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NOTES

XAFS Study of Molybdenum Oxide Catalysts on Various Supports

In a previous paper (I), the present au-
thors reported that the hydrogenation
(HYD) and hydrocracking (HYC) activities
of molybdenum sulfide catalysts are signifi-
cantly affected by the support. The order of
the supports for HYC catalytic activity was
TiO, » SiO, > AlL,O; > MgO and for HYD
activity Al,O; > TiO, > MgO > SiO,. As a
result of the characterization of these cata-
lysts, we found that the catalytic activities
of the sulfide catalysts depended strongly on
the structures of the starting calcined oxide
catalyst. In the present study, X-ray absorp-
tion fine structure (XAFS) analyses (ex-
tended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge
structure (XANES)) have been used to ob-
tain a better understanding of the support
effects on the structure of the calcined cata-
lysts. In particular, the focus of the discus-
sion is on the coordination symmetry
around Mo, since the XAFS technique gives
direct information on the local structure
around specific atoms.

Commercially available y-Al,O, (170 m?/
g), Si0, (266 m?*/g), MgO (51 m?/g), and labo-
ratory-prepared TiO, (66 m?/g) were used as
catalyst supports. Two series of catalysts
containing 2 or 10 wt% molybdenum as
MoO; were prepared by wet impregnation,
followed by drying and calcining at 500°C.
Details of the preparation procedures are
described in a previous paper (1). Each sam-
ple analyzed by EXAFS was powdered and
pressed at ambient conditions into a pellet
with a proper thickness for transmission
measurement. The Mo K-absorption
EXAFS spectra of the catalysts were mea-
sured at the Photon Factory (beam line
BL-10B)inthe National Laboratory for High
Energy Physics. Fourier transformation of

the k/flk)-weighted EXAFS data was
performed to obtain the radial distribution
function around molybdenum. The phase
shift and back-scattering amplitude (fk))
were corrected by using the theoretical
values for molybdenum as an absorber and
oxygen as a scatterer (2).

Figure 1 shows the Fourier transforms of
the EXAFS spectra for the catalysts. All the
spectra have a peak due to Mo-0 scattering
at 1.8 A. However, the peak position is
slightly different in each spectrum and the
peak height is highly dependent on the sup-
port. These features of the Mo-O peak re-
flect the local structure around Mo.

To determine the contributions from tet-
rahedral (Tet) and octahedral (Oct) struc-
tures, the first coordination shell (0.64 A <
r < 2.01 A) was simulated in k-space (2.5
A1 < k<17 A"). The Debey—Waller fac-
tor (a?), the kinetic energy of the outgoing
electrons (AE,), and the shake-up factor (S,)
of each shell used in the simulation were
obtained by fitting the EXAFS data of Na,
MoO, - 7H,0 (Tet) and MoO; (Oct) to their
respective crystallographic data (4). The pa-
rameter in the simulation was the fraction
of tetrahedrally coordinated oxygen around
Mo, Nyo/(N1ey + Noo)» Where Ny, and Ny,
were the average numbers of oxygen with
tetrahedral and octahedral coordination, re-
spectively, around Mo. The total coordina-
tion number was Kkept constant using the
relation Ny, /6 + Ny /4 = 1.

The simulation results for the EXAFS
data of the catalysts are shown in Table 1.
Molybdate on the MgO support has predom-
inantly a Tet structure irrespective of the
metal loading between 2 and 10 wt%. On the
other hand, the Tet structure is much less
abundant than the Oct structure for cata-
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Fi1G. 1. Fourier transform EXAFS of molybdenum
oxide catalysts supported on various oxides. (A) 2 wt%
MoO;: (a) MgO, (b) Al,O,, (¢) SiO,, (d) TiO,. (B) 10
wt% MoOs: (a) MgO, (b) AL,O,, (c) Si0,, (d) TiO,.

lysts supported on SiO, and TiO,. For the
Al,Os-supported catalyst, the fraction of the
Tet structure decreases from 68 to 38% with
increasing MoO, loading.

The Mo K-edge XANES data also give
information on the coordination symmetry.
The intensity of the pre-edge peak at 20.008
keV, which is assigned to the 1s—4d transi-
tion (5), can be used qualitatively as an index
of the Tet structure (6). The XANES mea-
surement of the present samples showed
that the intensity of the pre-edge peak de-
creased in the order of MgO > Al,O, > TiO,
= SiO, for the 2 wt% molybdate catalysts,
while the 10 wt% catalysts showed the order
MgO » AlLO; = TiO, = SiO,. Thus, the
XANES results are in good agreement with
the EXAFS results shown in Table 1.

The specific surface area of the MgO sup-
port (66 m?/g) is not high enough to disperse
10 wt% molybdate as isolated tetrahedra.
This suggests that Tet MoO3 ~ anion is incor-
porated inside the MgO matrix. It is possible
that bulk MgMoO, is formed during calcina-
tion by the reaction between wet MgO and
molybdate as indicated by Oganowski (7).

The predominant structure of molybdate
on the Al,O; support changes from Tet to
Oct with increasing Mo loading, although
the total amount of the Tet structure does
not decrease. This trend agrees with the re-
sult derived from laser Raman spectroscopy
(LRS) studies (8—10), but disagrees with the
result from a previous EXAFS study in
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which the average coordination number of
oxygen around Mo decreased with increas-
ing Mo loading (11). The high calcination
temperature (550°C) employed in the
EXAFS study might have caused the dis-
crepancy with other studies including ours
reported here.

Another EXAFS study (6) and a LRS
study (8) indicated that isolated MoQ3~
(Tet) was formed only on the basic OH
groups on the surface of Al,O;. Two-dimen-
sional polymolybdate with Oct symmetry is
formed on other sites of the Al,O; surface
(8-10). Formation of bulk Al,(MoO,), (Tet)
was also suggested to take place to some
extent during calcination depending on the
calcination temperature (9, 10). Thus, the
AL, surface favors the formation of an Oct
polymolybdate structure when the metal
loading goes above a critical concentration
and the catalyst is calcined at moderate tem-
peratures.

The spectra of the SiO,-supported cata-
lysts (Fig. 1) have a peak at 3.5 A, which is
assigned to the nearest Mo-Mo scattering
based on comparison with the spectrum of
MoO,;. This result is consistent with the re-
sult from LRS (1), which showed the forma-
tion of a MoOs-like structure on the SiO,
support. On the other hand, no Mo-Mo
peak was observed on the TiO, or Al,O,
supports. A previous EXAFS study by Kis-
faludi er al. (12) showed that calcination of
a physical mixture of MoO, and y-Al,O, dra-
matically decreased the Mo-Mo peak as a
result of loss of long-range order in the
MoO; particles. Thus, the absence of the
Mo-Mo peak indicates that the Oct molyb-

TABLE 1
Simulation of EXAFS Data

Mo loading 2 wt% 10 wt%
MgO 0.87 0.73
Al,O5 0.68 0.38
Sio, 0.20 0.17
TiO, 0.28 0.13
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date structures are highly disordered. It is
possible that the two-dimensional polymo-
lybdate structure suggested by LRS studies
(8-10) does not give the Mo—Mo scattering
peak because of extensive structural dis-
order.

A notable difference in the form of the
molybdate is observed between the TiO,-
and AlL,O,-supported catalysts. In contrast
to the Al,O, support, an Oct structure is
predominantly formed on the TiO, support
even when the molybdate loading was only
2 wt%. If the surface properties of TiO, are
similar to those of AlO;, isolated MoQ3-
(Tet) should be observed on the TiO, sup-
port, even with the lower surface area of the
TiO, (66 m?/g) compared with that of the
AlL,O; (170 m?/g). The present result indi-
cates that molybdate on TiO, does not favor
Tet species on the surface nor in the bulk,
but forms Oct polymolybdate.

The structure of molybdate supported on
TiO, was analyzed by Ng and Gulari (13)
who used LRS and IR spectroscopy. Their
results indicated that a higher dispersion of
polymolybdate was achieved on TiO, com-
pared with Al,0, when the catalysts were
prepared by dry impregnation. A high dis-
persion of a monolayer of molybdate on
TiO, was also suggested by ESR and XPS
(14). Our present results reveal the cause
for the above differences that occur with
changing Mo loading for TiO, and Al,0O;.
Oct polymolybdate is homogeneously dis-
persed on TiO,, while polymolybdate aggre-
gates around Tet Mo species anchored to
the Al,O, surface.

In the second nearest shell region of the
Fourier transform of the EXAFS data, the
2 wt% molybdate catalyst on TiO, showed
a broad peak at 3.1 A (Fig. 1). This peak
might be due to Mo-Ti scattering
(Mo-O-Ti). No significant peaks were ob-
served around 3 A for the other catalysts;
however, the low back-scattering amplitude
of Mg or Al would preclude Mo-Al or
Mo-Mg scattering. Thus, it is not meaning-

ful to discuss the homogeneity of the
Mo-0O-X bonding (X = Ti, Al, Si) based
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on the scattering of Mo-X in the EXAFS
spectra when different support species are
used.

Our results are consistent in many re-
spects with the results suggested by LRS
studies. That is, (a) the Tet molybdate struc-
ture is predominantly formed on MgO, (b) a
MoOs-like structure is formed on SiO,, and
(c) apolymolybdate structure with Oct coor-
dination is formed on TiO, and ALO;. In
addition, our results indicated that Oct poly-
molybdate was formed on the TiO, support
even at low Mo loadings. This result is in
contrast to the LRS study by Ng and Gulari
(13), in which they concluded that a signifi-
cant amount of Tet molybdate coexists with
Oct polymolybdate on TiO,. However, it
should be noted that the determination of
Tet or Oct coordination on the base of a
single Mo-QO vibrational band is not
straightforward, as has been pointed out by
Schrader and Cheng (15).
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