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Role of Vanadium and Phosphorus in Substituted Keggin-
Type Heteropolyoxo Molybdates Supported on Silica
SBA-15 in Selective Propene Oxidation

Rafael Zubrzycki, Jan Dirk Epping, and Thorsten Ressler*®

Vanadium-containing Keggin-type heteropolyoxo molybdate
(IPV,M0,4,0,°") was supported on silica SBA-15 (denoted as
PV,Mo,,-SBA-15). The structural evolution and catalytic activity
of PV,Mo,,-SBA-15 and a suitable reference V,Mo,,0,-SBA-15
were investigated under selective propene oxidation condi-
tions by using in situ X-ray absorption spectroscopy. *'P MAS
NMR measurements of supported PV,Mo,,-SBA-15 and refer-
ence H;PO,-SBA-15 were performed after the catalytic reaction.
PV,Mo,,-SBA-15 formed a mixture of mainly tetrahedral [MoO,]
and [VO,] units during thermal treatment under propene oxi-
dation conditions. Changes in the average local structure
around V centers coincided with the changes in the average
local structure around Mo centers and the onset of catalytic ac-

Introduction

Molybdenum oxides constitute active heterogeneous catalysts
for the selective oxidation of alkenes and alkanes with gas
phase oxygen."! However, a-MoO; exhibits only poor catalytic
activity and selectivity. Varying the chemical composition re-
sults in more active mixed metal oxide catalysts for the oxida-
tion of propene to acrolein or acrylic acid. The addition of V,
W, Nb, or Te yields mixed oxides with various characteristic
structures and catalytic functionalities. However, elucidating
structure-activity relationships is often hindered by simultane-
ously varying composition and structure. Moreover, the func-
tionality of individual metal centers or particular structural
motifs of these highly active mixed oxide catalysts can hardly
be determined. Hence, model systems that combine structural
invariance with compositional variety are required. Hetero-
polyoxo molybdates (HPOMs) with a Keggin structure exhibit
a broad compositional range while maintaining their character-
istic structural motifs.*® Substituting Mo atoms with addenda
atoms (i.e., V, W, or Nb) make Keggin-type HPOM a suitable
model system to study structure-activity relationships. More-
over, P- and V-containing catalysts are active and selective in
oxidative dehydrogenation (ODH) reactions, which possibly ex-
hibit similar functionalities as catalysts for selective propene
oxidation.”® Thus, HPOMs have been frequently studied as
active catalysts for selective oxidation reactions.”’ Incorporat-
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tivity. In addition, mainly tetrahedral [MoO,] and [VO,] units
seemed to be in close proximity and interacted under catalytic
conditions. Conversely, in the reference material V,Mo,,0,-SBA-
15 synthesized with individual V and Mo source precursors, Mo
and V centers appeared to be more separated from each
other. The structural environment of P in PV,Mo,,-SBA-15
under catalytic conditions corresponded to a mixture of vari-
ous species. P was connected to both the support material
SBA-15 via P—O—Si bonds and [MoO,] or [VO,] units. Apparent-
ly, the proximity of V and Mo in Keggin precursors was a pre-
requisite for obtaining (Mo,V) oxide species on the support
material.

ing V atoms in bulk HPOM leads to a decreasing thermal stabil-
ity."” Keggin ions partially decompose under catalytic condi-
tions above 573 K to form lacunary Keggin anions in which Mo
cations migrate to extra Keggin ion sites. Driving force for the
formation of lacunary Keggin anions may be the relaxation of
the Keggin structure at an elevated temperature upon removal
of structural water. Subsequently, links are formed between
Keggin ions, which eventually resulted in more extended oxide
structures.® "

In addition to using bulk model catalysts for determining
structure-activity relationships, supported metal oxide cata-
lysts have received increasing attention.'>'® The supported
catalytic species have higher dispersion and an improved sur-
face to bulk ratio. Hence, differentiating between bulk and sur-
face structures is no longer necessary. Therefore, structure-ac-
tivity relationships can be readily deduced from the character-
istic oxide species observed on the support material under cat-
alytic reaction conditions. Suitable support materials for cata-
lyst model systems should have a large surface area and
a homogeneous internal structure with sufficiently large pores.
Furthermore, the support should interact with the precursor to
stabilize particular structural motifs without being involved in
the catalytic reaction. Nanostructured SiO, materials such as
SBA-15"*" represent suitable support systems for oxide cata-
lysts."®'” Supported HPOMs combine the possibility of varying
the chemical compositions with the good accessibility of sup-
ported Mo-based catalysts.

Keggin-type H,[PVMo;,0,,] has been reported to exhibit
a pronounced interaction effect with SBA-15 as the support
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material."® This effect resulted in a further decreased thermal
stability of the supported Keggin ions compared with the bulk
materials. Under catalytic conditions, PVMo,,-SBA-15 formed
a mixture of tetrahedrally and octahedrally coordinated [MoO,]
and [MoQq] units."® However, the role and structural evolution
of Vand P in the supported HPOMs under catalytic conditions
remained largely unknown.

Herein, we present in situ X-ray absorption spectroscopy in-
vestigations performed at the V K edge of PV,Mo,,-SBA-15
under propene oxidation conditions. Moreover, >'P MAS NMR
measurements of supported PV,Mo,,-SBA-15 and reference
H;PO, supported on SBA-15 (denoted as H;PO,-SBA-15) after
the catalytic oxidation of propene are described. Correlations
between the structural evolution of [MoO,] and [VO,] units and
performance under catalytic conditions are also presented.

Results and Discussion
Long-range structure of the as-prepared PV,Mo,,-SBA-15

The long-range structure of the as-prepared PV,Mo,,-SBA-15
was investigated by using small-angle and wide-angle XRD
(Figure 1). At small angles, SBA-15 and PV,Mo,,-SBA-15 exhibit-
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Figure 1. Wide-angle and small-angle (inset) XRD patterns of PV,Mo,,-SBA-
15, SBA-15, and a mechanical mixture of PV,Mo,, and SBA-15.

ed the characteristic patterns representing the hexagonal pore
structure of nanostructured SBA-15. A lattice constant of the
hexagonal unit cell of a=12.1nm of both SBA-15 and
PV,Mo0,,-SBA-15 was determined from the (10 /) peak. SBA-15
had a BET surface area of 877 m?g~". BJH calculations of pore
size distributions resulted in a pore diameter of d,,.=10.6 nm.
Given the pore diameter and lattice constant, the wall thick-
ness of the SBA-15 material used amounted to approximately
2 nm. In contrast to the wide-angle XRD patterns of a mechani-
cal mixture of bulk Hs[PV,M0,,0,]-13H,0 and SBA-15 with
a ratio of 10 wt%, the pattern of PV,M0,,0,,-SBA-15 showed
no long-range ordered molybdenum oxide species. This indi-
cated sufficiently dispersed Keggin ions without the formation
of extended crystalline HPOM structures.
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Short-range-order structural characterization of
PV,Mo,,-SBA-15

The V K-edge FT(y(k)-k?) of PV,Mo0,,-SBA-15 and bulk PV,Mo,, is
shown in Figure 2a. The typical Mo K-edge FT(x(k)-k’) of
PV,Mo,,-SBA-15, PVMo,;-SBA-15, PV,Mo,,, and PVMo,, is shown
in Figure 2b.*™ The similar shape of the FT(y(k)-k%) indicated

V K edge

PV,Mo,o-SBA-15 -
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b Mo K edge
0.16 . . gdge ,
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Figure 2. a) V K-edge FT(y(k)-k®) of Hs[PV,M0,,04,] (PV,Mo,) and
Hs[PV,Mo0,,0,,] supported on SBA-15 (PV,Mo,,-SBA-15) and b) Mo K-edge
FT(y(k)-k*) of PVMoy,; (H,[PVMo,;04]) and PV,Mo,, (Hs[PV,Mo0,40,,]) and
HPOMs supported on SBA-15 (PVMo,,-SBA-15 and PV,Mo,,-SBA-15).

a similar local structure around V and Mo centers in the unsup-
ported and supported HPOM Keggin structure. Supporting
PV,Mo,, on SBA-15 resulted in a decreased amplitude of the
corresponding V K-edge FT(y(k)-k%). Conversely, the Mo K-edge
FT(x(k)-k®) of PV,Mo,,-SBA-15 and PVMo,,-SBA-15 showed an
increasing amplitude. This increase in amplitude of the
FT(x(k)-k®) in the range between 2.5 and 3.8 A was previously
reported for PVMo,; and PVMo,,-SBA-15."® Eventually, the Mo
and V K-edge FT(y(k)-k’) confirmed that the Keggin ion struc-
ture motif was maintained upon supporting PV,Mo,, on SBA-
15. The V and Mo K-edge X-ray absorption near-edge structure
(XANES) spectra of the as-prepared PV,Mo,,-SBA-15 and acti-
vated PV,Mo,,-SBA-15 after thermal treatment in 5% propene
and 5% oxygen in He at 723 K are shown in Figure 3. The V
and Mo K-edge XANES spectra of PV,Mo,, and PV,Mo,,-SBA-15
showed similar features. An analysis of the Mo K-edge posi-
tion®” yielded an average valence of approximately 6. Compar-
ing the pre-edge peak at the V K edge of PV,Mo,,-SBA-15 and
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Figure 3. a) V K-edge XANES of PV,Mo,,, PV,Mo,,-SBA-15, and activated
PV,Mo,,-SBA-15 and b) Mo K-edge XANES of PV,Mo;,,, PV,Mo,,-SBA-15, and
activated PV,Mo,,-SBA-15 after thermal treatment in 5% propene and 5%
oxygen at 723 K.

vanadium oxide as the reference compound indicated an aver-
age V valence between 4 and 5.

Structural evolution of PV,Mo,,-SBA-15 under catalytic
conditions

PV,Mo,,-SBA-15 was investigated by using in situ XAS under
catalytic conditions. The evolution of V and Mo XANES spectra
of PV,Mo,,-SBA-15 during temperature-programmed treatment
in 5% propene and 5% oxygen are shown in Figure 4a and b,
respectively. The pre-edge peak features can be used to eluci-
date the average local structure around metal centers. Using
the pre-edge peak height sufficed to quantify the contribution
of tetrahedral [MO,] and distorted [MO,] (M =V, Mo) units pres-
ent during the thermal treatment of the catalysts. The pre-
edge peak heights of insitu V and Mo K-edge XANES spectra
at 298 K (Figure 4) were attributed to the distorted MO, (M =V,
Mo) building units of the Keggin ion with the metal centers in
their highest oxidation states.”*" The XANES spectra remained
unchanged in the temperature range 298-473 K. Hence, the
Keggin structure appeared to be stable up to 473 K. Between
473 and 648 K, the pre-edge peak height increased with tem-
perature. This indicated structural changes from octahedral to
tetrahedral [MO,] (M=V, Mo) units during thermal treatment
under catalytic conditions.”?? The evolution of the normalized
pre-edge peak height together with the ion currents of H,0O,
CO, CO,, acrolein, and acetone during the oxidation of pro-
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Figure 4. a) In situ V K-edge XANES spectra and b) in situ Mo K-edge XANES
spectra of PV,Mo,,-SBA-15 during temperature-programmed treatment in
5% propene and 5% oxygen in He in the temperature range 300-723 K.

pene is shown in Figure 5b. The in situ Mo K-edge FT(y(k)-k%)
(Figure 5a) indicated that the Keggin structure was intact up
to 473 K. Structural changes observed in the Mo K-edge
FT(x(k)-k®) between 473 and 648 K coincided with the evolution
of the pre-edge peak height of V and Mo K edge of PV,Mo,,-
SBA-15. No structural changes in the FT(y(k)-k®) of Mo could be
determined above 648 K. Moreover, changes in pre-edge
heights of V and Mo occurred on the same time scale, which
thus confirmed the incorporation of V centers in the Keggin
structure. The onset of catalytic activity and the formation of
various selective oxidation products coincided with the detect-
ed structural changes. Apparently, the catalytically active spe-
cies formed during thermal activation from the original Keggin
structure under reaction conditions. These active species
mainly consist of V and Mo centers in partial tetrahedral coor-
dination.

Average local structure around Mo centers in activated
PV,Mo,,-SBA-15 and reference V,Mo,,0,-SBA-15 under
catalytic conditions

The Mo K-edge FT(y(k)-k®) of activated PV,Mo,,-SBA-15 and ac-
tivated V,Mo0,,0,-SBA-15 after thermal treatment under catalyt-
ic conditions is shown in Figure 6. The FT(y(k)-k’) of activated
PV,Mo,,-SBA-15 exhibited features similar to that of previously
reported dehydrated molybdenum oxides and HPOMs sup-
ported on SBA-15."%23 For a more detailed analysis, hexagonal
MoO; was used as a structural model. Theoretical X-ray absorp-
tion fine structure (XAFS) phases and amplitudes were calculat-
ed for Mo—O and Mo—Mo distances and used for extended X-
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Figure 5. a) In situ evolution of Mo K-edge FT(x(k)-k®) of PV,Mo,,-SBA-15
during thermal treatment in 5% propene and 5% oxygen in He in the tem-
perature range 303-723 K (heating rate: 4 Kmin~') and b) evolution of the
normalized ion current of H,0 (m/z 18), CO (m/z 28), CO, (m/z 44), acrolein
(m/z 56), and acetone (m/z 58) and normalized pre-edge height of V and Mo
K edge of PV,Mo0,,-SBA-15 during thermal treatment in 5% propene and 5%
oxygen in He in the temperature range 303-723 K (heating rate: 4 Kmin~").
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Figure 6. Mo K-edge FT(x(k)-k®) of activated PV,Mo,,-SBA-15 and activated
V,Mo,,0,-SBA-15 after thermal treatment in 5% propene and 5% oxygen in
He at 723 K.

ray absorption fine structure (EXAFS) refinement. The results of
the refinement are summarized in Table 1. Distinct changes in
the first Mo—O coordination sphere indicated a change in
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Table 1. Type, number (N), and XAFS disorder parameters (6?) of atoms
at a distance R from the Mo atoms in activated PV,Mo,,-SBA-15 and acti-
vated V,Mo,,0,-SBA-15."

Type Activated Type Activated
PV,Mo,,-SBA-15 V,Mo,,0,-SBA-15
N R e N R s
[A] (A% [A] [A%]

Mo-O 2 1.67 0.0013 Mo—-O 2 1.68 0.0023
Mo-O 2 1.88 0.0034 Mo-O 2 1.90 0.0042
Mo-O 1 2.18 0.0034, Mo-O 1 2.1 0.0042,
Mo—-O 1 2.34 0.0017 Mo—-O 1 2.34 0.0001
Mo—Mo - - - Mo—Mo - 3.14 0.0061
Mo—Mo 2 3.49 0.0061 Mo—Mo 2 3.28 0.0061,
Mo—Mo 2 3.63 0.0061, Mo—Mo 2 3.71 0.0057
Mo—Mo 2 3.75 0.0100 Mo—Mo 2 3.92 0.0113

[a] Experimental parameters were obtained from a refinement of a
hexagonal MoO; model structure (ICSD no. 75417) to the experimental
Mo K-edge XAFS y(k) function of activated PV,Mo,,-SBA-15 (k range: 3.6
16.0 A7", R range: 0.9-4.0 A, E,~-5.2, residual ~12.8, Nipy=27, Nieoe=12)
and activated V,Mo,,0,-SBA-15 (k range: 3.6-16.0 A~', R range: 0.9-4 A,
Ey~—0.4, residual &~ 10.9, N,y =26, N;..= 14). Subscript c indicates param-

1115

eters that were correlated in the refinement.

Mo—O distance distribution or coordination geometry. Higher
Mo—Mo peaks in the FT(y(k)-k®) exhibited a decreased ampli-
tude caused by an increased dispersion of Mo species on silica
SBA-15 after thermal treatment under catalytic conditions. A
distinct peak at approximately 3 A in the FT(x(k)-k’) indicated
the formation of dimeric or oligomeric [Mo,0,] units on SBA-
15.

Hence, isolated tetrahedral [MoO,] units can be excluded as
major molybdenum oxide species.*” Linear combinations of
the XANES spectra of Na,MoO, and MoO, references were
used to determine the amount of tetrahedral [MoO,] and octa-
hedral [MoOg] units in activated PV,Mo,,-SBA-15 and activated
V,Mo0,,0,-SBA-15. Apparently, activated PV,Mo,,-SBA-15 con-
sisted of a mixture of tetrahedral [MoO,] and octahedral
[MoOg] units in a ratio of 2:1. For activated V,Mo,,0,-SBA-15,
a ratio of 1:1 was found. A comparison of the pseudo radial
distribution functions of activated V,Mo,,0,-SBA-15 and acti-
vated PV,Mo,,-SBA-15 confirmed the results of the XANES anal-
ysis. The first peak of the Mo K-edge FT(y(k)-k®) of activated
V,Mo,,0,-SBA-15 differed from that of activated PV,Mo,,-SBA-
15. The first peak in both FT(y(k)-k®) originated mainly from the
tetrahedral species on the SBA-15 support and could be suffi-
ciently simulated using four Mo—O distances. These four dis-
tances sufficiently accounted for the minor amount of octahe-
dral [MoQg] species. The first and second disorder parameters
(1st-0* and 2nd-o?) were higher for activated V,Mo,,0,-SBA-15
and indicated a decreased amount of tetrahedral [MoO,] units.
The third Mo—O distance was considerably shorter than the
distance in activated PV,Mo,,-SBA-15. In addition, the fourth
disorder parameter (4th-o®) for V,Mo,,0,-SBA-15 was smaller
than the fourth disorder parameter (4th-o?) for activated
PV,Mo0,,-SBA-15. This disorder parameter mainly represented
the fraction of octahedral [MoOq] units. Hence, the reduced
disorder parameter indicated an increasing amount of octahe-
dral structural motifs in activated V,Mo,,0,-SBA-15 compared
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to activated PV,Mo0,,-SBA-15. Furthermore, the amplitude in
the Mo K-edge FT(y(k)-k®) of activated V,Mo0,,0,-SBA-15 at
higher Mo—Mo peaks resembled the shape of a-MoO;. The
Mo—Mo distance at approximately 3.3 A is characteristic of -
MoO;. These results confirmed the existence of crystalline a-
MoO,, which was also identified by XRD before thermal treat-
ment under catalytic conditions. Estimating the amount of a-
MoO, from the amplitude at approximately 3.3 A in the
pseudo radial distribution function yielded an amount of ap-
proximately 20 %.

Average local structure around V centers in activated
PV,Mo,,-SBA-15 and reference V,Mo,,0,-SBA-15 under
catalytic conditions

The evolution of the average local structure around V centers
in the supported catalysts and reference materials differed
from that around Mo centers. The V K-edge FT(y(k)-k) of acti-
vated V,Mo,,0,-SBA-15 and activated PV,Mo,,-SBA-15 is shown
in Figure 7. The amplitudes at distances between 3 and 4 A in-

004 | —act. PV,Mo,,-SBA-15 ]

—— act. V,Mo,40, -SBA-15

0.02

FT(x(k) k%)

-0.02 w! -

3
RIA]

Figure 7.V K-edge FT(x(k)-k®) of activated PV,Mo,,-SBA-15 and activated
V,Mo,,0,-SBA-15 after thermal treatment in 5% propene and 5% oxygen in
He at 723 K.

dicated different backscattering atoms. Single scattering paths
of a Na,Mo,0, structure (ICSD no. 24312") were used for the
EXAFS refinement of activated V,Mo,,0,-SBA-15 and activated
PV,Mo,,-SBA-15. The theoretical model structure of activated
PV,Mo,,-SBA-15 was based on the Na,Mo,0, structure with
one Mo atom replaced by one V atom per formula unit. The re-
sults of the refinements for the V K-edge FT(x(k)-k’) are given
in Table 2. The distances between 1 and 2 A corresponded to
a tetrahedral [VO,] unit. Distances R and disorder parameters
o® were nearly identical for activated PV,Mo,,-SBA-15 and acti-
vated V,Mo,,0,-SBA-15 (Figures 8 and 9). The first Mo coordi-
nation sphere corresponded to a mixture of octahedral and
mainly tetrahedral [MoO,] species. In contrast to the first
Mo—O peak with six individual Mo—O distances, the first V-0
peak could be sufficiently simulated with four individual V—O
distances. Si atoms from the support were found at a distance
of approximately 2.55A. In addition, a V—Mo distance was

ChemCatChem 2015, 7, 11121121 www.chemcatchem.org
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Table 2. Type, number (N), and XAFS disorder parameters (6?) of atoms
at a distance R from the V atoms in activated PV,Mo,,-SBA-15 and activat-
ed V,Mo,,0,-SBA-15.

Type Activated Type Activated
PV,Mo0,,-SBA-15 V,M0,40,-SBA-15
N R a N R o
[A] (A% (Al (A%
V-0 2 1.83 0.0183 V-0 2 1.82 0.0160
V-0 2 183, 00183, V-0 2 182,  0.0160,
V-Si 1 2.54 0.0172 V-Si 1 2.55 0.0094
V-0 1 291 0.005;¢ V-0 1 295 0.0046¢
V-0 1 3.10 0.0246 V-V 1 3.30 0.0089
V—-Mo 1 3.60 0.0221 V-V 1 3.58 0.0089,

[a] Experimental parameters were obtained from a refinement of a modi-
fied [Mo,0,]*~ model system (ICSD no. 24312), in which Mo was replaced
by V and Si was additional added compared to the experimental V K-
edge XAFS y(k) of activated V,Mo,,0,-SBA-15 (Figure 8; k range: 3.0-
10.0 A~", R range: 0.9-3.8 A, E,~8.8, residual~11.3, Ny,g=13, Njee=38)
and activated PV,Mo,-SBA-15 (Figure 9; k range: 3.0-10.0 A~", R range:
0.9-3.8 A, E,~8.8, residual ~6.0, N,,g=13, N;..=8). Subscript c indicates
parameters that were correlated and subscript f indicates parameters that

were fixed in the refinement.
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Figure 8. Theoretical and experimental V K-edge FT(X(k)-k3) of activated
V,Mo,,0,-SBA-15. Structural parameters are given in Table 2.

identified in the V K-edge FT(x(k)-k®) of activated PV,Mo,,-SBA-
15. V=0 and V-V distances in activated V,Mo0,,0,-SBA-15 were
similar to those in dehydrated V,0,-SBA-15 synthesized with
a butylammonium decavanadate precursor.””? Assume that
only V-V distances resulted in a sufficient agreement between
experimental and theoretical spectra in contrast to activated
PV,Mo,,-SBA-15. This indicated that [VO,] and [MoO,] species
were not present in close proximity to each other. The results
of Mo and V K-edge analyses of activated PV,Mo,,-SBA-15 and
activated V,Mo0,,0,-SBA-15 confirmed that only activated
PV,Mo,,-SBA-15 contained supported V—O—Mo mixed oxide
structural motifs formed under catalytic conditions.

Active sites of selective oxidation catalysts often consist of
multiple metal atoms.?® Synthesis routes of supported ternary
oxides with different metal oxide precursors have rarely been
reported. V-substituted Keggin ions enabled the synthesis of
connected [VO,] and [MoOQ,] species not readily available from

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Theoretical and experimental V K-edge FT(y(k)-k®) of activated
PV,Mo,,-SBA-15. Structural parameters are given in Table 2.

physically mixed precursors. Apparently, the proximity of V and
Mo in Keggin precursors is a prerequisite for obtaining con-
nected metal oxide species on the support material SBA-15.

Local structure of P in activated PV,Mo,,SBA-15 under
catalytic conditions

The *'P MAS NMR spectra of the as-prepared and activated
PV,Mo,,-SBA-15 in comparison to the as-prepared and activat-
ed reference H;PO,-SBA-15 are shown in Figure 10. The

act. H;PO,-SBA-15
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act. PV,Mo,s-SBA-15
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Figure 10.*'P MAS NMR spectra of as-prepared H;P0,-SBA-15, PV,Mo,,-SBA-

15, activated H;PO,-SBA-15, and activated PV,Mo,,-SBA-15 after thermal
treatment in 5% propene and 5% oxygen in He at 723 K.
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*'P MAS NMR spectrum of PV,Mo,,-SBA-15 resembled that of
bulk PVMo,,®” This confirmed that the majority of P centers
was located in Keggin ions supported on SBA-15.%® The peak
in the spectrum of H;PO,-SBA-15 at 0.8 ppm could be assigned
to molecular H;PO,. In the spectrum of activated H;PO,-SBA-
15, four pronounced peaks can be seen at chemical shifts of
0.8, —10.8, —22.8, and —35.9 ppm. Zhang and coworkers re-
ported similar results for SiO, impregnated with H;P0,?*3% Ac-
cordingly, the peak at 0.1 ppm is characteristic of H;PO,,
whereas the peaks at —10.8 and —22.8 ppm were attributed to
terminal and internal phosphate groups of condensed phos-
phates, respectively.*” Krawietz etal. assigned the peak at
—35.9 ppm to silicon hydrogen tripolyphosphate (—35 ppm).B"
For H;[PMo,,0,,] supported on ZrO, (PMo,,-ZrO,), Devassy
etal. investigated the nature of P species depending on
Keggin loading and calcination temperature.*? PMo,,-ZrO, ex-
hibited a comparable broadening of the peaks in the *'P MAS
NMR spectrum with the increase in calcination temperature.
The decomposition of HPOMs to oxide species was observed
at temperatures above 723 K. Lopez-Salinas et al investigated
the thermal stability of H;[PW,,0,,] supported on ZrO, (PW,,-
Zr0O,). The structural behavior of PW,,-ZrO, during calcination
was comparable to that of PMo,,-ZrO,. PW,,-ZrO, decomposed
at temperatures above 773 K to form the corresponding sup-
ported oxides.*™ The authors assigned an additional peak at
—30 ppm to phosphorous oxides exhibiting P—O—P motifs. In
the P MAS NMR spectra of activated PV,Mo,,-SBA-15 studied
herein, a broad resonance indicated structural rearrangement
and a partial decomposition of Keggin ions during thermal
treatment under catalytic conditions. Moreover, the *'P MAS
NMR spectra of activated PV,Mo,,-SBA-15 resembled those of
a VPO-SBA-15 sample treated under oxidative and reductive
conditions.®¥ A broad resonance observed for the VPO-SBA-15
sample between —12 and —38 ppm was attributed to various
vanadyl orthophosphates phases (—8.4 to 21.2 ppm) and P
bound to the SBA-15 support (~—38 ppm). Comparable struc-
tural motifs may be assumed for activated PV,Mo,,-SBA-15.
However, the formation of phosphorous oxide or silicon hydro-
gen tripolyphosphate exhibiting linked P—O—P structures could
be excluded. In total, the *'P MAS NMR results indicated vari-
ous structural motifs in the activated samples studied herein.
Apparently, P remained connected to the molybdate and/or
vanadate species of the [(Mo,V)O,] units under propene oxida-
tion conditions.

Structure-directing effects of V and the support material on
activated PV,Mo,,-SBA-15 under catalytic conditions

Characteristic differences were found on comparing the struc-
tural evolution of bulk HPOMs during thermal treatment with
that of supported HPOMs. In bulk HPOMs, the Keggin ions par-
tially decompose under catalytic conditions to form lacunary
Keggin anions." In this process, Mo cations migrate to extra
Keggin ion sites while remaining coordinated to the resulting
lacunary Keggin anions."” Driving force for the formation of la-
cunary Keggin anions may be the relaxation of the Keggin
structure at an elevated temperature upon removal of structur-
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al water. Eventually, this leads to the formation of more ex-
tended oxide structures. These structural changes at tempera-
tures above 573 K are accompanied by reduction of the metal
centers.®™ V incorporated in bulk HPOM acts as a structural
promoter facilitating the formation of the active bulk (Mo,V)
oxide phase under catalytic conditions. The incorporated V
centers result in a pronounced destabilization and accelerated
decomposition of the Keggin ion at elevated temperatures.”>"
The structural characteristics of model systems such as MoO,-
SBA-15 and VO,-SBA-15 depend on their hydration states.?>*%
A comparable effect could be responsible for the structural
evolution of HPOMs supported on SBA-15. Adsorbed water
and silanol groups from the support may have a structure sta-
bilizing effect on the Keggin ion. This effect would be compa-
rable to that of water of crystallization and constitutional
water in bulk HPOM under ambient conditions.” Vansant
et al. reported that amorphous silica showed the dehydroxyla-
tion of silanol groups between 473 and 673 K, which resulted
in a decrease in the silanol density from 4.6 OHnm? (473 K) to
2.3 OHnm? (673 K).*”) The thermogravimetric measurement of
PV,Mo0,,-SBA-15 showed a mass loss of approximately 2 wt%
between 473 and 673 K, which correlated with the tempera-
ture range of structural rearrangement of PV,Mo,,-SBA-15
under catalytic conditions. Thus, desorption of water and dehy-
droxylation of silanol groups may be responsible for the forma-
tion of activated PV,Mo,,-SBA-15. SBA-15 seemed to have a di-
recting effect on the formation of activated (Mo,V,P)O, struc-
tures, depending on the treatment conditions (i.e., tempera-
ture and gas composition). Apparently, the thermal stability of
Keggin ions supported on SBA-15 was significantly decreased.
Although V had a minor effect on the thermal stability, the in-
teraction with the support material appeared to be more im-
portant. Nevertheless, V still had a distinct structure-directing
effect to form V—O—Mo mixed structures under catalytic condi-
tions. The presence of tetrahedral [VO,] species led to an in-
creasing ratio of tetrahedral [MoO,] to octahedral [MoOg] spe-
cies. Compared with SBA-15, other support materials exhibit
different structure-directing effects, depending on the acidity
of the surface.'®*** For instance, mainly isolated [MoO,] units
existed on an alkaline MgO support, which was in agreement
with the behavior of molybdenum oxides in the alkaline solu-
tion.”” Herein, the acidic surface of silica SBA-15 resulted in
mainly linked M—O—M (M =Mo, V) species, which was again in
agreement with the behavior of vanadates and molybdates in
acidic solutions."%*"

Catalytic performance

Reaction rates and selectivities of PV,Mo,, PV,Mo,,-SBA-15,
and V,Mo0,,0,-SBA-15 in propene oxidation at 723 K are illus-
trated in Figure 11. Bulk PV,Mo,, and PV,Mo,,-SBA-15 exhibited
a comparable product distribution (i.e., acrylic acid, acetic acid,
acrolein, acetone, propionaldehyde, acetaldehyde, CO, and
CO,). Although PV,Mo,, showed a slightly increased selectivity
toward acrolein, PV,Mo,,-SBA-15 exhibited an increased selec-
tivity toward acetic acid. The total oxidation products CO and
CO, amounted to approximately 55% in the resulting oxida-
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Figure 11. Reaction rate (propene) and selectivity of a) PV,Mo,,, b) PV,Mo;,-
SBA-15, and ¢) V,M0,,0,-SBA-15 in 5% propene and 5% oxygen in He at
723 K.

tion products. Conversely, the reaction rates of PV,Mo,, and
PV,Mo,,-SBA-15 exhibited considerable differences. The catalyt-
ic activity of PV,Mo,,-SBA-15 was four times higher than that
of bulk PV,Mo,, Apparently, higher dispersion and an im-
proved surface to bulk ratio of Keggin ions resulted in a much
increased activity at comparable selectivity. In contrast to the
HPOMs samples, V,Mo0,,0,-SBA-15 showed a decreasing activity
and a different product distribution as compared with
PV,Mo,,-SBA-15. Although the amount of total oxidation prod-
ucts in the gas phase was considerably lower, an increasing se-
lectivity toward acetaldehyde was determined. The structural
analysis indicated that activated V,Mo0,,0,-SBA-15 had an in-
creased amount of highly polymerized Mo species and a de-
creased amount of tetrahedral [MoO,] units. It was shown earli-
er that highly polymerized [VO,] and [MoO,] species showed
an increased selectivity toward oxidation products.”**? In addi-
tion, the majority of [VO,] and [MoO,] species in activated
V,Mo0,,0,-SBA-15 did not seem to be directly connected to
each other. Local separation of [VO,] and [MoO,] species may
be responsible for the increased concentration of acetalde-
hyde, which is mainly formed by V-based catalysts in contrast
to Mo-based catalysts.?"*? Apparently, connected [VO,] and
[MoO,] units led to an increased amount of total oxidation
products for activated PV,Mo,,-SBA-15 in contrast to not con-
nected [VO,] and [MoQO,] units in activated V,Mo,,0,-SBA-15.
Furthermore, the availability of dimeric or oligomeric [(V,M0)O,]
units increased the selectivity toward oxygenates in contrast to
isolated [MoO,] units.**4

Effect of P species on catalytic activity

P-containing catalysts (i.e., VPO, FePO, and MoPO) play a crucial
role as oxidation catalysts.” Adding small amounts of phos-
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phoric acid to the feed showed positive effects on long-term
stability and catalytic performance of FePO catalysts during
the ODH of isobutyric acid to methacrylic acid. The P source
was needed to maintain a constant P/Fe ratio at the surface of
the catalyst.”™ VPO catalysts showed the migration of P spe-
cies to the surface and a decreasing amount of P in the cata-
lyst during water vapor treatment. The excess of P on the sur-
face suppressed the oxidation of VPO catalysts and hindered
the formation of active sites for oxidation reactions. Subse-
quently, the hydrolysis of P-O—P or P—O—V groups resulted in
a removal of phosphate groups from the surface and an in-
creasing activity.”*” Moreover, adding V and P to MoO,-based
catalysts for the ODH of ethane afforded an increasing conver-
sion and selectivity toward ethane. Haddad et al. suggested
synergistic effects between structurally related oxides such as
(V,M0);0,, and (V,Mo)PO phases to be responsible for the en-
hanced catalytic performance.” Herein, the formation of water
as a by-product during the oxidation of propene may have fa-
vored the migration of P species under catalytic conditions.
The different surface to bulk ratios of PV,Mo,;, and PV,Mo,,-
SBA-15 could lead to a different migration pattern and hydrol-
ysis of phosphate groups in the materials. The available Keggin
ions in PV,Mo,,-SBA-15 were already located on the surface of
the support material. Therefore, a possible enrichment of phos-
phate groups was not possible for PV,Mo,,-SBA-15. An enrich-
ment of phosphate groups on the surface of bulk PV,Mo,,
would result in a higher P/M (M =Mo, V) ratio, with a possible
effect on catalytic activity and selectivity. However, the compa-
rable selectivity of bulk PV,Mo,, and PV,Mo,,-SBA-15
(Figure 11) was indicative of similar active centers despite dif-
ferent P/M (M =Mo, V) ratios. Therefore, the increased catalytic
activity of PV,Mo,,-SBA-15 was attributed to higher dispersion
and an improved surface to bulk ratio of supported Keggin
ions.

Conclusions

The structural evolution of PV,Mo,,-SBA-15 and reference
V,Mo,,0,-SBA-15 under propene oxidation conditions was ex-
amined by using in situ X-ray absorption spectroscopy at the
Mo and V K edge. In addition, *'P MAS NMR measurements of
supported PV,Mo,,-SBA-15 and H;PO,-SBA-15 were performed
after the catalytic reaction. During thermal treatment under
propene oxidation conditions, PV,Mo0,,-SBA-15 formed a mix-
ture of mainly tetrahedral [MoO,] and [VO,] units. Changes in
the average local structure around V centers coincided with
the changes in the average local structure around Mo centers
and the onset of catalytic activity. Apparently, mainly tetrahe-
dral [MoO,] and [VO,] units were in close proximity and inter-
acted under catalytic conditions. Conversely, structural analysis
of the activated reference V,Mo0,,0,-SBA-15 synthesized with
individual V and Mo precursors indicated that [VO,] and [MoO,]
species were mostly separated from each other on the surface
of SBA-15. Moreover, activated V,Mo,,0,-SBA-15 had an in-
creased amount of highly polymerized [MoO,] species and a de-
creased amount of tetrahedral [MoO,] units, which may explain
the observed increased selectivity toward partial oxidation
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products. The structural environment of P in PV,Mo,,-SBA-15
under catalytic conditions corresponded to a mixture of vari-
ous species. P was linked to both the SBA-15 support via
P—O-Si bonds and the Mo or V centers of [MoO,] or [VO,]
units. In total, supported V-substituted Keggin ions are suitable
precursors to synthesize [VO,] species connected to [MoO,]
species on SBA-15. Apparently, the proximity of V and Mo in
Keggin precursors is a prerequisite for obtaining connected
metal oxide species.

Experimental Section

Silica SBA-15 was prepared according to the method of Zhao
et al.™ A triblock copolymer (16.2 g; P123, Aldrich) was dissolved
in water (294 g) and hydrochloric acid (8.8 g) at 308 K and stirred
for 24 h. After the addition of tetraethyl orthosilicate (32 g) for
24 h, the reaction mixture was stirred for 24 h at 373 K. The result-
ing gel was transferred to a glass bottle, and the closed bottle was
heated to 388 K for 24 h. Subsequently, the suspension was filtered
and washed with a mixture of water and ethanol (100:5). The re-
sulting white powder was dried at 378 K for 3 h and calcined at
453 K for 3 h and at 823 K for 5 h.

HPOM were prepared as follows™: MoO, (16.89 g; Sigma-Aldrich)
and V,0; (2.13 g; Sigma-Aldrich) were dissolved in water (675 mL)
and heated to reflux. Phosphoric acid (97.8 mL, 0.12 M) was added
dropwise to the reaction mixture. The resulting suspension was
heated for 3 h and kept at 298 K for 24 h until a clear red solution
was obtained. The remainder was filtered, and the volume of the
resulting red solution was reduced to 30 mL with an evaporator.
H;s[PV,M0,,04] (denoted as PV,Mo,,) crystallized during storage at
277 K for several days. PV,Mo,, supported on silica SBA-15 (denot-
ed as PV,Mo,,-SBA-15) was prepared through incipient wetness im-
pregnation. PV,Mo,, (0.781 g) was dissolved in water (6 mL) and
deposited on silica SBA-15 (3 g) to obtain a loading of 10 wt% Mo
and 1 wt% V.

A reference material (denoted as V,Mo,,0,-SBA-15) was prepared
as follows: (NH,)sMo,0,,+4H,0 (232.1 mg) and (NH,)sV;,0,:6 H,O
(29.3 mg) were dissolved in water and were deposited through in-
cipient wetness impregnation on SBA-15 (1 g) to obtain a metal
loading of 10 wt% Mo and 1 wt% V. The sample was dried at RT
for 18 h and calcined at 773 K for 3 h. H;PO,-SBA-15 was prepared
by depositing phosphoric acid (1.1 mL, 0.12m) on silica SBA-15
(19).

N, physisorption isotherms were measured at 77 K on a BELSORP-
Mini Il volumetric sorption analyzer (BEL Japan, Inc.). The silica SBA-
15 sample was treated under vacuum at 368 K for approximately
20 min and at 448 K for approximately 17 h before starting the
measurement. Data processing was performed with the BELMaster
V.5.2.3.0 software package. The specific surface area was calculated
by using the BET method in the relative pressure range of 0.03-
0.24 by assuming an area of 0.162 nm? per N, molecule.*”' The ad-
sorption branch of the isotherm was used to calculate the pore
size distribution and cumulative pore area according to the BJH
method.“¢!

The *'P MAS NMR spectra were recorded on a Bruker Avance
400 MHz NMR spectrometer (161.92 MHz) with a 4 mm double res-
onance HX MAS probe. Data collection used a 90° pulse with a re-
laxation delay of 60 s under an MAS rotation frequency of 12 kHz.
The spectra were referenced to 85% H;PO, in aqueous solution
with solid NH,H,PO, (6 =0.81 ppm) as a secondary reference.
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XRD measurements were performed on an X'Pert PRO multipur-
pose diffractometer (PANalytical, 6-60 geometry) with CuK, radia-
tion and a PIXcel solid-state multichannel detector. Wide-angle
scans (26=5-90°, variable slits) were collected in the reflection
mode with a silicon sample holder. Small-angle scans (20=0.4-
6.0° fixed slits) were collected in the transmission mode with the
sample spread between two layers of Kapton foil.

Transmission XAS experiments at the Mo K edge (19.999 keV) were
performed at beamline X at the Hamburg Synchrotron Radiation
Laboratory with a Si(311) double crystal monochromator. Transmis-
sion XAS experiments at the V K edge (5.465 keV) were also per-
formed at the Hamburg Synchrotron Radiation Laboratory with
a Si(111) double crystal monochromator at beamline C. In situ ex-
periments were performed in a flow reactor at atmospheric pres-
sure (5 vol% oxygen in He; total flow rate: 30 mLmin~'; tempera-
ture range: 303-723 K; heating rate: 4 Kmin™'). The gas phase
composition at the cell outlet was monitored continuously with
a noncalibrated mass spectrometer in a multiple ion detection
mode (OmniStar from Pfeiffer).

XAFS analysis was performed with the WinXAS v3.2 software pack-
age.”! Background subtraction and normalization were performed
by fitting linear polynomials and third-degree polynomials to the
pre-edge and post-edge region of an absorption spectrum, respec-
tively. The EXAFS y(k) was extracted by using cubic splines to
obtain a smooth atomic background (k). The FT(x(k)-k%), often re-
ferred to as pseudo radial distribution function, was calculated by
Fourier transforming the k*-weighted experimental y(k) function,
multiplied by a Bessel window, in the R space. EXAFS data analysis
was performed by using theoretical backscattering phases and am-
plitudes calculated with the ab initio multiple scattering code
FEFF7.48

Single scattering and multiple scattering paths in the hexagonal
MoO, model structure (ICSD no. 75417*") and a modified Na,MoO,
structure (ICSD no. 24312 were calculated up to 6.0 A with
a lower limit of 4.0% in amplitude with respect to the strongest
backscattering path. EXAFS refinements were performed in the R
space simultaneously to magnitude and imaginary part of a Fourier
transformed k*-weighted and k'-weighted experimental y(k) func-
tion by using the standard EXAFS formula.*® This procedure re-
duced the correlation between the various XAFS fitting parameters.
Structural parameters allowed to vary in the refinement were
1) disorder parameter o® of selected single scattering paths assum-
ing a symmetrical pair distribution function and 2) distances of se-
lected single scattering paths. Correlations of specific parameters
to reduce the number of free running parameters and to improve
the stability of the refinement are given in Tables 1 and 2.

The statistical significance of the fitting procedure used was care-
fully evaluated in three steps as outlined by Walter et al.”? The
procedure took into account the recommendations of the Interna-
tional X-ray Absorption Society on criteria and error reports.”"
First, the number of independent parameters (N;,4) was calculated
by using the Nyquist theorem: Nj,q=2/TT*AR*Ak+2. In all cases,
the number of free running parameters in the refinements was
well below N,4. Second, confidence limits were calculated for each
individual parameter. In the corresponding procedure, one parame-
ter was successively varied by a certain percentage (i.e., 0.05% for
R and 5% for 6% and the refinement was restarted by keeping this
parameter constant. The parameter was repeatedly increased or
decreased 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 the
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second last increment for an increase in fit residual of 5%. This
procedure was consecutively performed for each fitting parameter.
Third, an F test was performed to assess the significance of the
effect of additional parameters on the fit residual.*

Quantitative catalysis measurements were performed with a fixed-
bed laboratory reactor connected to an online GC system (Varian
CP-3800) and a noncalibrated mass spectrometer (OmniStar from
Pfeiffer). All gas lines and valves were preheated to 473 K. Hydro-
carbons and oxygenated reaction products were analyzed with
a Carbowax capillary column connected to an Al,Os/MAPD column
or a fused silica restriction capillary (25 mx0.32 mm each) connect-
ed to a flame ionization detector. O,, CO, and CO, were separated
with HayeSep Q (2mx1/8in.) and HayeSep T (0.5 mx1/8in.)
packed columns as precolumns combined with a back flush. For
separation, a Hayesep Q packed column (0.5 mx1/8in.) was con-
nected via a molecular sieve (1.5 mx1/8in.) to a thermal conduc-
tivity detector. Reactant gas flow rates of oxygen, propene, and He
were adjusted with separate mass flow controllers to a total flow
of 40 mLmin~". A mixture of 5% propene and 5% oxygen in He
was used for catalytic testing in the temperature range 300-723 K.
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