in Figure 10. Evidently, that the two FT(x(k)*k®)
agree reasonably well at around 2.0 A and in the range
from 3.2 to 6.0 A, whereas considerable deviations can be
seen between 2.5 and 3.2 A.

Thermal activation of H4[PVM011040] * 13 H20 in pro-
pene and oxygen

From Mo K edge XANES spectra measured during
thermal treatment of  Cs,H,y[PVMo;10y0] and
Cs,H[PMo0,,044] in 10 % propene and 10 % oxygen in He
an average Mo valence was determined according to the
procedure reported in Ref. [29]. Figure 11 shows the evolu-
tion of the Mo average valence together with the normal-
ized propene conversion. Cs,Hy[PVMo,;04] and
Cs,H[PMo,04] exhibit the same onset of catalytic activity
at ~ 573 K which roughly correlates with a partial reduction
of the molybdenum in the Keggin ions. Compared to
Cs,H[PMo0,040], the Mo centers in Cs,H,[PVMo0,104]
appear to be reduced at slightly lower temperatures.
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Figure 11: Evolution of average Mo valence obtained from
Mo K edge XANES spectra measured during thermal
treatment of Cs,H,[PVMo0,;040] and Cs,H[PMo01,04] in 10
% propene and 10 % oxygen in He together with the nor-
malized ion current of acrolein (m/e = 56).
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At temperatures above 700 K a decrease in the catalytic
activity can be seen which coincides with an oxidation of
the molybdenum and a possibly decomposition of the
HPOM. A Keggin model structure was refined to the ex-
perimental Mo K edge FT(3(k)*k®) of Cs,H,[PVMoy,04]
and Cs,H[PMo0;,04¢] measured during thermal treatment in
10 % propene and 10 % oxygen to determine the structural
evolution during activation. Characteristic changes in se-
lected Mo — O and Mo — Mo distances during thermal
treatment in propene and oxygen are shown in Figure 12
together with the propene conversion. The onset of cata-
lytic activity coincides with an increase in the Mo — O and
Mo - Mo distance in both Cs,H,[PVMo0;,04] and
Cs,H[PMo01,049], while the amplitude of the changes de-
tected is very similar in both materials.
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Figure 12: Evolution of representative Mo — O and Mo —
Mo distances in the average local structure around a Mo
center in Cs,H,[PVMo,,040] and Cs,H[PMo0,04] in 10 %
propene and 10 % oxygen in He together with the normal-
ized ion current of acrolein (m/e = 56).

Stability and solid-state dynamics of Mox[PVMO011xOao]
in propene and oxygen

The stability and catalytic activity of cubic
Mo,[PVMo;,,O4] prepared from HyPVMo,,04] *
13H,0 was investigated by subjecting the material to a
temperature programmed reaction (TPR) experiment in 10
% propene and 10 % oxygen in the temperature range from
300 K to 773 K in the in situ XRD set-up. The evolution of
XRD patterns of Mo,[PVMo;;.\O49] measured during the
thermal treatment is depicted in Figure 13A. Mo,[PVMoy;.

«Oy0] exhibits a remarkable stability up to temperatures of
about 673 K. At temperatures above 673 K slight changes
to the pattern of Mo,[PVMo;;.,Oy4] can be observed to-
gether with the occurrence of additional peaks. The evolu-
tion of the ion current of acrolein (m/e = 56) during TPR of
Mo,[PVMoy; O] in propene and oxygen is shown in
Figure 13B. Evidently, the onset of catalytic activity at ~
550 K does not correlate to significant changes in the long-
range structure of Mo,[PVMoq;,O4].
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Figure 13: (A) Evolution of XRD patterns of
Mo,[PVMo;;40y49] during temperature programmed reac-
tion of 10 % propene and 10 % oxygen in He in the range
from 300 K to 773 K. (B) Evolution of the normalized ion
current of acrolein (m/e = 56) with reaction temperature.

Changes in the average local structure around the Mo
centers in Mo,[PVMo,; O] during temperature pro-
grammed reaction of 10 % propene and 10 % oxygen be-
tween 300 K and 723 K were determined by Mo K edge
XAS measurements. Structural parameters were obtained
from a refinement of a Keggin structure to the experimental
spectra measured. The evolution of selected Mo-O dis-
tances in Mo, [PVMo;;,O4] during TPR is depicted in
Figure 14. The ion current of acrolein (m/e = 56) measured
during TPR of Mo,[PVMo,;,O4] exhibits an onset of cata-
lytic activity at about 573 K accompanied by a characteris-
tic decrease in the Mo — O distances shown. Subsequently,
the temperature was held at 723 K and the gas phase was
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switched between reducing (propene) and oxidizing (pro-
pene and oxygen) atmosphere. It can be seen, that the local
Mo structure can be reversibly changed from a reduced to
an oxidized state of the catalytically active phase (Figure
14).
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Figure 14: Evolution of selected Mo-O distances in the
average local structure around a Mo center in Mo,[PVMoy .
«Og0] together with the normalized ion current of acrolein
(m/e = 56) during temperature programmed reaction of 10
% propene and 10 % oxygen in He from 373 K to 673 K
followed by isothermal switching experiments between
reducing (propene) and oxidizing (propene and oxygen)
atmosphere. The reduced (Red.) or oxidized (Ox.) state of
the active site depending on the reaction conditions is indi-
cated.

Discussion
Characterization of H4[PVM011040] * 13 H20

In order to elucidate the evolution of the local struc-
ture around a V center in a mixed molybdenum oxide under
reaction conditions, a heteropolyoxomolybdate
Hy4[PVMo0,,04] * 13 H,O with V centers substituting for
Mo in the Keggin ion was prepared. Because some of the
debate in the literature arises from the difficulties in com-
paring the various starting materials used, a rather detailed
account of the preparation procedure employed and the
structural characterization is provided. The long-range or-
der structure of the as-prepared H[PVMo;,04] * 13H,0 is
similar to that of H3[PMo0;,0y40] * 13 H,O (Figure 1) indi-
cating that vanadium is indeed located in the Keggin ion. If

V was situated on extra-Keggin framework positions, the
formation of the characteristic triclinic “13-hydrate” struc-
ture would not be expected. A vanadyl species located out-
side the Keggin ion will most likely result in the formation
of a HPOM possessing a higher crystallographic symmetry
(e.g. a cubic phase similar to the Cs salts of H;[PMo,,04]
* 13 H,0). Moreover, the local structure around the V cen-
ters in Hy[PVMo;,0y4] * 13H,0 as determined by V K
edge XAS (Figure 4; Table 1) is in good agreement with a
V site in the Keggin ion for the majority of vanadium in the
material prepared Figure 5). The local average structure
around the Mo centers in HyPVMo;,04] * 13H,0 is
hardly affected by the presence of V in the Keggin ion
(Figure 3). The thermal stability of Hy[PVMo;;O4] * 13
H,0 resembles the typical behavior of heteropolyoxo-
molybdates [21] during thermal treatment with a loss of
crystal water at temperatures below 573 K and a loss of
structural water above 573 K accompanied by partial de-
composition of the Keggin ions. The endothermic loss of
structural water at ~ 573 K coincides with the onset of cata-
lytic activity and characteristic structural changes during
thermal activation of Hy{[PVMo;,04] * 13H,0 in propene,
and propene and oxygen (Figure 11 and Figure 12).

Thermal treatment of H4[PVM011040] * 13 H20 in pro-
pene

Previously, we have reported the formation of a cu-
bic HPOM from H;3[PMo0,040] * 13 H,O by thermal treat-
ment in propene in the temperature range from 300 K to
773 K. [9] The cubic HPOM (i.e. Mo,[PMo1,.,04]) ob-
tained is characterized by Mo centers on extra-Keggin
framework positions (Figure 7B) and a superior catalytic
activity in propene oxidation compared to the as-prepared
HPOM. Furthermore, the onset-temperature for the forma-
tion of the cubic HPOM coincided with the onset of cata-
lytic activity at ~ 573 K. Evidently, a similar cubic HPOM
(i.e. Mo,[PVMo;;.,04]) can be obtained from the thermal
treatment of Hy[PVMo;,04] * 13H,0 in propene exhibit-
ing a long range ordered structure comparable to that of the
cubic HPOM obtained from H3[PMo,,040] * 13H,O (Fig-
ure 6, Figure 7, Table 2 [9]). If during treatment of
H4[PVMo;104] * 13H,0O vanadium migrated on extra-
Keggin framework positions instead of Mo, such a good
agreement of the XRD patterns of the two cubic phases
would not be expected. In total, a site occupancy of ~0.15
Table 2) together with 12 suitable extra-Keggin sites, and
two Keggin ions per unit cell amounts to about one extra-
Keggin molybdenum center per Keggin ion (1.8 per two
Keggin ions). Conversely, with V present on an extra-
Keggin framework position a site occupancy of ~0.3 would
amount to about two vanadium centers per Keggin ions
which exceeds the number of V centers available in
H4[PVMo0,,040] * 13H,0. In addition to the structural simi-
larity of the cubic phases obtained from thermal treatment
of H;3[PMo,,04] * 13H,0 and H4[PVMo;,04] * 13H,0,
the average local structure around the Mo centers in a V

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.thi-berlin.mpg.de/ac)



In situ investigations of the bulk structural evolution of vanadium containing heteropolyoxomolybdate catalysts during thermal activation, T. Ressler et al., J.Catal., 231 (2005) 279-291 10

containing Keggin ion and a V free Keggin ion evolves
similarly during treatment in propene (Figure 8). The onset
of the structural changes in the Keggin ion at ~ 573 K is
again correlated to the characteristic weakening of the Mo-
O bond detectable in various molybdenum oxides [29, 30]
which in turn coincides with the onset of catalytic activity.
Both do not seem to be effected by the presence of V in the
Keggin ions of H,[PVMo,,0,] * 13H,0.

The good agreement between the experimental XRD
patterns of the two cubic phases in Figure 6 and the corre-
sponding structural data given in Table 2 are, however,
only indirect evidences for the V centers residing in the
lacunary Keggin ions of the cubic HPOM obtained from
H4y[PVMo;,0y49] * 13H,0. Therefore, element specific X-
ray absorption spectroscopy was employed to determine the
average valence and the local structure around the V center.
From an analysis of the V K near-edge spectra [31] it is
evident, that the V is present as V>* in the Keggin ion of as-
prepared Hi[PVMo,,0,,] * 13H,0 and is reduced from V>
to V** during thermal activation and formation of the cubic
HPOM. [32] The detailed local structure of the vanadium in
cubic Mo,[PVMo,;,O49] was obtained from an analysis of
the V K edge EXAFS spectra (Figure 4). The experimental
FT(x(k)*k*) of cubic Mo, [PVMo,,<O4] obtained from
Hy[PVMo0,,04] * 13H,0 is in good agreement with the
theoretical XAFS calculation assuming that V is still situ-
ated on a Mo site in the Keggin ion (Figure 4.1I). Both the
V — O and V — Mo distances and the corresponding Debye-
Waller factors deviate only slightly from those of as-
prepared Hy[PVMo,,049] * 13H,0 (Table 1). These devia-
tions result mostly from the local structural changes caused
by the reduction of the vanadium and the partial decompo-
sition of the Keggin ion. The close relationship of the me-
dium range-order around the V center in both
Hy[PVMo;,0y4] * 13H,0 and Mo,[PVMo;;.,Oy] is also
evident from the very similar amplitude and imaginary part
in their corresponding FT(x(k)*k®) above 3.5 A which in-
cludes the characteristic V-Mo distances inside the Keggin
ion.

With the otherwise very good agreement between
theory and experiment, the considerable deviation at about
2.8 A in the FT(x(k)*k’) of Mo, [PVMoy;O4] (Figure
4.1I) and in the comparison between Hy[PVMo;,0y4] *
13H,0 and Mo,[PVMo,; O] (Figure 10) is particularly
prominent. As can be seen from Figure 4.111, the agreement
between theory and experiment can be significantly im-
proved be considering an additional Mo center with a V —
Mo distance of ~ 2.8 A (D in Figure 4.1V, Table 1). This
distance corresponds very well to the distance from a V
center in a Keggin ion to a Mo center on an extra-Keggin
position according to the structural data determined by the
XRD refinement to the pattern of Mo,[PVMo,;,O,] (Fig-
ure 7A, Table 2). [9, 17, 18] A schematic representation of
the local structure around the V center in activated cubic
Mo, [PVMoy;,Oy] is depicted in Figure 15. The structure
of the partial Keggin ion shown corresponds to the data
given in Table 2 while the V-O and V-Mo distances indi-
cated are obtained from a structure refinement to the V K

edge data (Table 1). A-D indicate V-Mo distances corre-
sponding to the FT(x(k)*k?) in Figure 4(IV.).

Figure 15: Schematic representation of the local structure
around the V center in activated cubic Mo,[PVMo;;,Oy]-
The upper half of the Keggin ion shown corresponds to the
structural data given in Table 2. V-O and V-Mo distances
indicated are obtained from a structure refinement to the V
K edge data (Table 1). A-D indicate V-Mo distances corre-
sponding to the FT(x(k)*k?) in Figure 4(IV.).

A Mo center at a distance of 2.8 A from the V center
in the Keggin ion confirms the migration of metal centers
out of the Keggin ion onto extra-Keggin framework posi-
tion during thermal treatment of Hy[PVMo,,04] * 13H,0
in propene. Together with the good agreement between the
experimental data and the calculated EXAFS function
based on a structural model with V in the Keggin ion, this
clearly shows that indeed Mo migrates onto an extra-
Keggin site. A V — Mo distance of ~ 2.8 A is only slightly
longer than the metal-metal distance in Mo metal (2.73 A)
or V metal (2.62 A). This short distance should have a pro-
nounced influence on the catalytic properties of the active
site of Hy/PVMo;,04] * 13H,0 under reaction conditions,
possibly on its capability to activate oxygen during the
transition from the reduced form to the oxidized form. The
coordination number of 0.6 determined for the V-Mo dis-
tance of ~2.8 A indicates either that not all Keggin ions
exhibit a partial decomposition or that the V center in the
lacunary Keggin ion is not always located in the vicinity of
the extra-framework molybdenum. The former appears to
be corroborated by the occupancy factor of the extra-
Keggin site given in Table 2 (~ 0.9 Mo centers per Keggin
ion).

The experimental data shown indicate that similar to
H3[PMo;,040] * 13 H,O molybdenum centers migrate out
of the Keggin ions of Hi[PVMo;,04] * 13H,0 onto extra-
Keggin sites, while vanadium centers remain as V* in the
partially ~ decomposed lacunary Keggin ions of
Mo,[PVMo,;,Oy4]. In contrast to corresponding reports in
the literature, thermal activation of Hy[PVMo,;040] *
13H,0 does not result in the majority of vanadium centers
located on extra-Keggin sites. Because in contrast to the

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.thi-berlin.mpg.de/ac)



In situ investigations of the bulk structural evolution of vanadium containing heteropolyoxomolybdate catalysts during thermal activation, T. Ressler et al., J.Catal., 231 (2005) 279-291 11

treatment of H3[PMo0;,040] * 13H,0, a cubic phase stabi-
lized by extra-Keggin metal centers can be readily obtained
by a thermal treatment of Hy{[PVMo;,04] * 13H,0 it has
been concluded that V centers have to migrate out off the
Keggin ion. [12] However, as we have previously demon-
strated, a cubic HPOM with an X-ray diffraction pattern
very similar to that of the cubic HPOM obtained from
Hy[PVMo0,,04] * 13H,O can be prepared by thermal
treatment of H3[PMo1,049] * 13H,0. [9] Hence, vanadium
as an addenda substituent in the Keggin ion is not a prereq-
uisite for the formation of a cubic HPOM. Based on NMR
and ESR data of a thermally treated V containing HPOM,
Poppl et al. suggested that V is situated on extra-Keggin
sites. [38] However, from their NMR/ESR measurements
the authors also report that already in the starting material
used vanadium centers are located outside the Keggin ions.
Unfortunately, no further structural characterization of the
vanadium containing HPOM used is provided. Assuming
that the authors did indeed prepare a vanadyl salt of
H3[PMo0,040] * 13 H,0 (e.g. (VO)[PMo,,04]), the loca-
tion of the V centers outside the Keggin ion in the ther-
mally treated material is not surprising. However, the
objective of the work presented here clearly was to study
the influence of V centers substituting for Mo in regular
molybdenum oxide on structure-activity correlations. This
can only be achieved by investigating the structural evolu-
tion of Hy[PVMo,,049] * 13H,0O under reaction conditions
instead of that of (VO)[PMo0;,04¢].

The V K near-edge regions of as-prepared
Cs,H;[PVMo;,0y4] and the thermally activated
Cs;Mo,[PVMo;;4O4] (not shown) are very similar to
those measured for Hy[PVMo;;04] * 13H,O and
Mo,[PVMo;40y4]. This indicates a comparable local
structure around the V centers in the Cs compounds (i.e. V
located in the Keggin ion). However, because of the over-
lapping V K and Cs L edges no detailed EXAFS analysis
can be performed. The Cs L edge spectra measured of the
as-prepared Cs,H,[PVMo;,04] and the thermally activated
Cs;Mo,[PVMo;;.O4] show no significant differences.
This indicates, that the void between the Keggin ions in
Cs,Hy[PVMo,,04] is entirely filled by the Cs cations and,
hence, no migration of Mo into the close vicinity of the Cs
ions is detectable. Hence, the stabilizing effect of Cs
cations on the structural integrity of HPOM results from the
occupation of extra-Keggin sites which otherwise would be
available for the migration of molybdenum centers out of
the Keggin ions. This holds for the stabilizing effect of Cs
in both H;3[PMo0;,04] * 13H,0 and Hy[PVMo;;04] *
13H,0. Accordingly, the slow deactivation of heteropoly-
oxomolybdates under partial oxidation reaction conditions
can be explained by the absence of this stabilization and,
thus, the formation of interconnected species and, eventu-
ally, MoO; during thermal treatment.

Thermal activation of H4J[PVM011040] * 13 H20 in pro-
pene and oxygen

The structural changes observed in Hy[PVMo;;0y4] *
13H,0 during activation in propene and oxygen indicate a
partial reduction (Figure 11) and partial decomposition of
the Keggin ions (Figure 12) similar to the structural evolu-
tion during treatment of Hy[PVMo;,04] * 13H,0 in pro-
pene (Figure 8). Apparently, the onset of the formation of a
lacunary Keggin ion and the migration of Mo centers is
correlated to the onset of catalytic activity. Similar to the
structural behavior of H3[PMo1,040] * 13 H,O under reac-
tion conditions, [9] a partial decomposition and formation
of lacunary Keggin ions from Hi[PVMo,,04] * 13H,O is a
prerequisite for the material to become an active partial
oxidation catalyst. The genuine Mo site in the intact Keggin
ion as it is present in the thermally stable Cs3[PMo1,040]
under propene and oxygen at 673 K is catalytically inac-
tive. [9] Only the partial decomposition of the Keggin ion
and subsequent migration of molybdenum on vacant extra-
Keggin sites turns the precursor Keggin ion in the HPOM
into an active partial oxidation catalyst. While the ampli-
tude of the structural changes in the Keggin ion under reac-
tion conditions is very similar for Hi[PVMo,,04] * 13H,0
and H3[PMo;,040] * 13H,O (Figure 12), the evolution of
the electronic structure suggests a more pronounced reduc-
tion of the average Mo valence in H;[PVMo;,040] * 13H,0
compared to H;[PMo;,049] * 13H,0. Hence, in addition to
a possible structure promoting effect of V centers in mo-
lybdenum based oxides, the amount of Mo centers with an
average valence less than six appears to be increased in V
containing molybdenum oxides during activation in pro-
pene and oxygen. The latter seems to correlate with the
improved catalytic activity observed (Figure 12).

The catalytic activity and stability of the cubic
Mo,[PVMo;;404] phase obtained from Hy[PVMo;,049] *
13H,0 was investigated by in situ XRD and XAS under
propene oxidation conditions. It can be seen from Figure 13
that the long-range order structure of the cubic phase per-
sists to about 620 K in propene and oxygen. This structural
stability under reaction conditions is unusual for as-
prepared HPOM, which tend to exhibit several transitions
and decompositions during thermal treatment. The onset of
catalytic activity of the cubic phase at about 573 K (Figure
13B) is not accompanied by detectable changes in the long-
range order structure. Both the stability under reaction con-
ditions and the structural invariance at the onset of catalytic
activity indicate that the structure of the cubic
Mo,[PVMo;;.4Oy4] is closely related to the structure of the
active phase of Hy[PVMo,;040] * 13H,0. At temperatures
above ~650 K the cubic phase exhibits a change in the rela-
tive ratio of the diffraction peaks around 20 ° and the oc-
currence of additional peaks indicating the formation of an
unidentified phase at elevated temperature. The modified
cubic phase present above 650 K can still be simulated by
the structure displayed in Figure 7B, while a slightly elon-
gated distance of the extra-Keggin Mo center from the
Keggin ion can account for the modified peak ratio.
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In contrast to the invariance of the long-range struc-
ture of Mo,[PVMo,;,O4] under reaction conditions, the
short-range structure of the Keggin ion as detected by in
situ XAS exhibits pronounced changes that correlate with
the onset of catalytic activity at ~ 573 K. The structural
changes observed are in the order of ~ 5 % pointing to-
wards a ““fine tuning” of the Mo — O distances possibly
accompanying the uptake of oxygen and the transition from
the reduced form of the active phase to the oxidized form
under reaction conditions. The resulting active site of these
catalysts consists of an extra-framework molybdenum cen-
ter that forms an oxo cluster together with the lacunary
Keggin ion presenting a coordinatively unsaturated metal
center to the gas phase embedded in a matrix of stable ter-
minal oxygen atoms (Figure 15). The remaining hole in the
lacunary Keggin ion permits adsorbed substrate molecules
to access the bridging oxygen atoms in the vicinity of the
Mo center. As can be seen from the correlation between
local structural changes and the gas phase composition in
Figure 14, the structural state of the reduced form of
Mo,[PVMo;;404] can be reversibly altered by changing
the gas phase composition from propene and oxygen to
propene. Apparently, at temperatures above ~ 600 K the
oxygen coordinated to the active site of Mo,[PVMo,;_,O4]
can be easily exchanged and can participate in partial oxi-
dation reactions, possibly according to a simple Langmuir-
Hinshelwood mechanism. Future V K edge XAFS investi-
gations will be based on the established structural evolution
of Hy/PVMo;,04] * 13H,0 during thermal activation and
the detailed local coordination of the V centers in the re-
sulting cubic Mo,[PVMo;;,Oy], in order to reveal the
dynamic behavior of the active site under varying reaction
conditions.

Implication of V centers in molybdenum oxide based
catalysts for structure-activity relationships

The investigations presented indicate, that HPOM are
indeed suitable three-dimensional model system to investi-
gate the directing effect of metal centers on the structural
evolution of molybdenum oxides during thermal treatment.
However, similar to the behavior of H3[PMo0;,04] * 13
H,O0, the original structure of as-prepared Hy[PVMo;;04]
* 13H,0 does not correspond to the structure of the mate-
rial under reaction conditions. Instead, H4PVMo;,04] *
13H,0 should be regarded as the precursor of the catalyti-
cally active phase. The onset temperature of catalytic activ-
ity of Hy[PVMo0,;040] * 13H,O at ~ 573 K is in good
agreement with that of H;[PMo;,04] * 13H,O, MoQO;,
Mo,V)s0y4, and other mixed metal oxides (e.g.
MoVNDbTeO,) indicating the formation of similar active
sites on these materials under reaction conditions. The in-
corporation of V centers in the Keggin ion does not cause a
pronounced destabilization of the Keggin ion and an accel-
erated decomposition at elevated temperatures. Apparently,
vanadium centers are quite stable in the lacunary Keggin
ion of Mo,[PVMo,;,O4] that forms under reaction condi-

tions. Moreover, V centers can change their oxidation state
from V** to V** without a significant destabilization of the
lacunary Keggin ion detectable. The capability of V centers
to substitute for Mo in as-prepared Keggin type HPOM as
well as thermally activated HPOM may be explained by the
similar ion radii of V>* (68 pm) and V*' (72 pm) compared
to Mo®" (74 pm) in a six-fold coordination. [34] This is in
contrast to the incorporation of larger Nb centers in HPOM,
which result in a pronounced destabilization of the Keggin
ion. [35] Hence, vanadium may act as a structural promoter
in the catalyst precursor facilitating the formation of the
active (Mo, V) oxide phase. In addition to act as a struc-
tural promoter, the structural flexibility and redox capabil-
ity of the vanadium centers may facilitate a direct
participation of V in the activation of gas phase oxygen and
propene on the active site of Mo,[PVMo;;.,O4]. The de-
tailed investigations of the local structure of vanadium in
Mo,[PVMo;,.4Oy4] presented here, permit for the first time
to propose a model for the characteristic geometric struc-
ture of the active site in Mo and V containing metal oxide
catalysts (Figure 15). This structure deviates significantly
from the structure of the as-prepared materials and could
have by no means inferred from it. In situ investigations are
indispensable to elucidate the “real structure” of a working
catalyst under reaction conditions. Obviously, structure-
activity correlations deduced from the ideal crystallo-
graphic structure of more complex Mo and V containing
mixed oxide catalysts have to be carefully validated by in
situ bulk structural investigations.

Conclusions

The bulk structural evolution of H4[PVMo;,04] * 13
H,0 under reducing (propene) and partial oxidation reac-
tion conditions (propene and oxygen) was studied by in situ
XRD and XAS. During treatment in propene, the loss of
crystal water in the temperature range from 373 K to 573 K
is followed by a partial decomposition, reduction of the
average Mo valence, and formation of a characteristic cubic
HPOM (Mo,[PVMoy,.,O4]) at 573 K. This behavior is
similar to the structural evolution of H3[PMo0;,04] * 13
H,O during treatment in propene. The formation of cubic
Mo,[PVMo;,,04] with Mo centers on extra Keggin
framework positions and V centers remaining in the lacu-
nary Keggin ions coincides with the onset of catalytic ac-
tivity at ~573 K. The detailed investigations of the local
structure of vanadium in Mo,[PVMo;;.,Oy4] presented
permit to propose a model for the geometric structure of the
active site in Mo and V containing metal oxide catalysts.
The cubic Mo, [PVMo,;O4] phase prepared from
H4y[PVMo;,0y4] * 13H,0 is stable in propene and oxygen
up to ~ 620 K and exhibits an onset of activity at ~ 573 K.
This onset of activity is correlated to characteristic changes
in the average local Mo structure indicating a reversible
transition from the reduced state of the active site in
Mo, [PVMo,,,04] to an oxidized state under propene oxi-
dation reaction conditions.
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