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Investigations into structure and properties of heteropolyoxomolybdates (HPOM) supported on nano-
structured silica SBA-15 for the selective oxidation of propene are presented. H4[PVMo011040] Keggin ions
supported on SBA-15 (PVMo1-SBA-15) were prepared by incipient wetness of silica SBA-15 with suitable
precursor solutions. Structure and properties of the resulting material were studied ex situ by X-ray dif-
fraction and nitrogen physisorption measurements and in situ by combined X-ray absorption spectros-
copy (XAS) and mass spectrometry under various reaction conditions. The characteristic structure of
PVMo;:-SBA-15 and its evolution under reactive gas atmosphere are compared to that of bulk
H4[PVMo011040]-xH;0. Structural investigations of as-prepared PVMo;:-SBA-15 have shown that the
respective Keggin ions can be readily supported on silica SBA-15. In situ XAS measurements under reduc-

Molybdenum ing or oxidizing conditions revealed a pronounced support interaction effect. This effect resulted in a fur-
Oxides ther decreased thermal stability of the supported Keggin ions compared to bulk H4[PVMo011040]-xH>0.
Keggin Apparently, no stable HPOM Keggin ions could be obtained on silica SBA-15 under reaction conditions.
PVMo11040 However, in spite of their low thermal stability, HPOM supported on SBA-15 remain suitable well-defined
SBA‘]§ precursors for preparing mixed oxide model catalysts for selective oxidation reactions.

gﬂfdc;‘iljn © 2010 Elsevier Inc. All rights reserved.

1. Introduction

Molybdenum oxide catalysts selectively oxidize light alkenes
and alkanes with gas phase oxygen [1,2]. Addition of V, W, Nb, or
Te results in the formation of mixed oxide catalysts with various
characteristic structures (e.g. (MoVW)s014 [3] and MoVNbTe oxi-
des [4-6]). Compared to o-Mo0Os, these mixed oxides exhibit much
higher activity and selectivity [7,8]. With respect to structure—
activity relationships, introduction of additional metal centers like
V or W to MoO, catalysts indeed improves the catalytic perfor-
mance of the resulting mixed oxides [1,2]. However, this approach
simultaneously alters chemical composition and geometric and
electronic structure. Hence, it becomes difficult to disentangle
compositional and structural effects. Therefore, the superior per-
formance of mixed oxide catalysts cannot unambiguously be as-
cribed to the functionality of the additional metal centers
(chemical complexity) or a particular structural motif (structural
complexity). This question needs to be resolved to understand
the functionality of molybdenum-based catalysts and to develop
new and improved catalysts.

Further addressing this predicament requires suitable model
systems with either plain composition and structural variety, or
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structural invariance and suitable compositional variety. On the
one hand, a-Mo0Os and stabilized hexagonal MoOs [9], for instance,
are model systems with the same composition and structural vari-
ety. On the other hand, Keggin type heteropolyoxo molybdates
(HPOM) are suitable materials that possess compositional flexibility
and structural invariance. HPOM (e.g. H3[PMo01,04¢]) are active cat-
alysts for heterogeneous selective oxidation reactions [10-13].
HPOM are particularly suited to accommodate additional metal cen-
ters while maintaining the basic structural motif of the parent Keg-
gin ion. Therefore, HPOM have been frequently employed as model
systems for studying the structural evolution of molybdenum-
based mixed oxide catalysts under reaction conditions [14-16].

In addition to using bulk model catalysts for determining struc-
ture activity relationships, supported metal oxide catalysts have
received increasing attention [17-20]. Supported oxide catalysts
exhibit high dispersion and an improved surface to bulk ratio.
Hence, the intrinsic problem of bulk sensitive techniques to distin-
guish between accessible metal sites at the surface and metal cen-
ters buried in the bulk can be avoided. Therefore, relating a
particular structure of a supported catalyst under reaction condi-
tions to its catalytic performance will be more reliable. Nanostruc-
tured SiO, materials such as silica SBA-15 [21,22] are suitable
support systems for oxide catalysts [23-26]. They possess a large
surface area, a homogeneous internal pore structure, and moder-
ately interact with the oxide catalyst.
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Industrial applications and investigations of supported tung-
state or molybdate heteropoly acids (HPA) have been recently re-
viewed [27,28]. The authors distinguished between low (<10%)
and high loading of HPA and assumed corresponding correlations
between structure and properties of HPA. Immobilization of HPA
on various support materials and their use as oxidation catalyst
was also reviewed by Kim et al. [29]. However, the local structure
around the W or Mo centers in the activated catalyst was
elucidated in neither study. Newman et al. reported preparation
and structural characterization of a series of SiO, supported
HsPW,,04q catalysts [30]. Structural characterization of the as-pre-
pared materials using X-ray absorption spectroscopy confirmed
that the Keggin unit is intact for all loadings studied. Structural
evolution of the materials under reaction conditions, however,
was not elucidated. In total, studies on structure and properties
of HPOM species on suitable supports and, in particular, their
structural evolution under reaction conditions remain scarce. Here,
we present in situ investigations into the evolution of structure
and properties of heteropolyoxomolybdates supported on nano-
structured silica SBA-15 for the selective oxidation of propene.

2. Experimental
2.1. Sample preparation

Mesoporous silica SBA-15 was prepared according to the litera-
ture procedures [23,31]. A concentration of 1.0 g of triblock copoly-
mer (Aldrich, pluronic, P-123) was dissolved in 60.5 ml of water
and 3.3 ml of concentrated H,SO4 at 323 K. After drop wise addi-
tion of 2.3 g of tetraethyl orthosilicate (TEOS), the reaction mixture
was stirred for 24 h at 323 K. The resulting suspension was heated
in a closed bottle to 381 K for 24 h. The resulting white powder was
filtered, washed with deionized water, and dried at 353 K for 72 h.
The dry powder was calcined at 453 K for 4 h and, subsequently, at
823K for 12 h.

HPOM precursors were prepared as follows. 19.72 g MoOs (Sig-
ma Aldrich) or 17.89 g MoOs and 1.03 g V,05 were dissolved in
650 ml water and heated under reflux to obtain H3[PMo01,040]-n-
H,0 or Hy[PVMo;1040]-13H,0, respectively. A volume of 93 ml of
0.12 molar phosphoric acid was added drop wise to the reaction
mixture. The resulting suspension was heated under reflux for
3 h and left 12 h at 298 K until a clear yellow solution was ob-
tained. The remainder was filtered off and the volume of the result-
ing yellow solution was reduced to ~30 ml using an evaporator.
HPOM precursors crystallized during storage at 277 K for several
days. Phase purity and structure were confirmed by XRD analysis
(Fig. 1).

HPOM supported on silica SBA-15 was prepared via incipient
wetness. 228 mg H3[PMo1,040]-nH,0 or 206 mg H4[PVMo11040]:
13H,0 were dissolved in 1.5 ml water to be deposited on 1 g of
SBA-15. A Mo loading of ~7 wt% in the resulting Hy[PVMo01104¢]-
SBA-15 catalyst was determined by ICP-OES analysis (Jobin Yvon
JY 38 Plus). Commercial o-MoOs3 (Aldrich) and hexagonal MoO3
were used as reference materials [32,33]. Phase purity and struc-
ture of the reference oxides were confirmed by XRD.

2.2. Powder X-ray diffraction (XRD)

XRD measurements were conducted on an X'Pert PRO MPD dif-
fractometer (Panalytical, 6-0 geometry), using Cu K alpha radiation
and a solid-state multi-channel PIXcel detector. Wide-angle scans
(5-90° 20, variable slits) were collected in reflection mode using
a silicon sample holder. Small-angle scans (0.4-6.0° 20, fixed slits)
were collected in transmission mode with the sample spread
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Fig. 1. Small-angle and wide-angle (inset) X-ray diffraction patterns of as-prepared
PVMo,1-SBA-15 and bulk H4[PVMo0;1040]-13H,0.

between two layers of Kapton foil and in reflection mode for
comparison.

2.3. Physisorption measurements

Nitrogen physisorption isotherms were measured at 77 K on a
BEL Mini II volumetric sorption analyzer (BEL Japan, Inc.). The
H4[PVMo011040]-SBA-15 sample was outgassed under vacuum for
about 18 h at 553 K before starting the measurement. After outgas-
sing, the sample color had turned from yellow to dark gray. This
pretreatment procedure was chosen to approach catalytic reaction
conditions. Data processing was done using the BELMaster
V.5.2.3.0 software package. The specific surface area was calculated
using the standard Brunauer-Emmett-Teller (BET) method in the
relative pressure range of 0.05-0.20 with a nitrogen area of
0.162 nm?2. The adsorption branch of the isotherm was used to cal-
culate pore size distribution and cumulative pore area according to
the method of Barrett, Joyner, and Halenda (BJH) [34].

2.4. X-ray absorption spectroscopy (XAS)

Ex situ fluorescence yield XAS experiments were performed at
the V K edge (5.6 keV) at beamline XAS at ANKA, Karlsruhe, using
a Si(111) double crystal monochromator and a Ge 13 element
FY detector. Ex situ transmission XAS experiments at the Mo K
edge (19.999 keV) were also performed at the XAS beamline at
ANKA using a Si(3 1 1) monochromator. In situ transmission XAS
experiments were performed at the Mo K edge at beamline X at
the Hamburg Synchrotron Radiation Laboratory, HASYLAB, using a
Si(1 1 1) double crystal monochromator (measuring time ~4 min/
scan). The Si(1 1 1) monochromator resulted in an improved sig-
nal-to-noise ratio in the EXAFS region on expense of resolution in
the XANES region. The in situ experiments were conducted in a
flow reactor at atmospheric pressure in flowing reactants (5 vol%
propene in He, 5 vol% oxygen in He, total flow ~30 ml/min, tem-
perature range from 300K to 773 K, heating rate 4 K/min). The
gas phase composition at the cell outlet was continuously moni-
tored using a non-calibrated mass spectrometer in a multiple ion
detection mode (Omnistar from Pfeiffer). The mass spectrometer
was used for its suitable time resolution. Because a channeltron
was employed as detector, long-time stable calibration and quan-
tification were not feasible. Moreover, a quantitative comparison
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with more active or industrial catalysts was not intended. Conver-
sion of propene was estimated from the propene ion current (m/e
42) before and during reaction to be less than 10% at 673 K.
Hs[PMo0,040]-nH,0 and Hy4[PVMo;,040]-13H,0 were mixed with
boron nitride (~7 mg each with 30 mg BN) while supported
HPOM-SBA-15 materials (~50 mg) were used as-is. Powders were
pressed with a force of 1 ton into a 5 mm in diameter pellet result-
ing in an edge jump at the Mo K edge of Ay, ~ 1.

X-ray absorption fine structure (XAFS) analysis was performed
using the software package WinXAS v3.2 [35]. Background sub-
traction and normalization were carried out by fitting linear poly-
nomials to the pre-edge and 3rd degree polynomials to 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 pg(k).
The FT(y(k) = k®), often referred to as pseudo radial distribution
function, was calculated by Fourier transforming the k*-weighted
experimental (k) function, multiplied by a Bessel window, into
the R space. EXAFS data analysis was performed using theoretical
backscattering phases and amplitudes calculated with the ab-ini-
tio multiple-scattering code FEFF7 [36]. Structural data employed
in the analyses were taken from the Inorganic Crystal Structure
Database (ICSD). Single scattering and multiple scattering paths
in the H3[PMo1,040] Keggin model structure (ICSD 209 [37,16])
were calculated up to 6.0 A with a lower limit of 4.0% in ampli-
tude with respect to the strongest backscattering path. EXAFS
refinements were performed in R space simultaneously to magni-
tude and imaginary part of a Fourier transformed k*>-weighted and
k'-weighted experimental y(k) using the standard EXAFS formula
[38]. This procedure strongly reduces the correlation between the
various XAFS fitting parameters. Structural parameters allowed to
vary in the refinement were (i) disorder parameter ¢? of selected
single-scattering paths assuming a symmetrical pair-distribution
function and (ii) distances of selected single-scattering paths. In
the XAFS analysis, it is assumed that the Mo centers are largely
situated in intact Keggin ions in the as-prepared materials. Thus,
the number of nearest neighbors around the Mo centers is inde-
pendent of the tertiary structure of the HPOM, i.e. the arrange-
ment of the Keggin ions either in the solid or on a high surface
area support material. Therefore, coordination numbers (N) as
well as E, shifts and amplitude reduction factor S3 were kept
invariant in the final fitting procedures. Correlations of specific
parameters to reduce the number of free running parameters
and to improve the stability of the refinement are described in
the following paragraphs.

The statistical significance of the fitting procedure employed
was carefully evaluated in three steps [39]. The procedures used
correspond to recommendations of the International X-ray Absorp-
tion Society on criteria and error reports [40]. First, the number of
independent parameters (Nj,q) was calculated according to the Ny-
quist theorem Njhq = 2/7 * AR + Ak + 2. In all cases, the number of
free running parameters in the refinements was well below Nj,g4.
Second, confidence limits were calculated for each individual
parameter. In the corresponding procedure, one parameter was
successively varied by a certain percentage (i.e. 0.05% for R and
5% for ¢2) and the refinement was restarted with this parameter
kept invariant. The parameter was repeatedly increased or de-
creased until the fit residual exceed the original fit residual by
more than 5%. Eventually, the confidence limit of the parameter
was obtained from linear interpolation between the last and sec-
ond last increment for an increase in fit residual of 5%. This proce-
dure was consecutively performed for each fitting parameter.
Third, a so-called F test was performed to assess the significance
of the effect of additional fitting parameters on the fit residual
[41]. Fit parameters employed exhibited F values below 0.2 and
are statistically significant.

3. Results and discussion
3.1. Long-range order structural characterization of PVMo;;-SBA-15

H4[PVMo11040] Keggin ions supported on SBA-15 (denoted as
PVMo,;-SBA-15) were prepared by incipient wetness of silica
SBA-15 with suitable precursor solutions. Structure and properties
of the resulting material were studied ex situ by XRD and nitrogen
physisorption measurements and in situ by combined X-ray
absorption spectroscopy (XAS) and mass spectrometry under vari-
ous reaction conditions. The characteristic structure of PVMo;1-
SBA-15 and its structural evolution under reactive gas atmosphere
are compared to that of bulk H4[PVMo0,1040]-13H,0 (denoted as
PVMoy) in the following. The results presented focus on the struc-
tural characteristics of PVMo,:-SBA-15. Very similar structural re-
sults were obtained for PMo,,-SBA-15, and PVMo;; and PMo;,
supported on various oxide support material (i.e. Al,Os3, ZrO,,
Si0O,). Effects of support interactions and preparation conditions
on structural and catalytic properties of these materials will be
the subject of future work.

Small-angle and wide-angle X-ray diffraction patterns of
PVMo,:-SBA-15 are presented in Fig. 1. Compared to the XRD pat-
tern of Hy[PVMo;,040]-13H;0, it can be seen that long-range or-
dered HPOM species were not detectable in the PVMo;,-SBA-15
material. At small diffraction angles, PVMo;{-SBA-15 exhibited
the characteristic pattern of nanostructured silica SBA-15 [24].
Evaluation of the (1 0 0) peak position of SBA-15 (Fig. 1) afforded
a lattice constant of the hexagonal unit cell of a=11.9 nm.

BET surface areas were calculated from physisorption data of
SBA-15 and PVMo;:-SBA-15. While the SBA-15 material used
exhibited a surface area of 767 m? g~!, PVMo;,-SBA-15 exhibited
a surface area of 482m?g~'. The physisorption isotherm of
PVMo,{-SBA-15 is depicted in Fig. 2. The isotherm exhibits a sharp
step in the adsorption branch (Type IV), corresponding to the filling
of well-defined mesopores. The inset of Fig. 2 shows the pore size
distribution of PVMo;;-SBA-15 and SBA-15. Both exhibited narrow
distributions with a peak at a pore radius of 4.0 nm. Given a pore
diameter of 8 nm and an XRD lattice constant of 11.9 nm, the wall
thickness of the SBA-15 material used amounted to 3.9 nm. The
BJH cumulative pore area down to 1.2 nm pore radius amounted
to 339 m? g~ . In total, similar adsorption isotherms and pore size
distributions of PVMo;;-SBA-15 and SBA-15 confirm the conserved
SBA-15 structure after deposition and thermal treatment of the

HPOM. Eventually, the BJH cumulative pore area of 339 m?g~!

P

‘TO')
o N
5 500 f“ ! .
= © b
= 5 i
S 40048 A &
) 3 @?)"8
g ; = o
©° 300{a | T Boessessecsssecasest 3 I 7
> 1 10 100 g
qC) Pore Radius / nm &
S 200 ek .
o T
E QQO’O’Q/O/TO/
100 =" -
3 10
2
[e]
(2] 0 . . . .
ho] T T T T
< 0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure p/p,
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was used to estimate the dispersion of Keggin ions on the accessi-
ble SBA-15 surface. Given a Mo loading of ~7 wt% in the PVMo;-
SBA-15 catalyst, a surface coverage of about one Keggin ion per
10 nm? was obtained. Assuming a Keggin ion diameter of about
1 nm, this indicated sufficient dispersion of Keggin ions on the
SBA-15 surface and negligible tendency to form extended tertiary
HPOM structures.

3.2. Short-range order structural characterization of PVMo;;-SBA-15

Fig. 3 shows the XAS y(k) data of PVMo;,-SBA-15, bulk PVMo11,
and activated PVMo;,-SBA-15. The good signal-to-noise ratio of
the XAS data in the k range from 2 to 13 A~! permitted the detailed
XAFS analysis described later. The Mo K edge Fourier transformed
XAFS y(k) functions (FT(y(k) « k*)) of bulk and supported HPOM
with and without vanadium are compared in Fig. 4. The very sim-
ilar shape of the magnitude of the (FT(y(k) * k*) indicates a similar
local structure around the Mo centers in the four materials. It ap-
pears that while introducing V in the HPOM Keggin structure re-
sulted in a slight decrease in amplitude, supporting the HPOM on
SiO, resulted in an increased amplitude of the corresponding
FT( (k) = k3).

In the following, we focused our investigations on the vanadium
containing HPOM as model system for mixed oxide catalysts. The
Mo K near-edge spectra (XANES) of PVMo,;-SBA-15 and activated
PVMo;1-SBA-15 are depicted in Fig. 5. The Mo K edge XANES of as-
prepared PVMo,,-SBA-15 is very similar to previously reported
XANES spectra of bulk PMo;, and PVMo;; [16-18]. Analysis of
the Mo K edge position yielded an average valence of ~6. Because
of the inferior resolution of the Si(1 1 1) monochromator used for
XAS studies under reaction conditions, no detailed XANES analysis
with respect to principal components or molybdenum valence was
attempted. Fig. 5 also shows the VK edge XANES spectra of
PVMo:-SBA-15 and bulk PVMo;;. Compared to vanadium oxide
reference compounds, the pre-edge peak at the V K edge indicates
an average valence between 4 and 5, as previously reported for
bulk PVMo;; [17,18]. The pre-edge peak and, thus, the electronic
structure appear to be little effected by support interaction. Con-
versely, the amplitude of the post-edge XANES features of
PVMo,:-SBA-15 is significantly reduced compared to that of bulk
PVMoy;. This reduced amplitude may be indicative of a reduced
medium range order and the dispersion of the Keggin ions on the
silica support. Therefore, this effect appears to be more pro-
nounced in the XANES region than in EXAFS region (Fig. 6).
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Fig. 3. Mo K edge XAFS y(k) of H4/PVMo1,040], as-prepared PVMo;-SBA-15, and
activated PVMo1-SBA-15 after thermal treatment in propene and oxygen at 673 K.
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Fig. 6 shows the Mo K edge and V K edge FT(y(k) = k*) (magni-
tude and imaginary part) of PVMo;;-SBA-15 and bulk PVMoy;. The
Fourier transformed XAFS y(k) = k> are not phase-shift corrected.
Thus, the distances in the magnitude of the FT( (k) « k®) are shifted
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by ~0.4 A to lower values compared to the crystallographic dis-
tances. Over the local structural range accessible to XAFS spectros-
copy (~6A), the FT(y(k)*k®) of PVMo,;-SBA-15 strongly
resembles that of bulk PVMo4. This holds for the local coordina-
tion of both V and Mo centers in the respective Keggin ions
(Fig. 6). The Mo K edge and VK edge FT(y(k) k) of PVMoy;-
SBA-15 are compared in Fig. 7. Fourier transformation of
experimental y(k) data was performed in the same spectral range.
Similar amplitudes and imaginary parts at distances above 1.5 A
(not phase-shift corrected) indicate a similar local structure around
the Mo and V centers. This further corroborates the assumption of
V being located on Mo sites in the supported Keggin ions. The main
differences between the two FT(y(k) « k®) is visible in the ampli-
tude of the first M-O coordination sphere (Fig. 7). Assuming the
same number of nearest oxygen neighbors around both metal cen-
ters, the increased amplitude of the V K edge FT(y(k) * k®) is indic-
ative of narrower distance distribution and similar V-0 distances
in the 2 A range. Apparently, the Keggin ion primary and secondary
structure (i.e. characteristic MoOg units and arrangement of these
units, Fig. 8) is preserved in PVMoq; supported on SBA-15. In con-
trast, the tertiary structure (i.e. arrangement of Keggin ions) of
H4[PVMo011040]-13H,0 is not observed (Fig. 1). This further sug-
gests the presence of supported PVMo;; Keggin ions on silica
SBA-15 which will also be corroborated by chemical reactivity
studies.
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Based on the similar FT(j (k) = k*) of bulk PVMo;; and PVMo;-
SBA-15, the local structure around Mo centers in bulk PVMoq;
according to crystallographic data was used as model system for
a detailed EXAFS analysis. Theoretical and experimental Mo K edge
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Mo-0O corresponds to distances in the first coordination sphere, while Mo-Mo
corresponds to two distances between edge and corner-sharing MoOg units in the
Keggin structure (Table 1).



6 T. Ressler et al./Journal of Catalysis 275 (2010) 1-10

FT( (k) = k*) of PVMo;,-SBA-15 are shown in Fig. 8 together with a
schematic representation of the Keggin structure. The good agree-
ment between theory and experiment for both PVMo,;-SBA-15
and bulk PVMo;; corroborates the conclusion that the majority
of Mo centers in PVMo;{-SBA-15 is situated in Keggin type HPOM
supported on SBA-15. Structural parameters obtained from the
XAFS refinement are given in Table 1. While the Mo-0 and Mo-
Mo distances are nearly identical in PVMo;;-SBA-15 and bulk
PVMo,,, the ¢? parameters are slightly decreased in the PVMo; ;-
SBA-15 material. The resulting decreased damping of the EXAFS
function accounts for the slightly increased amplitude of
PVMo;:-SBA-15 compared to bulk PYMo;;. Compared to the theo-
retical model system, a pronounced splitting of the first Mo-0O
coordination sphere can be seen. Apparently, a broadened distance
distribution is required to simulate the characteristic FT(y(k) = k*)
of both PVMo4;-SBA-15 and bulk PVMo1;. This was also observed
in previous studies [16,17].

Theoretical and experimental V K edge FT( (k) » k®) of PVMo1;-
SBA-15 are depicted in Fig. 9. Similar to the Mo K edge data, the
good agreement between theory and experiment corroborates
the conclusion that the majority of V centers in both PVMo;; and
PVMo1-SBA-15 is located on Mo sites in Keggin type HPOM. Struc-
tural parameters obtained from a XAFS refinement are given in Ta-
ble 2. In contrast to the local structure around the Mo centers, the
V centers in the Keggin ion exhibited a narrowed distance distribu-
tion with four nearly identical V-O distances in the equatorial
plane of the VOg unit. The necessity to reduce the number of inde-
pendent V-0 distances also resulted from evaluating the statistical
F parameters and the corresponding confidence limits. The four V-
O distances in the first coordination shell dominate the overall sin-
gle-peak shape of that region in the FT( (k)  k*) (Fig. 9) compared
to the double peak feature in the Mo K edge EXAFS (Fig. 8). The V-0
distance distribution in the FT(y(k)«k>) of PVMo,;-SBA-15 ap-
pears to be more similar to the theoretical reference used than
the local structure around the Mo centers. In total, the structural
characterization of the as-prepared materials clearly showed that
both V free PMo;; and V containing PVMo;; Keggin ions can be
readily supported on silica SBA-15. The preparation conditions re-
quired are similar to those regularly used for the respective unsup-
ported materials. Moreover, local structure around the metal
centers and their electronic structure are similar in both supported
and unsupported PMo,, and PVMo;; Keggin ions.

3.3. Treatment of PVMo;;-SBA-15 under reducing conditions

The effect of support interactions on the chemical reactivity of
PVMo;1-SBA-15 compared to bulk PVMo;; was studied by in situ

Table 1

Type and number (N) of atoms at distance R from the Mo atoms in a [PMo;,040]
Keggin model system compared to experimental distances and disorder parameters
(0?). Experimental parameters were obtained from a refinement of the Keggin model
structure (ICSD 209) to the experimental Mo K edge XAFS y(k) of PVMo;; and
PVMo,;-SBA-15 (Fig. 8) (k range from 3.4 to 13.3A~!, R range from 0.8 to 4.0 A,
Eo=8.0 eV, residual ~9.0, Ning = 22, Nfree = 12). Confidence limits in distances and o?
parameters amounted to about 0.01 A (0.03 A for Mo-P) and 0.0002 A? for Mo-Mo
and 0.0007 A% for Mo-0, respectively. Subscript C indicates parameters that were
correlated in the refinement.

Type Keggin model PVMoq, PVMo;:-SBA-15

N R (A) R (A) a? (A?) R (A) a? (A?)
Mo-0 1 1.70 1.65 0.0049 1.65 0.0031
Mo-0 2 1.91 1.77 0.0068¢ 1.78 0.0052¢
Mo-0 2 1.92 1.95 0.0068¢ 1.95 0.0052¢
Mo-0 1 243 2.39 0.0016 2.39 0.0010
Mo-Mo 2 3.42 3.41 0.0079¢ 3.42 0.0070c
Mo-P 1 3.56 3.47 0.0034 3.48 0.0028
Mo-Mo 2 3.70 3.71 0.0079¢ 3.72 0.0070c¢
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Fig. 9. Theoretical (dotted) and experimental (solid) VK edge FT(x(k)xk®) of
PVMo;1-SBA-15. V-0 corresponds to distances in the first coordination sphere,
while Mo-V corresponds to two distances between edge and corner-sharing VOg-
MoOg units in the Keggin structure (Table 2).

Table 2

Type and number (N) of atoms at distance R from the V atoms in a [PVMo;1040]
Keggin model system compared to experimental distances and XAFS disorder
parameters (¢2). Experimental parameters were obtained from a refinement of the
Keggin model structure (ICSD 209) to the experimental V K edge XAFS y(k) of PVMo,
and PVMo,;-SBA-15 (Fig. 9) (k range from 1.5 to 11.0 A, R range from 0.8 to 4.0 A,
Eo=—9.0 eV, residual ~9.5, Ning = 21, Ngree = 11). Confidence limits in distances and 2
parameters amounted to about 0.02 A and 0.0002 A? for V-Mo and 0.0007 A? for V-0,
respectively. Subscript C indicates parameters that were correlated in the refinement.

Type Keggin model PVMoy, PVMo,;;-SBA-15

N R (A) R (A) a? (A?) R (A) a? (A?)
V-0 1 1.70 1.64 0.0035 1.63 0.0021
V-0 2 1.91 1.97¢ 0.0117¢ 1.92¢ 0.0112¢
V-0 2 1.92 1.97¢ 0.0117¢ 1.92¢ 0.0112¢
V-0 1 2.43 2.37 0.0057 2.39 0.0032
V-Mo 2 3.42 3.34 0.0087c 3.35 0.0087¢
V-P 1 3.56 3.47 0.0002 0.0 0.0003
V-Mo 2 3.70 3.68 0.0087c 3.71 0.0087¢

XAS under reducing and catalytic reaction conditions. Evolution
of Mo K edge FT(y(k)« k®) of PVYMo;;,-SBA-15 and bulk PVMoy;
during temperature-programmed treatment in propene is depicted
in Fig. 10. The corresponding XANES data exhibited only very min-
or changes as a function of temperature and, thus, are omitted for
brevity. In contrast to regular MoOs and similar to stabilized hex-
agonal MoOs on SBA-15 [11], no full reduction to MoO, was ob-
served during treatment of PVMo,;-SBA-15 in propene. The
structural evolution of bulk PVMo,; in propene proceeded accord-
ing to previous reports and also showed no reduction to MoO,.
[17,18] As shown previously, reductive treatment of bulk PVMoq;
affords partial decomposition of the Keggin ions by migration of
Mo centers on extra-Keggin sites and formation of lacunary Keggin
ions. However, the structural changes observed in PVMo;;-SBA-15
during treatment in propene were distinctly different from those of
bulk PVMo,;. Contribution of higher Mo-Mo shells to the
FT(y(k) * k®) of activated PVMo;;-SBA-15 was largely diminished
after reductive treatment. In contrast to the treatment of bulk
PVMoy, this thermal behavior is indicative of a higher degree of
dispersion of the corresponding Mo oxide species on silica SBA-
15. Moreover, the increasing amplitude of the first Mo-0O coordina-
tion sphere during treatment of PVMo;:-SBA-15 indicates a more
regular coordination and a reduced number of different Mo-0 dis-
tances in the activated species. Apparently, the silica support in



T. Ressler et al./Journal of Catalysis 275 (2010) 1-10 7

0.03
0.02

FT(u(k)*k’)

0.01

0.06

0.04

FT(u(k)*k’)

0.02

RIA]

Fig. 10. Evolution of Mo K edge FT(y(k)k>) of (a) H4[PVMo;,040] and (b) as-
prepared PVMo,;-SBA-15 during temperature-programmed treatment in propene
(4 K/min, 5% propene in He).

PVMo;,-SBA-15 exerted a pronounced effect on the reactivity of
PVMo,:-SBA-15 compared to bulk PVMo;;. Formation of lacunary
Keggin ions as in bulk PVMo;; was not observed. Conversely, ther-
mal treatment of PVMo;;-SBA-15 resulted in formation of dis-
persed Mo oxide species on the silica support. The characteristic
differences in reactivity of PVMo;;-SBA-15 compared to bulk
PVMo,; further corroborated the presence of dispersed PVMo;
Keggin ions on the silica surface in the as-prepared PVMo,;-SBA-
15 material.

After reductive treatment of PVMo;; and PVMo;;-SBA-15 in
propene (Fig. 10), the gas phase composition was rapidly changed
to oxidizing conditions (5% propene and 5% oxygen in He) at 673 K.
The evolution of the corresponding FT(y(k) * k*) is depicted in
Fig. 11. The FT(y (k) = k*) of activated bulk PVMo;; remained largely
invariant during switching to catalytic reaction conditions as has
been reported earlier [17,18]. Apparently, lacunary Keggin ions in
activated bulk PVMoy; constitute the Mo oxide phase present un-
der catalytic reaction conditions. Conversely, the FT(j(k) % k) of
activated PVMo,;-SBA-15 showed characteristic changes in the
first Mo-O coordination sphere and at higher Mo-Mo distances
upon switching to oxidizing conditions. This behavior can again
be attributed to the effect of the silica support interaction on the
properties of the Mo oxide species in activated PVMo;;-SBA-15.
Furthermore, higher Mo-Mo interactions appeared to develop dur-
ing oxidative treatment of previously activated PVMo,;-SBA-15.

a

0.04
0.03
0.02
0.01

FT(x(k)*k%)

0.06

0.04

FT(x(k)*k®)

0.02

R[A]

Fig. 11. Evolution of Mo K edge FT(y(k) * k®) of (a) H4[PVMo;;04o] and (b) PVMoy;-
SBA-15 during isothermal switching after the first spectrum from propene (5% in
He) to propene and oxygen atmosphere (5% propene and 5% oxygen in He) at 623 K
after temperature-programmed activation in propene (Fig. 10).

Apparently, the dispersed Mo oxide species in activated PVMoq;-
SBA-15 formed dimers or chains under catalytic reaction condi-
tions at elevated temperatures.

3.4. Treatment of PVMo;; -SBA-15 under catalytic conditions

After having studied the structural changes of PVMo;,-SBA-15
separately under reducing and oxidizing conditions (Figs. 10 and
11), in situ XAS studies were performed during thermal treatment
of PVMo1,-SBA-15 under catalytic reaction conditions. Evolution of
Mo K edge FT(y(k) k®) of PVMo;;-SBA-15 during treatment in
propene and oxygen in the temperature range from 300 to 673 K
is depicted in Fig. 12. Again, the corresponding XANES data exhib-
ited only very minor changes as a function of temperature and are
omitted for brevity. The characteristic changes in FT(y(k) « k*) in
Fig. 12 indicate a multiple-step process during evolution of the lo-
cal structure of PVMo,;-SBA-15 under reaction conditions. At
673 K, the resulting FT( (k) = k®) strongly resembled that obtained
after consecutive treatment under reducing (Fig. 10) and oxidizing
(Fig. 11) reaction conditions. In total the evolution of FT(y(k) « k*)
of PVMo,,-SBA-15 depicted in Fig. 12 appears to be composed of
the two series of spectra depicted in Figs. 10 and 11. Accordingly,
the structural evolution of PVMo,;-SBA-15 in propene and oxygen
in the temperature range from 300 K to 523 K corresponded to that
observed during treatment in propene (Fig. 10). At 523 K, the
amplitude of higher Mo-Mo shells was largely diminished and
the corresponding FT(y(k) « k*) indicated a high dispersion of Mo
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Fig. 12. Evolution of Mo K edge FT( (k) = k®) of as-prepared PVMo;;-SBA-15 during
temperature-programmed treatment in propene and oxygen (4 K/min, 5% propene
and 5% oxygen in He).

oxide species on silica SBA-15. In the temperature range from
523 K to 673 K, the structural evolution of PVMo;-SBA-15 in pro-
pene and oxygen was very similar to that depicted in Fig. 11 for the
oxidative treatment of formerly activated PVMo;;-SBA-15. The
characteristic appearance of higher Mo-Mo distances in Fig. 12
above 573 K indicates the formation of dimeric or polymeric Mo,O,,
species under catalytic reaction conditions. Apparently, the charac-
teristic decomposition of the Keggin HPOM in the temperature
range from 300K to 573 K proceeded irrespectively of the gas
phase composition. A certain structure directing behavior of the
silica support and the stability of the resulting Mo oxide species
may be responsible for the transformation of the supported Keggin
ions to dispersed Mo oxide species. Conversely, the formation of
polymeric activated Mo species required the presence of gas phase
oxygen.

Quantitative catalysis measurements performed as described in
Ref. [42] yielded a propene conversion of ~8% at 673 K. Concentra-
tions of major oxidation products measured in the in situ cell ex-
haust amounted to 2500 ppm CO,, 620 ppm acrolein, and 32 ppm
acrylic acid. Similar to bulk PVMo;;, ®-M00s, and MoO,-SBA-15
PVMo;,-SBA-15 showed the typical onset of catalytic activity at
about 600 K [17,11]. The onset temperature of 600 K largely coin-
cides with the onset of lattice oxygen mobility and availability of
lattice oxygen to the gaseous reactants [43,44]. However, o-
MoOs does not selectively oxidize propene directly to acrylic acid.
Hence, the onset of propene oxidation at ~600K on activated
PVMo,:-SBA-15 and the evolution of selective and total oxidation
products were found to be similar to that observed during thermal
treatment and catalytic studies on hexagonal MoOs species sup-
ported on SBA-15 [11].

3.5. Local structure of activated PVMo;;-SBA-15 under catalytic
conditions

Mo K edge XANES spectra of as-prepared and activated PVMo, -
SBA-15 are depicted in Fig. 5. The nearly featureless XANES region
of activated PVMo;,-SBA-15 compared to that of the as-prepared
material or reference o-MoOs is indicative of dispersed Mo
species supported on SBA-15. A slight increase in the pre-edge
feature of the Mo K edge XANES of activated PVMo;,-SBA-15 is
visible compared to the spectrum of as-prepared PVMo,;-SBA-15.
The pre-edge peak in the Mo K edge XANES of PVMoy; is attrib-
uted to the distorted MoOg building unit of the Keggin ion.
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Fig. 13. (a) Mo K edge XANES spectra and (b) FT(y(k) « k*) of activated PVMo,;-
SBA-15 (solid) and activated MoO,-SBA-15 (dashed) after thermal treatment in
oxygen at 673 K.

Conversely, the further increased pre-edge peak in the spectrum
of activated PVMo;;-SBA-15 indicates the presence of tetrahe-
drally coordinated Mo centers in the MoO, species in activated
PVMo;:-SBA-15. Comparison with references afforded about 50%
of tetrahedrally coordinated MoO, species supported on SBA-15.
Due to the lack of reference spectra measured with the same reso-
lution, no further quantitative edge analysis could be conducted.
The same holds for the in situ XAFS data measured under reaction
conditions.

While seeking a suitable model system to simulate the experi-
mental FT( (k) « k*) of activated PVMo;;-SBA-15 it became appar-
ent that two Mo-Mo distances like in the Keggin PVMo,; structure
were not sufficient. In spite of the reduced amplitude at higher
shells, three Mo-Mo distances were required to account for the
particular shape of the amplitude and imaginary part of the
FT(y(k) * k*) of activated PVMo;;-SBA-15 in the range between
2.5 and 3.5 A (Fig. 13). Therefore, hexagonal MoO; was used as
model system. Theoretical XAFS phases and amplitudes were cal-
culated for Mo-O and Mo-Mo distances in hex-MoOs; and used
for EXAFS refinement. Theoretical and experimental Mo K edge
FT(y(k) * k*) of activated PVMo;;-SBA-15 are shown in Fig. 14.
Structural parameters obtained from the XAFS refinement are gi-
ven in Table 3. The reduced FT((k) = k*) amplitude at higher shells
in Fig. 14 indicates a strong disorder or small extension of the
MoO, species supported on SBA-15. However, the fitting procedure
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Fig. 14. Theoretical (dotted) and experimental (solid) Mo K edge FT(y(k) * k*) of
activated PVMo;;-SBA-15. Structural parameters are given in Table 3.

Table 3

Type, number (N), and XAFS disorder parameters () of atoms at distance R from the
Mo atoms in MoO, species in activated PVMo;;-SBA-15. Experimental parameters
were obtained from a refinement of a MoO5; model structure to the experimental Mo
K edge XAFS (k) of activated PVMo,;-SBA-15 (Fig. 13) (k range from 3.7 to 16.0 A",
R range from 0.9 to 4.0 A, Ey = 6.0 eV, residual ~9.0, Ning = 25, Niree = 12). Confidence
limits in distances and ¢ parameters are indicated. Subscript C indicates parameters
that were correlated in the refinement.

Type N R (A) a? (A?)

Mo-0 2 67 £ 0.001 00010 = 0.0001
Mo-0 2 87 £0.02 00037 +0.0001
Mo-0 1 23 +0.004 0.0037¢

Mo-0 1 39 +0.003 0.0025 £ 0.0007
Mo-Mo 2 54 +0.002 0.0073 £ 0.0009
Mo-Mo 2 72 £0.007 0.0073¢

Mo-Mo 2 89+ 0.015 0.0116 £ 0.001

used did not permit to vary coordination numbers (N) and o2
parameters independently. A corresponding fitting procedure re-
sulted in Mo-Mo coordination numbers with very large confidence
intervals that exceeded those of the crystallographic bulk structure
of reference MoOs. Hence, for the three Mo-Mo distances used
coordination numbers were fixed to the crystallographic values
and only ¢ parameters were refined to account for the reduced
amplitude. Clearly, this procedure does not permit to distinguish
between particle size effects, morphology, and static disorder.
Most likely, even a mixture of these can be expected in the acti-
vated MoO, phase supported on SBA-15. Nevertheless, the number
of nearest Mo neighbors at different distances is accurately ob-
tained and can be interpreted.

The first Mo-0 shell could be sufficiently simulated using four
Mo-0 distances. In contrast to Keggin type PVMo;; or hex-MoOs,
an increased contribution of Mo-O distances at ~1.67 A and
~1.87 A was observed. This contribution originates from the tetra-
hedral MoO4 species on the SBA-15 support in addition to the reg-
ular distorted MoOg units of MoQOs. This result corroborates the
interpretation of the increased Mo K pre-edge peak in the XANES
spectrum of activated PVMo;;-SBA-15 in terms of tetrahedral
MoO, and octahedral MoOg units. In total, the activated MoO,
phase that forms at elevated temperatures under reaction condi-
tions corresponded to a mixture of tetrahedrally and octahedrally
coordinated MoO,4 and MoOg units, respectively. The three Mo-
Mo distances required to sufficiently simulate the experimental
FT(y(k) « k*) of activated PVMo;;-SBA-15 correspond to those
characteristic of MoOs. It may be assumed that the MoOg units

present exhibit a connectivity similar to that of the building blocks
of MoOs. MoO,4 units may be isolated or connected to other MoO,
units on the surface of SBA-15.

Eventually, XANES and FT( (k) = k%) of the Mo oxide species ob-
tained from treatment of PVMo;;-SBA-15 under reaction condi-
tions (Fig. 12) were compared to those of MoO,-SBA-15 as
reported earlier [11] in Fig. 13. The latter material has been ob-
tained by impregnation of SBA-15 with ammonium heptamolyb-
date (AHM) followed by calcination and treatment in propene
and oxygen at temperatures above 673 K [11]. Despite the poor
resolution of the in situ XAS data, it can be seen that electronic
(XANES) and geometric (EXAFS) structure of the two differently
prepared materials are very similar. Apparently, at elevated tem-
peratures, the particular surface of silica SBA-15 directed the for-
mation of the same supported MoO, species independent of the
polyoxo (AHM) or heteropolyoxo molybdate (Keggin) precursor
used. Accordingly, similar catalytic behavior of both activated
materials at temperatures above 600 K was observed.

4. Conclusions

Additional metal sites in molybdenum-based selective oxida-
tion catalysts may add functionality and result in further improved
catalytic properties. Vanadium containing HPOM supported on
SBA-15 appear to be suitable model systems. They would permit
to further elucidate correlations between the electronic and geo-
metric structure and the catalytic performance of the resulting
mixed oxide catalysts. The structural investigations of as-prepared
PMo;,-SBA-15 and PVMo,;-SBA-15 presented here have shown
that the respective Keggin ions can be readily supported on silica
SBA-15. However, in situ XAS measurements under reducing or
oxidizing conditions revealed a pronounced support interaction ef-
fect. This effect resulted in a further decreased thermal stability of
the supported Keggin ions compared to the bulk materials. Hence,
the supported V containing Keggin ion decomposed readily on
SBA-15 in contrast to the slow decomposition of bulk HPOM under
reaction conditions. Apparently, no stable HPOM Keggin ions could
be obtained on silica SBA-15 under reaction conditions. However,
in spite of their low thermal stability, preparation of HPOM sup-
ported on SBA-15 may be a convenient way to obtain and compare
characteristic molybdenum oxide structures supported on SBA-15
with and without additional metal centers. Because preparation of
these model systems starts from the same HPOM precursor struc-
ture, the resulting activated oxides can be expected to exhibit sim-
ilar geometric structures regardless of the presence of additional
metal centers. This would eventually make the resulting oxides
suitable model systems to distinguish between structural and
compositional effects on structure activity relationships of molyb-
denum oxide-based selective oxidation catalysts.
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