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The properties of heterogeneous catalysts are directly corre-
lated to the molecular structure of the active sites which often
consists of nanometer-scale particles of transition metals (in
a metallic, oxide or sulfide form) dispersed on an oxide
support.! The complexity of physico-chemical phenomena
occurring during the catalyst synthesis/activation stages often
leads to the formation of unknown supported phases featur-
ing new ill-defined sites.”! Their identification requires an in-
depth characterization at the molecular scale of the catalyst
with the use of various spectroscopic tools. Despite the
valuable information so-obtained, these techniques some-
times are not able to provide the overall structure of the
active species responsible for the catalytic activity. The use of
theoretical tools to establish direct correlation between
spectroscopic fingerprints and structural/electronic properties
of catalysts is a powerful and quite new approach for
unraveling the structure of catalysts.

Thanks to its chemical and electronic (orbital) selectivity,
X-ray absorption near-edge structure (XANES) spectroscopy
is the technique of choice for molecular-scale characterization
of catalysts. Furthermore, in the XANES spectra, the long
mean free path of the photoelectron, induced by its small
kinetic energy (E. < 50-100 eV), provides a high contribution
of multiple scattering events of the photoelectron allowing to
probe the three-dimensional structure (3D) around the
absorbing atom.’) XANES spectroscopy is however highly
dependent on electronic parameters that make its fine
interpretation difficult. This often leads to a restricted use
of XANES spectra for the determination of the oxidation
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state of an absorber atom or/and basic consideration on its
local symmetry. It is however possible to obtain a finer
interpretation of spectra by calculation of XANES transi-
tions. Indeed, the multiple scattering (MS) theory is well
adapted to reproduce the XANES transitions observed at
K edges of elements heavier than Li and at L,; edges of
elements heavier than Cd."!

We propose herein to use MS simulations based on
structural models predicted by DFT calculations for inter-
preting the Moy edge fingerprints observed for TiO,-sup-
ported molybdenum oxide catalysts which are widely used for
olefin metathesis, selective oxidation reactions, and hydro-
treatment.’! The structure of the oxomolybdate species
formed during the catalyst activation is still unknown even
though it has been extensively characterized by various
spectroscopies.”] A three-step methodology was followed to
unravel the catalyst structure: first simulations of XANES
spectra of Mo reference compounds (ammonium heptamo-
lybdate (hereafter noted AHM), (NH,);[Al(OH);M0,0;]
(noted AlMog), 0-(NH,),[M0gO,] (noted MogO,)) were
performed to obtain direct correlation between spectroscopic
fingerprints and structural properties of known structures.
Then, these fingerprints are identified in the spectrum of the
supported catalyst to generate catalyst structures for DFT
optimization. Finally, the optimized geometry is used for
modeling XANES spectra using MS theory.

Figure 1 A presents Moy edge experimental spectra of the
activated catalyst (350°C in oxygen), labeled hereafter
7.5 MoTij, together with four reference compounds in which
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Figure 1. A) Moy edge XANES spectra of model compounds and the
7.5 MoTi catalyst (Norm. u(E) =normalized absorption). B) Zoom on
Moy edge XANES spectra for octahedral model compounds and the
7.5 MoTi catalyst at 75 eV beyond the pre-edge.
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molybdenum is either located in four-fold coordinated sites
(Na,Mo00,) or in six-fold coordinated sites (AHM, AlMo,
and MogO,). The dissimilarity of both pre-edge intensity and
global spectrum shape between Na,MoO, and Mo-supported
catalyst rules out a tetrahedral symmetry for the Mo atoms of
the catalysts. Conversely, the XANES spectrum of the
catalyst exhibits similar characteristics of polyoxoanions
compounds (Figure 1A). This indicates that the supported
phase contains octahedral polymeric Mo. Although the
spectra of six-fold coordinated Mo sites are very similar,
a careful inspection in the region around 75 eV beyond the
absorption edge (Figure 1B) shows that it is possible to
distinguish two octahedral polymeric Mo structures. For
AHM and AlMog compounds, the spectra display three
successive features at about 20017, 20030, and 20047 eV
(denoted as 1, 2, and 3 in Figure 1 B) whereas the MogO,4
spectrum only shows two features at about 20017 and
20042 eV. It is also possible to get a more acute character-
ization of the specific intensity of the second bump by
comparing the amplitude of absorption between the first and
the second bump. The second bump has a significantly higher
relative intensity in the spectrum of AIMo, compared to the
one observed in the XANES spectrum of AHM. To under-
stand the origin of these bumps XANES simulation of Mo
polyoxoanion compounds has been carried out.
Experimental and calculated XANES spectra of AHM
are shown in Figure 2C along with a schematic structural
representation of the polyoxoanion (Figure 2A). The AHM
structure is made of edge-sharing distorted octahedra featur-
ing two short adjacent terminal Mo=O, bonds and four Mo—O
distances ranging from 1.9 to 2.4 A. The AHM compound has
three non-equivalent Mo sites (Figure 2A) which will be
further denoted 1, 1’, and 2. Sites 1 and 1’ are both character-
istic of a Mo atom surrounded by three Mo neighbors. The
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differences between sites 1 and 1’ are a longer Mo—O bond
(2.4 instead of 2.3 A) and different X OMoO angles. Site 2
Mo is surrounded by six Mo atoms with a spread in Mo—O
distances similar to that of site 1. The XANES spectra
calculation was performed considering all non-equivalent
Mo sites (1, 1’, and 2). The calculated spectra were then
summed using the relative weight of each site in the AHM
structure to get the final overall spectrum. The obtained
spectrum is lastly convoluted before it is compared with the
experimental spectrum.

The XANES contributions of each Mo site (1, 1, and 2)
calculated using clusters of five different radii are reported in
Figure 2D, E, and F. For a cluster radius equal to 2.5 A (which
corresponds to one Mo atom and six surrounding oxygen
atoms; Figure 2B, R=2.5 A), only site 1’ presents an intense
third bump. The comparison of the calculated overall final
spectrum to the experimental one (Figure 2C, R=2.5 A),
shows however that the shapes of the bumps are not well
reproduced by the calculation.

The increase of the calculated radius from the first to the
second nearest shell (molybdenum) is presented in Figure 2B
(R=3.3 A) and does not show significant changes compared
to the smaller calculated radius.

The addition of a second oxygen coordination shell
(Figure 2B, R=4 A) gives rise to more pronounced spectral
features in the calculated individual contributions (Figure 2D,
E, F, R=4 A). Furthermore, the calculated overall final
spectrum well reproduces the experimental spectrum, espe-
cially the shape and the intensity of the bumps (Figure 2C,
R=4 A). This is a clear indication that the second oxygen
coordination shell belonging to the neighboring octahedra
and standing between 3.3 and 4 A is responsible for the
typical XANES profile of AHM. Note also the peculiar
spectral shape of the individual XANES of the site 2 Mo
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Figure 2. A) Structure of AHM. B) Shells around site 2 Mo for cluster radii equal to 2.5, 3.3, 4, and 5 A. C) Normalized (with respect to the
experimental spectrum) theoretical Mo, edge XANES spectra of AHM at five different cluster radii together with the experimental spectrum. D, E
and F) Non-convoluted calculated Mo, edge XANES spectra of sites 1, 2, and 1" Mo, respectively, at five different radii for the AHM cluster.
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(Figure 2E, R=4 A) which shows higher intensities of both
the first and third bumps and a much less intense second
bump relative to that of sites 1 (Figure 2D, R=4 A) and 1’
(Figure 2F, R =4 A). This is due to the specific second oxygen
shell of site 2 Mo in comparison to sites 1 and 1’ (Figure 2 A).
It is well reported that scattering amplitudes of low-Z
elements are strongly peaked near the Fermi energy and
rapidly decreases when increasing the energy making
XANES sensitive to low-Z elements.””! Finally, the calcula-
tions at higher cluster radii (5 and 6 A) demonstrate that
convergence is reached at 5 A.

The intensity ratio of resonances characterizing the
experimental XANES spectrum of AHM is fixed by the
specific surrounding environment (oxygen atoms) of each
non-equivalent Mo site forming the polyoxoanion. Similar
findings arise from calculated XANES spectra of AIMog; and
MogO, compounds (Figure 3). All six Mo atoms of the AIMo,
structure are surrounded by two molybdenum and one
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Figure 3. Structures of MogO,; and AlMog with calculated Mo K-edge
XANES spectra of AHM, MozO,, and AlMog,

aluminum atoms; they present a local environment, especially
a second coordination shell of oxygen atoms, quite similar to
those of site 1 Mo in AHM. However, the absence of site 2
Mo (site 2 shows high intensities of both the first and third
bumps and a very low intensity of the second bump) favors
a second bump of higher relative intensity for AIMo, relative
to the one obtained for AHM. For MogO,, the contribution
of site 2 Mo in the overall calculated intensity of the spectrum
is twice higher than that in AHM. This feature added to the
existence of site 1’ Mo (giving rise to a high intense third
bump relative to site 1 Mo), leads to the absence of a well-
defined structure of the second bump and the presence of an
intense third bump.

From the data discussed above it can be stated that the
intensity of the second bump in the Moy edge XANES
spectrum is a good spectral fingerprint of the presence/
absence of site 2 Mo. The 7.5 MoTi catalyst shows a second
bump of an intensity similar to the one of AIMog (Figure 1B).
Thus, it can be concluded that the active phase of the Mo
catalyst is characterized by the absence of site 2 Mo. Follow-
ing this hypothesis, a relevant candidate for a structural model
of the active phase of the catalyst could be a six-membered
ring formed by Mo atoms in octahedral symmetry without
site 2 Mo. We studied the adsorption of this potential active
phase on a TiO, surface by DFT optimization. The anatase
support was modeled by the mainly exposed (101) surface.”
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In addition to the six-membered ring structures, other
potential active phases structures showing Mo atoms in
octahedral symmetry without site 2 Mo are also plausible,
such as infinite chain structures and trimeric/tetrameric
clusters (see Section S1 in the Supporting Information).
However, DFT calculations show that such structures are
unstable on a TiO, surface and strongly reconstructed losing
their octahedral symmetry after geometry optimization and
lead to a very bad agreement between experiment and theory
(see Section S2 in the Supporting Information).

Conversely, the octahedral symmetry of the ring structure
(the chemical formula is [MogO,;]%") is preserved after DFT
relaxation. Such a structure however gives rise to discrep-
ancies between experiment and theory that can be explained
by the small size of the MosO,*" cluster showing highly
distorted octahedra at the edge of the structure. To overcome
this edge effect while keeping the ring structure, Mo,O,,
entities (Figure 4) were added to the MogO," structure.
This induces a decrease of the contribution of the edge
molybdenum and gives rise to a more consistent simulated
XANES spectrum. In fact, the [Mos0,,(M0,0,,),]* structure
(Figure 4) leads to a good reproduction of the intensity of the
second bump which is in line with the absence of site 2 Mo.
Moreover, the adsorption of the [M0gO,;(M0,0,,),]*" struc-
ture is, in contrast to clusters and chain structures, exothermic
(—0.7 eV, see Section S3 in the Supporting Information).

Further increase of the [Mo40,;(Mo,04,),]®" cluster size
by successive addition of Mo,O,, entities can also be done
without significant alteration of the calculated XANES
spectrum. Indeed increasing the cluster size will increase the
intensity of the second shoulder until a critical cluster size is
reached for which the Mo atoms located at the edge will have
a minimal influence on the total spectrum. This prevents any
further attempt to fully determine the mean size of the cluster
using DFT and XANES spectroscopy. Nevertheless, we can
reliably propose that the configuration of the catalyst surface
after activation is [Mo0,,0,5(M0,0;,),]®~ where n>2 is the
number of Mo,O, cluster(s) added for increasing the cluster
size of the polyanion. This is in agreement with previous
conclusions drawn by Raman spectroscopy showing that
oxide Mo species adsorbed on a TiO, surface are in
a polymeric form possessing only one terminal Mo=O
bond.! The relevance of the [MogO,(Mo,0,,),]*” structure
is also clearly shown by the calculation of the theoretical
extended X-ray absorption fine structure (EXAFS) spectrum
where every experimental EXAFS oscillation is well repro-
duced (Figure 4).

After a calcination step the structure of TiO,-supported
oxomolybdates does not depend on the preparation
method.!"! This strongly suggests that the supported phase
is obtained under thermodynamic control which is in line with
the findings of this work. Indeed, molybdenum species
forming the [Mos0,;(M0,04,),]*" are almost in epitaxial
interaction with the TiO, (101) surface (Figure 4) and show
the classical molybdenum linking mode observed either in
MoO; crystals and AHM. This demonstrates the prominent
influence of the support on the structure of the active phase of
the Mo-supported catalyst as the speciation of supported Mo
atoms is not only fixed by the Mo chemistry but also by the
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Figure 4. Ring Mo structure on the (101) TiO, surface along with calculated (green line) and experimental (dark line) XANES and EXAFS spectra
of the 7.5 MoTi catalyst. The theoretical EXAFS spectrum is obtained by summing the scattering paths which are achieved by the calculation of

the scattering amplitude, phase functions, and mean free paths.

structure of the TiO, surface which imposes the arrangement
of the Mo octahedra.

In summary, the combination of XANES spectroscopy,
DFT, and MS simulations can be very powerful for solving the
structure of heterogeneous catalysts. This approach has
a general interest much broader than catalysis, as it can be
straightforwardly extended to other relevant systems were
conventional diffraction techniques cannot be applied such as
the large class of nanostructured materials.

Experimental Section

A TiO,-supported molybdenum oxide catalyst was prepared by
impregnation of anatase TiO, powder (BET surface equal to
93m?g") by an aqueous solution of AHM, the concentration of
which was adjusted to reach a final composition of 7.5 % wt MoO,/
TiO, (7.5 MoTi). The catalyst was then calcined 6 h at 400°C in pure
oxygen.

The XAS spectra were recorded at SOLEIL synchrotron facility
on the SAMBA beamline.’?! In Section S4 of the Supporting
Information, further details on the temperature/gas flow used
during recording the spectra are available.

The computational details are given in Section S5 in the
Supporting Information. Briefly, the ab initio simulations of the
XANES spectra have been performed using the FDMNES package
(Section S5.1 in the Supporting Information).”) DFT calculations, in
the framework of the GGA-PBE functional,*! were performed with
the VASP code (Section S5.2 in the Supporting Information).!"*!
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