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Laser Raman and Fourier transform infrared spectroscopies as well as X-ray diffraction were
used to study the interactions of MoO; with various metal oxide supports. Intimate mechanical
mixtures containing an amount of MoO; corresponding to less than a monolayer were calcined at
720 K. In the cases where the supports were TiO,, SnO,, ALO;, and MgO surface molybdate
species were formed on calcination via thermally induced spreading of the bulk MoO; phase.
Interactions between the support and the MoQ, were sufficiently strong in these cases that no bulk
MoO; could be detected in the calcined mixture. A weaker interaction occurs in the case of SiO,.
Raman results from the calcined MoO/TiO, mixture agree with spectra obtained from catalysts
prepared by equilibrium adsorption and incipient wetness impregnation; the nature of the surface

molybdate species is relatively independent of the preparation method.

INTRODUCTION

This research was undertaken to investi-
gate the interaction of molybdenum oxide
with various metal oxide supports. In par-
ticular, the work was focused on the phe-
nomenon of spreading which is thought to
occur in some oxide systems. The following
binary oxide mixtures were studied: MoQOs/
Sn0,, Mo0;/TiO, (anatase), MoO;/Al0;,
Mo0O-/Si0,, and MoO,/MgO.

Most researchers working with such cat-
alyst systems are concerned with using
methods which will achieve good disper-
sion of the molybdenum in the catalyst pre-
cursor. They use techniques such as incipi-
ent  wetness impregnation (/—6), liquid
phase equilibrium adsorption (5, 7-10), or
gas phase adsorption (10-12) to facilitate
formation of the molybdenum oxide
“‘monolayer.”” The nature of the adsorbed
species (e.g., tetrahedral versus octahedral
coordination, isolated MoOQj~ species ver-
sus isopolyanions such as the paramolyb-
date anion Mo;0%;) depends on the prepa-
ration procedures used (loading method,
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pH, drying and calcination conditions,
etc.). However, the spontaneous dispersion
of many oxides or salts as a monolayer onto
supports of large surface area has been de-
scribed by Xie er al. (13), and the available
data make it reasonable to question
whether the ultimate surface molybdenum
oxide formed is affected by the path used to
obtain it.

This study involved starting with a poor
dispersion of molybdenum and a support,
i.e., a mechanical mixture, and investigat-
ing the nature of the interaction between
the molybdenum oxide and the support
upon calcination. This was done to provide
information about the surface mobility of
molybdenum and the strength of oxide—ox-
ide interactions. Raman and Fourier trans-
form infrared (FTIR) spectroscopies were
used in conjunction with X-ray diffraction
for this investigation.

The Raman spectra of various molybde-
num-oxygen isopolyanions (such as
Mo,0%; or MogO%¢) all exhibit five charac-
teristic frequency ranges of vibrational
modes at 210, 310-370, 500-650, 700-850,
and 900-1000 cm~'. These are usually as-
signed, respectively, to Mo—O—Mo de-
formations, Mo==0 bending vibrations,
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symmetric Mo—O—Mo stretches, anti-
symmetric Mo—O—Mo stretches, and
symmetric and antisymmetric terminal
Mo=0 stretches (3).

The spectra of supported molybdena spe-
cies resemble those of the Mo—O polya-
nions with respect to the observed fre-
quency ranges. However, the differences in
spectra obtained from samples with differ-
ent loadings, preparation conditions, and
calcination conditions are subtle enough as
to preclude ready identification. Most of
the peaks of particular interest in the Ra-
man spectra of supported molybdenum cat-
alysts occur between 900 and 1000 cm™'.
While many investigators have proposed
assignments for these bands, the literature
dealing with the MoQOs/Al,O5 system illus-
trates the difficulty with which spectro-
scopic data are interpreted.

Stencel et al. (6) reported that the posi-
tion of the most intense Raman band varied
from 938 to 970 cm~! as the MoO; concen-
tration was increased; this band was simply
assigned to a symmetric stretch of a
Mo=0 surface species. Brown et al. (14)
postulated that the band observed in vari-
ous positions between 930 and 970 cm™!
was due to an octahedral molybdenum-ox-
ygen surface structure. Sombret ef al. (15)
found that the frequency of the band associ-
ated with the surface molybdate species in-
creased from 930 to 966 cm™! as the MoO;
content increased from 4 to 24 wt%. The
930-cm~! peak was attributed to isolated
tetrahedral species whereas the 966-cm™!
peak was assigned to distorted polymeric
octahedral species.

Jannibello et al. (16) observed a Raman
band at 940 c¢cm~! on calcined samples
which had been prepared by impregnation;
this band was surmised to be the symmetric
Mo=0 stretching vibration of tetrahedral
MoOj~ with an increased double bond char-
acter. Contradicting this assignment,
Medema et al. (I7) and Knézinger and
Jeziorowski (I8) suggested that the peak
near 950 cm~! can be attributed to a two-
dimensional polymeric molybdenum-oxy-
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gen surface species built from MoOg
octahedra.

Wang and Hall (9) asserted that the ratio
of intensities at 950 and 970 cm~! could be
used as a measure of the ratio of tetrahe-
drally to octahedrally coordinated molyb-
denum surface species. This result is predi-
cated on the assumption that the 950-cm™!
band corresponds to the Mo=0O vibration
of a tetrahedral molybdate group bonded to
the support. They also offered an alterna-
tive interpretation in which the 950-cm™!
peak was assigned to small clusters con-
taining less than about seven molybdenum
atoms whereas the 970-cm™~! band was as-
cribed to larger polymolybdate clusters.

From their Raman and FTIR spectro-
scopic results on the MoOs/TiO, system,
Ng and Gulari (5) concluded that bands at
955 cm~! or lower could be attributed to the
terminal Mo=0 stretch of tetrahedral spe-
cies, whereas bands higher than 955 cm™!
arose from the terminal Mo=0 stretch of
polymeric octahedral species. Regarding
the tetrahedral species, they explained the
shift in frequency observed for the sup-
ported catalyst relative to that found in
aqueous solution by invoking the idea of a
strong interaction with the titania surface;
this hypothesis is similar to that proposed
by Jannibello et al. (16) for the case of the
alumina support.

The aforementioned literature consti-
tutes a useful framework within which the
spectra obtained in the present study can be
evaluated and interpreted.

EXPERIMENTAL

Laser Raman spectroscopy, Fourier
transform infrared spectroscopy, and X-ray
diffraction were utilized in this study.

The Raman spectrometer was a Spex Ra-
malog 5 (Model 14018) equipped with a
third monochromator to resolve weak
bands near the exciting line. The mono-
chromatic light source was a Spectra Phys-
ics Model 164 argon ion laser powered by a
Spectra Physics Model 265 exciter. The
spectrometer was interfaced with a DEC



INTERACTIONS OF MoO; WITH VARIOUS OXIDE SUPPORTS

PDP-11/03-LC minicomputer system to fa-
cilitate data acquisition and manipulation.
All spectra were recorded using the 488.0-
nm line of the argon laser for excitation. A
rotating lens assembly was used to mini-
mize sample degradation due to localized
heating of the catalyst sample by the laser
beam. A quartz flow cell with a Nichrome
wire heater was used for the high tempera-
ture oxygen treatments. The design permits
the collection of Raman spectra from sam-
ples contained in the cell under various at-
mospheres.

Infrared spectra were recorded using a
Nicolet 7199 Fourier transform infrared
spectrometer operated with a spectral reso-
lution of 1 ecm™'. All spectra were collected
at beam temperature (ca. 310 K). Samples
were pressed into self-supporting wafers
and placed into a heatable IR cell equipped
with CaF, windows.

A Picker X-ray diffractometer was used
in the X-ray diffraction experiments. Cuk,
radiation was passed through a Ni filter and
two 1° slits.

The pure oxides used in this study were
prepared as follows:

The MoO; phase was prepared by ther-
mal decomposition of (NH4)sMoO; - 4H,0O
at 720 K in air for 6 h.

The anatase form of TiO, was obtained
from the hydroxide by calcination at 770 K
in air for 6 h. The titanium hydroxide was
prepared by adding an aqueous solution of
TiCl4 to an aqueous solution of (NH,),SO,
and H,SO,. This mixture was boiled for 1 h;
NH4OH was added to maintain a pH of 1.0.
The precipitate was filtered and washed
with distilled water until no chloride ions
were detected in the filtrate. This titanium
hydroxide was then dried in an oven.

The method used to prepare SnO; was
similar to that described for TiO,. The hy-
droxide was obtained by adding NH,OH to
an aqueous solution of SnCly - 5H,0. The
precipitate was then filtered, washed, and
dried in the same manner as the titanium
hydroxide precipitate.

The MgO was obtained by decomposition
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of Mg(OH), under vacuum while heating to
1270 K, followed by oxidation in O, at 970
K for 3 days. The Mg(OH), was formed by
precipitation of an aqueous solution of
Mg(NOs), (Aldrich 99.999%) with NH,OH
(7).

The silica and alumina supports were ob-
tained from commercial sources. The SiO;
used in this study was Cab-O-Sil. The v-
Al,O; used was Davison SMR 7-5913.

Each sample was prepared by mechani-
cally mixing the two pure oxides of interest.
In each case, the amount of MoQO; used was
calculated to be less than that required for
monolayer coverage, based on BET surface
area measurements of the complementary
oxide (Table 1).

A series of Raman spectra was obtained
for each binary oxide system. First, the Ra-
man spectra of the untreated mechanical
mixture was obtained in air. The mixture
was then subjected to calcination in air at
720 K for 24 h. The Raman spectrum of this
calcined sample was also recorded in air.
The sample was then treated under flowing
oxygen at 720 K for approximately 8 h. At
the end of the treatment, the sample was
isolated in the flow cell and cooled to room
temperature. At this point, the Raman
spectrum was recorded with the sample in
oxygen.

Similar catalyst pretreatment protocols
were employed in FTIR experiments on the
MoQO;/Al, O3 system. To observe pyridine
adsorption on a mechanical mixture of the
two oxides, the mixture was treated in flow-
ing oxygen at 420 K for 8 h. The sample cell
was then evacuated at 420 K to a pressure
of 1074 Torr for 1 h. A background IR spec-

TABLE 1
Surface area Wt% MoO,
(m*/g)
SnO, 31 1.9
TiO, (anatase) 21 1.25
Si0, (Cab-0-Si}) 300 12.5
AlLO; 170 10.0
MgO 61 5.0
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trum was collected at this point. The sam-
ple was exposed to 4 Torr pyridine at 420 K
for 1 h, evacuated to 10~* Torr, and cooled
to room temperature. At this point the
FTIR spectrum of adsorbed pyridine was
recorded. The background spectrum was
subtracted to facilitate analysis of the ad-
sorbed species.

Pyridine adsorption was also observed
on calcined samples. The mechanical mix-
ture of MoOs; and Al,O; was first calcined in
air at 720 K for 24 h and then treated in
flowing oxygen at 720 K for 8 h. The sample
cell was evacuated to 10~* Torr for 1 h at
720 K and then cooled to collect a back-
ground spectrum of the catalyst. The sam-
ple was exposed to 4 Torr pyridine for 1 h at
either 370 or 420 K. The cell was then evac-
uated for 1 h and cooled to room tempera-
ture. The FTIR spectrum of adsorbed pyri-
dine was then recorded.

A
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Fic. 1. Raman spectra of a mechanical mixture con-
taining 1.25 wt% MoO; in TiO, (anatase). (A) Un-
treated mechanical mixture; spectrum recorded in air.
(B) Mechanical mixture calcined at 720 K in air for 24
h; spectrum recorded in air. (C) Mechanical mixture
calcined at 720 K in air for 24 h and calcined at 720 K
in flowing oxygen for 8 h; spectrum recorded in oxy-
gen.
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FiG. 2. Raman spectra of a mechanical mixture con-
taining 1.9 wt% MoO; in SnQ,. (A) Untreated mechan-
ical mixture; spectrum recorded in air. (B) Mechanical
mixture calcined at 720 K in air for 24 h; spectrum
recorded in air. (C) Mechanical mixture calcined at 720
K in air for 24 h and calcined at 720 K in flowing
oxygen for 8 h; spectrum recorded in oxygen. (D) Me-
chanical mixture calcined at 720 K in air for 24 h and
calcined at 720 K in flowing oxygen for 8 h; top of flow
cell was then removed, exposing the sample to air;
spectrum recorded in air.

RESULTS
Raman Spectroscopy

The five series of Raman spectra ob-
tained from the different samples are shown
in Figs. 1-5. The Raman peaks observed in
the present work in the region 800-1100
cm~! are summarized in Table 2.

The spectra for the MoOs/TiO; (anatase)
system are displayed in Fig. 1. The peaks at
393, 512, and 636 cm™! are associated with
anatase. The characteristic MoO; peaks at
816 and 992 cm' are clearly present in
spectrum 1A for the mechanical mixture of
MoO; and TiO,. When the mechanical mix-
ture was calcined, these two peaks disap-
peared as shown by spectrum 1B. A small
broad feature is also present at 961 cm™! in
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F1G. 3. Raman spectra of mechanical mixture con-
taining 10 wt% MoO; in ALOs. (A) Untreated mechan-
ical mixture; spectrum recorded in air. (B) Mechanical
mixture calcined at 720 K in air for 24 h; spectrum
recorded in air.

TABLE 2

Summary of Mo-O Peaks Found in the Region
800-1100 cm™!

Calcined Treated in O,

TiO, 961 —
— 996
Sn02 _— 799
840 —
— 890
950 —
— 976
— 1001
947 —
663
816
992
855
907
955
967
1094

ALO;
Si0,

MgO
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FiG. 4. Raman spectra of mechanical mixture con-
taining 12.5 wt% MoO; in silica. (A) Untreated me-
chanical mixture; spectrum recorded in air. (B) Me-
chanical mixture calcined at 720 K in air for 24 h;
spectrum recorded in air. (C) Mechanical mixture
calcined at 720 K in air for 24 h and calcined at 720 K
in flowing oxygen for 8 h: spectrum recorded in
oxygen.

spectrum 1B. This peak sharpens and shifts
to 996 cm~! when the calcined catalyst is
further heated in oxygen and the spectrum
collected with the sample under an oxygen
atmosphere. This band is associated with a
surface molybdate species (4, 5). These
results are consistent with the idea of the
bulk molybdenum oxide spreading on the
surface of the titanium oxide.

Figure 2 contains a series of spectra for
the MoQO3/Sn0O, system. The spectrum cor-
responding to the mechanical mixture (2A)
resembles the spectrum of pure MoO;; the
small peak at 632 cm™! is the only spectral
feature attributed to SnO,. Calcination had
a dramatic effect on the sample, as seen in
spectrum 2B. Most of the peaks associated
with MoO, disappeared, most notably those
at 816 and 992 cm™!. It should be noted that
spectrum 2B is shown with a greater sensi-
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FiG. 5. Raman spectra of mechanical mixture con-
taining 5 wt% MoO; in MgO. (A) Untreated mechani-
cal mixture; spectrum recorded in air. (B) Mechanical
mixture calcined at 720 K in air for 24 h; spectrum
recorded in air.

tivity than spectrum 2A; the Sn—O—Sn
stretching mode at 632 cm~! was actually of
the same intensity in both spectra. The ab-
sence of the MoOs peaks facilitates obser-
vation of a peak in spectrum 2B at 775 cm™!
which is due to the SnO, phase. Also note-
worthy is the appearance of new peaks at
840 and 950 cm™.

Treatment in flowing oxygen effects fur-
ther changes, as seen in spectrum 2C. The
peaks at 840 and 950 cm™! disappear. New
peaks at 799, 890, 976, and 1001 cm~! are
observed. Interestingly, these changes are
easily reversed. Spectrum 2D was obtained
after oxygen treatment but the Raman cell
was opened to the atmosphere before the
spectrum was collected; it is identical to
spectrum 2B.

The Raman spectra for the MoQOs/Al,04
system are plotted in Fig. 3. The spectrum
obtained for the mechanical mixture (3A) is
dominated by the spectral features associ-
ated with the pure MoO; phase. The only
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indication of the presence of AlO; is the
increased background fluorescence. Calci-
nation resulted in a drastic decrease in the
intensity of the Raman spectrum. Spectrum
3B consists of the fluorescence band char-
acteristic of Al,Os, with a broad peak ap-
pearing at 947 cm~!; all bulk phase MoO;
peaks disappeared upon calcination.

The spectra of the MoO/Si0, system are
presented in Fig. 4. The mechanical mix-
ture has a spectrum (4A) which is virtually
indistinguishable from that of pure MoO;.
Calcination had little effect on the spectrum
of the MoQs/SiO, sample as seen in spec-
trum 4B.

One of the only detectable differences in
spectrum 4B relative to spectrum 4A is a
change in the relative peak intensities of the
doublet at 280-287 cm~!. The lower fre-
quency peak is the more intense one in the
spectrum of pure MoQO; whereas the higher
frequency peak dominates in the spectra of
the untreated mechanical mixtures of MoO,
with Sn0O,, ALO;, SiO;, or MgO. How-
ever, in the spectrum of the calcined MoO,/
SiO, catalyst, the peak at 281 cm™' is again
the more intense of the two peaks. Brown
et al. (14) observed a similar reversal in the
relative peak intensities of the doublet at
284-291 cm~! in the spectrum of a commer-
cial Mo0O,/Al,O5 catalyst compared to that
of pure MoQ;. The other distinctive feature
of spectrum 4B is the appearance of a weak
broadband at 950 cm™!.

Finally, the spectra of the MoOs/MgO
system are shown in Fig. 5. Spectrum 5A
was obtained from the mechanical mixture
of 5 wt% MoO; in MgO. All of the peaks
(with the possible exception of a small peak
at 441 cm™') are associated with the bulk
MoO; phase. Calcination produced changes
in the sample as seen in spectrum SB. The
characteristic “‘fingerprint’’ of bulk phase
MoOs is the set of three peaks in the metal-
oxygen stretching region, 663, 816, and 992
cm™'. These peaks are absent in the spec-
trum of the calcined material. New peaks
are evident at 855, 907, 955, 967, and 1094
cm™!; these are associated with the
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formation of surface molybdenum oxide
species.

FTIR Spectroscopy

Alumina does not generally contain
Brgnsted acid sites, but it does have Lewis
acidity. For example, Suarez ef al. (8) dem-
onstrated this with experiments on pyridine
adsorption on alumina. Their FTIR data
showed the presence of two types of Lewis
acid sites, but no Brgnsted acid sites. Addi-
tion of molybdena to the alumina resulted
in the formation of Brensted acid sites. This
Brensted acidity has been associated with
an alumina hydroxyl in close proximity to a
molybdenum cation (/9).

The FTIR spectra obtained from experi-
ments wherein pyridine was adsorbed on a
mechanical mixture of MoO; and Al,O5 all
showed the absence of peaks at 1540 and
1638 cm™!. This result demonstrates that
the mechanical mixture does not possess
Bragnsted acidity (20, 21). However, fol-
lowing calcination at 720 K for 8 h, the oxi-
dized catalyst was found to have Brgnsted
acid sites. Thus, upon calcination there ap-
parently is a spreading of MoQ; which
results in a greater degree of interaction be-
tween the molybdena and alumina.

X-ray Diffraction

The diffraction pattern obtained from the
mechanical mixture of MoO; and Al,O;
contains lines at d = 0.381, d = 0.346, and d
= 0.327 nm which are attributed to the
(110), (040), and (021) planes, respectively,
of the orthorhombic MoO; phase. These
characteristic MoO; peaks are not present
in the X-ray data taken after calcination in
air at 720 K for 24 h. This resuit supports
the hypothesis that the molybdenum oxide
phase is spreading on the surface of the alu-
mina when the sample is heated.

The diffraction pattern obtained from the
mechanical mixture of MoO; and SiO,
shows the same three MoO; peaks in the
region investigated. Calcination of the sam-
ple caused these peaks to decrease in inten-
sity, but they did not disappear. The pres-
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ence of a bulk MoO; phase even after
calcination was also indicated by the Ra-
man data. However, the Raman data do not
seem to corroborate the conclusion drawn
from the X-ray diffraction data that the
amount of bulk phase MoO; appeared to
decrease upon calcination. This discrep-
ancy may be addressed by the observation
that Raman spectroscopy may be quite sen-
sitive to the bulk phase relative to a surface
layer. Chan et al. (22) have studied this
phenomenon in the WO,/ Al,O5 system and
have estimated the relative Raman cross
sections of the different tungsten oxide
phases. Their results showed that the Ra-
man intensity of the bulk WO; phase is 160
times that of the surface tungsten oxide
phase per unit WO; content. Thomas et al.
(23) report that the Raman cross section of
WO; is five to six times higher than that of
the surface tungsten oxide species in SiO.
Consequently, only small amounts of crys-
talline WOj; in the catalyst are needed to
produce strong Raman peaks. Similarly,
the amount of MoQ; present after calcina-
tion of the MoQs/Si0; catalyst may be suffi-
cient to give rise to a strong MoO; Raman
signal, yet diminished enough to cause a
decrease in the intensity of the X-ray dif-
fraction peaks.

DISCUSSION AND CONCLUSIONS

The formation of a surface molybdenum
oxide has been well documented in the lit-
erature for supported molybdenum cata-
lysts. The coordination and aggregation of
the adsorbed species are believed to be sen-
sitive to the catalyst preparation protocol
followed. However, there is some evidence
that the nature of the final calcined material
is relatively independent of the method
used to load the support.

We have diverged from the established
preparation procedures by making mechan-
ical mixtures of molybdenum trioxide with
various oxide supports. We have found that
a surface molybdate species can be formed
by thermally induced spreading. The inter-
action between MoOj; and supports such as
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TiO,, SnO,, AlO3, and MgO is favorable
for this phenomenon to occur. This is in
agreement with the recent study by Hayden
et al. (24) who employed controlled atmo-
sphere electron microscopy to observe the
spreading of molybdena on alumina. The
present data from the SiO; system are not
conclusive.

Our Raman results for the MoO;/TiO,
system agree with those of Ng and Gulari
(5) and Liu et al. (4). Comparison of the
Raman spectra of calcined MoO;/TiO, cat-
alysts with a partial monolayer loading of
molybdenum obtained by equilibrivm ad-
sorption, dry impregnation, or calcination
of a mechanical mixture shows that the
peak associated with a surface molybde-
num oxide has approximately the same fre-
quency (961 cm™!') in all three cases. This
evidence supports the idea that the nature
of the molybdenum in the surface molyb-
date species on titania is similar regardless
of how the surface phase is formed.

Both our Raman results and our X-ray
diffraction data indicate the disappearance
of bulk phase MoQO; upon calcination of the
Mo0O;/Al;O; mixture. In addition, the FTIR
experiments provide evidence that the
MoO; has spread on the alumina, forming
Brgnsted acid sites which are not present in
the case of the mechanical mixture. Ac-
cording to the model of Hall (/9), the
Brgnsted sites are alumina hydroxyl groups
in close proximity to molybdenum cations.
Following calcination, there is apparently a
more intimate interaction between the mo-
lybdenum and the alumina, a result which is
consistent with the formation of a surface
molybdenum oxide.

There are some discrepancies between
our Raman results for the MoQO3/Al, 03 sys-
tem and those reported in the literature.
The peak at or near 950 cm™! has been iden-
tified by several research groups (2, 3, 6,
7, 9, 10). However, most of the investiga-
tors also found peaks at 860 and 970 cm™!
which are associated with surface molyb-
date species. The low signal to noise ratio
of the calcined MoQ3;/AlLO; spectrum pre-
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vents the confident assertion that the
surface molybdate species present are
fundamentally different when different
preparation methods are employed. The
fluorescence of this sample precluded im-
provements in the spectra via the use of
slower scanning speeds or averaging of
multiple scans. Thus, the possibility re-
mains that the difference can be attributed
to a weaker interaction between MoQO; and
AlOs (relative to the MoO1/TiO, system
discussed above) such that the loading
method becomes important for determining
the final state of the molybdenum on the
surface.

The loading method appears to be critical
for the Mo0O;/Si0, system. The Raman
spectra of the calcined and oxygen-treated
catalysts prepared by mechanical mixing
provide minimal evidence for the formation
of surface molybdate species or for the dis-
appearance of the bulk MoO; starting mate-
rial; a weak peak at 950 cm~! is the only
indication of an interaction species. The X-
ray diffraction patterns before and after cal-
cination do suggest a partial disappearance
of MoO; upon heating.

More positive proof of the existence of
surface molybdate species on silica is seen
in the Raman results of Cheng and Schrader
(2). Spectra recorded after calcination of
their dry impregnated silica catalysts con-
tained peaks at 856, 880, 950, and 980 cm™!
in addition to MoQO; peaks which were
present at all compositions (5 to 20 wt%
MoQO;). The residual MoO; phase in their
catalysts suggests that the interaction be-
tween the two oxides is not very strong. It
is not surprising, therefore, that mechanical
mixing followed by calcination is insuffi-
cient to induce spreading of the molybde-
num as a monolayer on the silica surface.

In concert with the disappearance of all
of the MoQs peaks, the new peaks observed
in the Raman spectrum of calcined MoOs/
MgO are commonly associated with the for-
mation of a surface molybdenum oxide
layer. The peak at 950 cm™! was observed
in the spectra of both MoQs3/SnQO, and
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MoOs/AlLO; following calcination (Figs. 2
and 3); this peak is variously assigned to
either a monomeric tetrahedral molybdate
species or an octahedral isopolymolybdate
species. The peaks at 855 and 970 c¢cm™!
have also been reported for the MoO;/SiO;
(2) and the MoOs/ALO; (2, 7, 9, 10) sys-
tems. It should be noted that for the MoQO;/
MgO system the Raman peaks for the
calcined sample are significantly narrower
than are those of calcined samples of the
other oxide combinations.

The Raman results for the MoO;/SnO,
system are particularly interesting. As with
the MoO;/MgO system, the MoQO; peaks
disappear upon calcination and new peaks
appear at frequencies characteristic of sur-
face molybdate species. In addition, the
Mo0,/8Sn0, system exhibits behavior simi-
lar to that noted by Stencel et al. (6) and
Chan et al. (7) for other catalyst systems;
that is, the Mo==0 stretching vibration fre-
quency is sensitive to the extent of hydra-
tion of the catalyst. Stencel et al. found that
the Mo=0 stretching band is at about 1000
cm™! in calcined samples of MoO,/ALO;
whereas in samples exposed to water vapor
the frequency is near 950 cm~!. Chan ef al.
found that the Raman bands of the sup-
ported surface oxide species sharpen and
shift in frequency at elevated temperatures
due to the desorption of water from the sur-
face. This phenomenon was observed for
the V205/A1203 , WO’;/A]ZO'{ . MOO3/A1203 .
and WO,/TiO; systems. They asserted that
this information provides a means of distin-
guishing between surface oxide and bulk
oxide phases since only the Raman bands
of the surface oxide species are sensitive to
changes in extent of hydration. Thus, the
readily reversible shift in frequency of the
Raman bands of the calcined mechanical
mixtures of MoO; and SnO; upon sequen-
tial exposure to oxygen and ambient atmo-
spheres provides reasonable proof that the
MoOs has spread to form a surface oxide.

This hydration/dehydration effect has
also been reported for MoQO;/TiO; and
MoOs/S10,. This effect is not obvious from
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our data on the MoQO,/Si0, system; the
only feature possibly attributable to a hy-
dration-sensitive surface oxide is the weak
broadband at 950 cm~! in the Raman spec-
trum of the calcined mechanical mixture.
However, such a frequency shift does oc-
cur in the Raman spectrum of the MoOs/
TiO; system of the present work as noted in
the Results section. This shift provides fur-
ther evidence that thermally induced
spreading takes place in the mechanical
mixture of MoO; and TiO, to the extent that
a surface oxide layer is formed.

Using either the dry impregnation or the
equilibrium adsorption methods of loading
to prepare MoO;/TiO, catalysts, Ng and
Gulari (5) observed that no MoO; formation
occurred until monolayer coverage was ex-
ceeded. They concluded that molybdenum
anions bind very tightly and uniformly to
the titania until monolayer coverage is
reached; only when it is exceeded can a
MoO; phase be formed. We found spread-
ing to occur upon calci.iation of a mechani-
cal mixture. Yet the Raman spectrum of
our calcined material contained a surface
molybdate peak identical to that found in
their work. This result implies that a fairly
active migration and redistribution of the
molybdenum must be operative in order for
the environment (coordination, aggrega-
tion, distortion, etc.) of the molybdenum to
be the same no matter which preparation
technique is used. This requires a consider-
able degree of surface mobility in balance
with an apparently strong support interac-
tion.

As a contrast to the titania catalyst, Ng
and Gulari suggest that if the dry impregna-
tion method is used, MoO,; formation on
AlO; can be detected even at submono-
layer loadings. They conclude that if bulk
MoO; formation is to be avoided, equilib-
rium adsorption is the method of choice.
However, once this bulk phase was
formed, Wang and Hall (/0) found it possi-
ble to eliminate it simply by subjecting the
catalyst to repeated reduction and oxida-
tion treatments. The disappearance of the
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MoO; bands indicates that spreading has
occurred. This is exactly what we found by
intentionally starting with bulk MoO;.
Wang and Hall also obtained the same
spectrum by using a preparation method in-
volving adsorption of Mo(CO)g¢ vapor. They
concluded that bound molybdenum clusters
are the dominant surface species, and ap-
parently the aggregation and coordination
are the same no matter which loading tech-
nique is used. Sufficient calcination elimi-
nates the differences.
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