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A series of MoOs/SiO; samples prepared by several research
groups, employing different silicas and preparation methods,
have been studied by in situ Raman spectroscopy, X-ray photo-
electron spectroscopy, and methanol oxidation as a probe reac-
tion. The in situ Raman spectroscopy studies show that under
dehydrated conditions the molecular structure of the silica-sup-
ported molybdenum oxide surface species is independent of the
preparation methods used in the present study. The surface mo-
lybdenum oxide species is assigned to an isolated, highly distorted
octahedral mono-oxo Mo structure. The appearance of new struc-
tures in some samples is due to the presence of calcium impurities
in the silica supports which result in the formation of calcium
molybdate. Neither the preparation method nor the specific silica
used affected the methanol oxidation activity of the MoO,/SiO,
catalysts. The surface molybdenum oxide coverage on silica is the
only relevant factor that determines the catalytic properties dur-
ing methanol oxidation. In siu Raman spectroscopy during meth-
anol oxidation shows aggregation of surface molybdenum oxide
species to crystalline beta-MoQ;. The extent of aggregation in-
creases with the surface molybdenum coverage, even at very low
coverages, and accounts for the decrease in the methanol oxida-
tion catalytic activity with increasing surface molybdenum cov-

€rage. © 1994 Academic Press, Inc.

INTRODUCTION

Molybdena on silica catalysts are widely used in a
number of reactions such as propene metathesis (1, 2),
propene oxidation (3), methano! oxidation (4), ethanol
oxidative dehydrogenation (1), and ammonia selective
oxidation to nitrogen (5), and in the selective oxidation of
methane (6, 7). These numerous catalytic applications
have generated much interest in the structures of these
catalysts and their relevance to their catalytic properties
(1, 2, 8, 9). Furthermore, there has developed an interest
in tailoring the structures of the surface molybdenum
species to improve their catalytic properties for specific
applications.

' To whom all correspondence should be addressed.
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In the past few years, many authors have reported var-
ious structures or synthesis methods which are proposed
to generate a specific surface molybdenum oxide species
at low coverage: isolated dioxo surface MoQj, species (4,
10), isolated mono-oxo MoQs species (5, 11), or dimeric
surface Mo0,0g compounds (12) (See Scheme 1). Some
synthesis methods have been reported to result in a better
dispersion and catalytic activity than other preparation
methods (4, 11, 12). Unfortunately, disagreements are
quite frequently found in the literature in the structures
obtained even when using the same preparation methods.
Possible reasons for these discrepancies may be the use
of different characterization techniques, conditions of
characterization, or the presence of impurities in the cat-
alysts.

The most common method employed to deposit molyb-
denum oxide on the silica support surface is by aque-
ous impregnation with ammonium heptamolybdate
((NHy)sM0,0,4 - 4H-0) solutions (6, 7, 10, 11, 13). In this
preparation method, the water solvent is removed by
drying and the dry precursor is calcined at temperatures
ranging from 723 to 873 K. At low Mo loadings and under
dehydrated conditions, the dispersed surface molybde-
num oxide species are reported to have either the hex-
acoordinated mono-oxo structure as concluded from Ra-
man spectroscopy (11) or the tetracoordinated dioxo
structure as concluded from luminescence (14, 15). Alter-
native synthesis methods have also been employed due
to the poor effectiveness of this conventional impregna-
tion method in producing samples with high dispersions
of Mo. These new methods focused on an improvement
of the interaction between the molybdenum oxide precur-
sors and the silica surface hydroxyl groups by the use of
molybdenum compounds with labile ligands (such as
MOC]_;, MO(7]3C3H5)4, M02(7)3C3H5)4. or MOz(OAC)4) that
would be easily hydrolyzed by the silanol groups (11, 12,
15-18). Another approach is to improve the acid/base
interaction of the molybdenum oxide precursor with the
silica support by using the less acidic Mo** species (5).

Several research groups have claimed that the allyl-
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derived Mo/SiO, species possess unique structures
which are preparation dependent. Yermakov reported
that the preparation with Mo(n’C;Hs), results in surface
molybdenum oxide species bonded to the silica through
two Si—-O-Mo bridges (dioxo structure) (16) for the
Mo(V]) oxidation state from infrared and ESR measure-
ments. Iwasawa (12) reported that supporting
Mo(n*C;Hs), or Moy(1*C3Hs), results in isolated or paired
bidentate MoQ, tetrahedra joined by bridging oxygen,
respectively, as concluded from photoluminescence,
DRS-UV-VIS and EXAFS studies of the dehydrated
samples. Dimeric structures have also been reported by
Ichikawa and co-workers (17, 18) to result from the
Mos(OAc), precursors based on in situ FTIR, DRS-UN-
VIS, and EXAFS studies of the samples under oxygen
and water free conditions. The allyl-derived structures
were reported to be stable under repeated oxidation (673
K) and reduction (773 and 813 K) cycles (12). These
structures, however, could not be reproduced by Ekerdt
and co-workers (11) employing Raman spectroscopy.
The preparation of catalysts by the reaction of MoCls
with the silica surface hydroxyl groups has been pro-
posed by Che and co-workers to present higher molybde-
num oxide dispersions and better catalytic activity during
methanol oxidation than catalysts prepared by impregna-
tion with ammonium heptamolybdate (4, 15). In this
preparation method, surface polymerization of the mo-
lybdenum precursor to dimeric Mo,Cly is very important
and only a very small amount is really hydrolyzed by the
silanol groups. Consequently, an ammonium hydroxide
washing step is required to remove the molybdenum spe-
cies which have not been hydrolyzed by the silica hy-
droxyl groups and remain loosely bound. The ammonium
hydroxide washing step, however, removes up to 90% of
the molybdenum initially deposited (4). After calcination,
the remaining dispersed surface molybdenum oxide spe-
cies is reported to have a tetrahedral geometry with two
oxo groups (dioxo structure) based on luminescence
studies. Ekerdt and co-workers (11) concluded from Ra-
man spectroscopy that surface octahedral mono-oxo mo-
lybdenum oxide species were present after such a prepa-
ration. A new procedure to obtain well-dispersed
molybdenum oxide on silica, by impregnating with Mo**

aqueous solutions, has been proposed by de Boer er al.
(5). In this preparation method, Mo** interacts more
strongly with silica than Mo(VI) species due to its basic
properties. Oxidizing the surface Mo species to Mo(VI)
results in an isolated mono-oxo MoQg structure based on
Raman, IR, and EXAFS/XANES characterization stud-
ies (5, 26).

The great variety of preparation methods, types of sili-
cas, characterization methods, and activity studies em-
ploying different probe reactions results in a significant
lack of homogeneity and, therefore, agreement among
the various authors. The objective of this work was to
systematically characterize various Mo/SiO, catalysts
obtained from different laboratories with one character-
ization technique (Raman spectroscopy) and one probe
reaction (methanol oxidation) in order to address the ori-
gin of these disagreements. The selective oxidation of
methanol was chosen as the probe reaction because it is
very sensitive to the nature of the surface sites present in
oxide catalysts. Surface redox sites form primarily for-
maldehyde and to a lesser extent methyl formate as the
reaction products. Surface acid sites result in the forma-
tion of dimethyl ether. Methyl formate results from the
participation of CH;OH adsorbed on the silica surface
hydroxyl and adjacent surface molybdenum oxide sites
(19). The Mo/SiO; samples were supplied by nine differ-
ent research groups, using four different synthesis meth-
ods (grafting with washing, allyl compounds of molybde-
num, impregnation with ammonium heptamolybdate, and
impregnation with Mo?* solutions) and up to eight differ-
ent silicas (porous and nonporous with BET surface
areas ranging from 20 to 400 m?/g) as shown in Tables 1
and 2.

EXPERIMENTAL

Catalyst Preparation

The Mo/SiO; samples were provided by several re-
search groups, and Tables 1 and 2 identify all the samples
used with information on the preparation method and the
specific silica support. The codes used to identify the
different series are as follows: I, impregnated samples; E,
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TABLE 1
Classification of the Silica-Supported Molybdena Catalysts Studied

Molecular Characterization

Proposed Series
Group Preparation® Technique Conditions structure Ref. code
i Biasse AHM Photo Vacuum Dioxo (14) 11
luminescence
2 Che? Grafting Photo Vacuum Dioxo 4) Gla
luminescence G2b
ESR
3 Datye AHM TEM Vacuum Dispersed (13) 13
4 Ekerdt Allyl Raman In situ Mono-oxo (1t) Ad
IR
NMR
Ekerdt Grafting Raman In situ Mono-o0xo an G4
IR
NMR
5 Fierro AHM XPS Ambient Dispersed (7) 15
NO
adsorption
Raman
6 Geus Mo?** EXAFS In situ Mono-oxo (5) Eé6
Raman
IR
7 Oyama AHM Raman in situ Dioxo (20) 17
8 Spencer AHM (6) 8
9 Wachs AHM Raman In situ Mono-oxo @n 19

a AHM is impregnation with aqueous solutions of (NH,);Mo0;0, - 4H,0; Grafting is by reacting MoCl; with silica silanol groups; allyl is by
reaction of silica silanol groups with molybdenum ally derivatives and Mo** is impregnation of Mo** aqueous solutions.
¢ Samples from two different batches were supplied by this group and are identified as G2a and G2b.

TABLE 2
Some Characteristics of the MoQO;/Si0, Catalysts

Calcination Silica B.E.T.
Preparation Temp. Surface Area
Sample method Silica support (K) (m?/g) Ref.
{1 AHM Degussa Aerosil-200 798 180 (14)
impregnation
G2 MoCls Rhéne—-Poulenc 773 400 (4)
XOA-400
13 AHM Strobe 573 <20 (13)
impregnation
A4 Allyl compounds Davidson-952¢ 773 280 (1
G4 MoCls Davidson-952¢ 773 280 (D
15 AHM Degussa Aerosil-200 873 180 (7
impregnation
E6 Mo+ Degussa Aerosil-200 723 180 5
17 AHM Cab-O-Sil 90 (20)
impregnation
I8 AHM Cab-O-Sil M5« 873 185 (6)
impregnation
19 AHM Cab-O-Sil EHS5 773 380 2D

impregnation

¢ Acid washed to remove impurities.
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samples prepared by impregnation with electrochemi-
cally reduced molybdenum species (Mo**); A, samples
prepared by interaction with the allyl molybdenum com-
pound Mo,(n’C;Hs)4; and G, samples prepared by graft-
ing with MoCls. The number is used to discriminate be-
tween the different research groups. Additional letters
“a” or ‘b’ identify different batches for the same
method from a specific group.

Elemental Analvsis

The loading of molybdenum oxide on the catalysts was
determined using a Perkin—Elmer 3030 atomic absorption
spectrometer. The samples were prepared by dissolving
in a HF, HCI, and HNO; solution and were further
treated in a microwave oven at a power of 650 W.

Additional XPS measurements were performed for sur-
face chemical analysis using a Fisons ESCALAB MkII
200R spectrometer fitted with a hemispherical electron
analyzer and a Mg anode X-ray exciting source (MgKa =
1253.6 eV). The residual pressure in the analysis chamber
was below 3 x 1077 Torr (1 Torr = 133.3 Pa).

Laser Raman Spectroscopy

The molecular structures of the surface molybdenum
oxide species on silica were examined with Raman spec-
troscopy. The Raman spectrometer system possessed a
Spectra-Physics Ar* laser (Model 2020-05) tuned to the
exciting line at 514.5 nm. The radiation intensity at the
samples was varied from 10 to 70 mW. The scattered
radiation was passed through a Spex Triplemate spec-
trometer (Model 1877) coupled to a Princeton Applied
Research OMA III optical multichannel analyzer (Model
1463) with an intensified photodiode array cooled to 238
K. Slit widths ranged from 60 to 550 um. The overall
resolution was better than 2 cm™'. For the in situ Raman
spectra of the dehydrated samples, a pressed wafer was
placed into a stationary sample holder that was installed
in an in situ cell which has previously been described
(22). Spectra were recorded in flowing oxygen at room
temperature after the samples were dehydrated in flowing
oxygen at 573 K. The MoQO:/SiO, samples had to be
calcined for at least 2 h before the Raman measurements
to eliminate the fluorescence from the support. Essen-
tially the same Raman spectra were obtained with lower
calcination pretreatment temperatures, but the signal to
noise ratio was usually low.

In situ Raman spectroscopy during methanol oxidation
was also preformed in order to study the structural
changes taking place for the silica-supported molybde-
num oxide catalysts. These spectra were performed with
a second Raman apparatus consisting of an Ar* laser
(Spectra Physics, Model 163), a triple grating spectrome-
ter (Spex, Model 1877), a photodiode array detector
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(EG&G, Princeton Applied Research, Model 1420), and a
specially designed in situ sample cell. The 514.5-nm line
of the Ar* laser with 10—-100 mW of power is focused on
the sample disc in a right-angle scattering geometry. The
in situ cell was equipped with a spinning sample holder
which was generally rotated at ca. 1000 rpm inside a
quartz cell which allows working under controlled atmo-
sphere and temperature. Sample discs of 100—200 mg are
heid by the cap of the metallic alloy sample holder. A
cylindrical furnace surrounding the quartz cell heats the
sample and is controlled by an internal thermocouple.
The Mo00Q-/SiO; samples had to be calcined at 773-973 K
for at least 2 h before the Raman measurement to elimi-
nate the fluorescence from the support. The in situ Ra-
man spectra were obtained under continuous flow of a
gaseous mixture with a He/O, ratio near 11/6. The Ra-
man spectra of the dehydrated samples were recorded
after in situ heating the sample at 773 K for 30 min and
cooling to 503 K, which is the methanol oxidation reac-
tion temperature. The Raman spectra under reaction con-
ditions were collected after passing the He/O, mixture
gas through a methanol reservoir at 273 K for at least
30 min. After the methanol oxidation reaction, the sam-
ples were reoxidized by the He/O, gas at 503 and 773 K
for 1 h.

Methanol Oxidation

The reactivities of the different silica-supported molyb-
denum oxide species were probed by the methanol oxida-
tion reaction. The reactor consisted of a 6-mm o.d. glass
tube containing ca. 50 mg of catalyst which provides dif-
ferential reactor conditions by keeping conversion below
10%. The catalyst was held in place by a glass-wool sand-
wich. The catalysts were pretreated in flowing O, at 573
K prior to methanol oxidation. A methanol/oxygen/he-
lium mixture of 6/13/81 (molar ratios) at 1 atm pressure
was used as the reactant gas for all the data presented in
this work. Volatilization of molybdenum in the samples
with high molybdenum oxide loading was observed. The
analysis of the reaction products was performed with an
on-line gas chromatograph (HP-5840A) containing two
packed columns (Porapack R and Carbosieve SII) and
two detectors (TCD and FID). The catalytic values re-
ported here are taken after running the reaction for a few
hours when steady state has essentially been reached.
The reaction temperature was maintained at 503 K and
the results are presented as turnover frequency (TOF),
which is defined as the number of moles of methanol
converted or specific product formed per mole of molyb-
denum atom per second. The TOF values reported are
apparent TOF values since all the supported molybde-
num atoms are assumed to be active in the methanol
oxidation and this may not always be the case.
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TABLE 3

Molybdenum Oxide Loading and Nominal
Surface Molybdenum Coverage on the
Specific Silica Supports

Series Code Mo0,/Si0; (%) Mo/nm?*
I 0.62 0.1
G2a 1.31 0.1
G2b 1.29 0.1
I3 0.38 2.3
A4 2.90 0.7
G4 .31 0.2
I5 1.40 0.3
3.70 0.8
6.01 1.3
E6 5.40 1.0
17 0.98 0.5
18 2.72 0.5
19 1.0 0.1
3.0 0.31
4.0 0.42

a The surface molybdenum loading has been cal-
culated assuming a complete dispersion of the mo-
lybdenum oxide species on the surface of the silica
support which is supported by the Raman charac-
terization studies below.

RESULTS

Elemental Analysis

The results of the clemental analyses of the catalysts
are presented in Table 3. The molybdenum loadings are
very close (typically better than 5%) to those reported by
the different research groups.

Surface chemical analyses (XPS) show that most of the
samples do not contain significant amount of impurities.
However, the presence of alkali impurities was observed
in the samples A4 (sodium) and G2b (calcium).

Laser Raman Spectroscopy

The Raman spectra of dehydrated samples prepared by
impregnation with ammonium heptamolybdate (15), al-
lylic compounds of molybdenum (A4), and grafting of
MoCl(G4), impregnated with Mo** (E6) solutions, and
supported on Degussa Aerosil 200, Davidson-952, David-
son-952, and Degussa Aerosil 200 silicas, respectively,
are shown in Fig. 1. The broad features at 800, 650, and
500-300 cm~! are due to the silica support. All the sam-
ples show the same Raman band at 978-990 cm™!. An-
other series of Raman spectra of samples prepared by
impregnation with AHM (11, 13, 17, I8, I9) and grafting
with MoCls (G2a) and using different silica supports
(Strobe, 20 m?/g; Cab-O-Sil, 90 m?/g; Degussa Aerosil
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FIG. 1. In situ Raman spectra of dehydrated silica-supported mo-
lybdenum oxide catalysts prepared by (a) grafting on Davidson-952 sil-
ica, G4, (b) allyl derivatives on Davidson-952 silica, A4 (c) impregna-
tion with AHM aqueous solutions on Degussa Aerosil 200 silica, I5; and
(d) impregnation with Mo?* solutions on Degussa Aerosil 200 silica, E6.

200, 180 m?/g; Cab-O-sil MS, 185 m?/g; Cab-O-Sil EHS5,
380 m?/g; and Rhone-Poulenc XOA-400, 400 m?/g) is
presented in Fig. 2. The Rhone~Poulenc sample gave a
very weak Raman signal because of strong sample fluo-
rescence. The Strobe silica presents a high number of
silanol groups that result in very intense silica Raman
bands at 970, 800, 600, and 485 cm~! relative to the sur-
face molybdenum species (Fig. 2a) due to its low temper-
ature preparation. Again, the only molybdenum oxide
Raman band observed is the one at ~982 cm™!. Despite
its very low intensity, the Raman band at 982 cm™! could
positively be assigned to surface molybdenum oxide spe-
cies since exposure of this sample (I13) to ambient condi-
tions resulted in the transformation of this Raman band to
the Raman bands characteristic of heptamolybdate spe-
cies at 965-940, 880, 380-370, and 240-210 cm~'. Thus,
the Raman studies reveal that the same surface molybde-
num oxide species is present on all the Mo/SiO, samples
examined and is independent of the specific silica support
and the preparation method.

The presence of calcium impurities on the silica sup-
port results in the formation of new compounds (Ca-
MoQ,) as seen by the presence of new Raman bands at
876, 844, 794, and 319 cm™! which are not affected by
hydration/dehydration processes (11). This is shown in
Fig. 3 for the sample prepared on Rhone—-Poulenc silica.
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FIG. 2. In situ Raman spectra of dehydrated silica-supported mo-

lybdenum oxide catalysts on (a) Strobe silica, < 20 m*g (13); (b} on
Degussa Aerosil-200 silica, 180 m2/g (I1); (c) on Cab-O-Sil silica, 90 m?/
g (I7); (d) on Cab-0O-Sil MS silica, 185 m?¥/g (I8); (e) on Cab-O-Sil EHS
silica, 380 m?/g (19); and (f) on Rhone-Poulenc XOA-400 silica, 400 m?/
bg (G2a).
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FIG. 3. Effect of calcium impurities on the molecular structures of

dehydrated silica-supported surface molybdenum oxide species by
means of in situ Raman spectroscopy of the dehydrated samples sup-
ported on Rhéne~Poulenc XOA-400 silica with Ca impurities (G2b).
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Along with these new Raman bands, the band character-
istic of the dispersed surface molybdenum oxide species
is also present at ~982 cm~!.

Impregnation of silica with Mo?* solutions is claimed
to result in a better dispersion of surface molybdenum
oxide species on the silica support. A sample prepared
according to this method, shown in Fig. 4e (5), was com-
pared with a series of molybdena/silica catalysts with
higher and lower molybdenum loadings, shown in Figs.
4a—-4d and 4f. This series was prepared by impregnation
with ammonium heptamolybdate (7), which is reported to
give the worst dispersion and the same silica support
(Aerosil-200 Degussa) was employed for all the samples.
The dehydrated Raman spectra of these samples are
shown in Fig. 4 and the only molybdenum oxide Raman
band observed is at 978-990 cm~! for all the samples as
well as the broad features of the silica support. At load-
ings close to the maximum dispersion limit of molybde-
num oxide on silica (ca. 1 Mo/nm?), a new feature can be
observed at ca. 968 cm~! as a shoulder. The maximum
amount of Mo dispersed on SiO; corresponds to the titra-
tion of all the silica silanols (23). This new Raman band
cannot be observed for the sample prepared from Mo3*
solutions, despite its high molybdenum loading. This
could be indicative of a better local dispersion for the
molybdenum species on this sample. In addition, prepa-
rations employing allyl molybdenum compounds also ap-
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FIG. 4. In situ Raman spectra of the Degussa Aerosil 200 silica
support and of the dehydrated silica-supported molybdenum oxide cata-
lysts of the series 5 and Eé with surface molybdenum loadings of 0.3,
0.5, 0.8, and 1.3 Mo/nm? in series I5 and 1.0 Mo/nm? in series E6. (a)
Acerosil 200; (b) 0.315; (c) 0.51I5; (d) 0.815; (e) 1.0E6; (f) 1.315.
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pear to result in a better dispersion than observed with
the conventional AHM aqueous solutions (23).

The in situ Raman spectra during methanol oxidation
of samples prepared by impregnation with ammonium
heptamolybdate (19) and surface molybdenum [oadings of
0.1, 0.3, and 0.4 Mo/nm? are presented in Figs. 5, 6, and
7, respectively. The broad features near 800, 600 and
500-300 cm™! are due to the silica support. In addition,
all the samples show the Raman band near 980 cm~! un-
der dehydrated conditions prior to exposure to the meth-
anol oxidation reaction conditions. During methanol oxi-
dation, the Raman band of the dispersed surface
molybdenum oxide species shifts to ca. 963 cm~' and, in
addition, new Raman bands near 894, 842, 768, 411, 347,
305, and 279 cm™! appear. The new bands become more
pronounced with increasing Mo loadings. These changes
in the Raman spectra occurred as soon as the catalysts
were exposed to the reaction environment. The Raman
spectra in Figs. 5-7 were taken after 30 min of methanol
oxidation. Switching from the methanol oxidation reac-
tion conditions to the dehydrated conditions shifts the
Raman band at 963 cm™' to ca. 970 cm™!, but does not
alter the new Raman bands near 894, 842, 768, 411, 347,
305, and 279 cm~!. These new Raman bands correspond
to crystalline beta-MoO;, which is a low temperature
structure of crystalline MoOs (40). Further treatment of
beta-MoQO; in oxygen at 773 K results in the appearance
of sharp Raman bands at 991, 816, 662, 334, 284, and 150
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FIG. 5. [n siru Raman spectra in reaction cell of catalysts 19 with 0.1
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FIG. 6. In situ Raman spectra in reaction cell of catalyst 19 with 0.3
Mo/nm?. (a) Dehydrated conditions, 503 K: (b) methanol oxidation at
503 K; (c) dehydrated conditions after reaction, 503 K: and (d) dehy-
drated after reoxidation in He/O, at 773 K.
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cm™! which are due to orthorhombic crystalline alpha-
Mo0O; (see Fig. 6d). Thus, the surface molybdenum oxide
species on silica is not stable under methanol oxidation
reaction conditions at surface densities greater than ca.
0.1 Mo/nm?. Furthermore, even alpha-MoO; crystals ini-
tially present for loadings above 0.4 Mo/nm? are also un-
stable during methanol oxidation and are completely
transformed to crystalline beta-MoO;.

Methanol Oxidation

The oxidation of methanol produced mainly formalde-
hyde and methyl formate. Minor amounts of carbon ox-
ides were detected, and the production of dimethyl ether
remained very low for most of the samples. The results
for methanol oxidation on the different Mo/SiO; catalysts
are presented in Figs. 8a—8d as a function of the surface
molybdenum oxide loading. Table 4 identifies every sam-
ple by its initial surface molybdenum coverage, prepara-

tion method, and apparent TOF in order to facilitate iden-
tification of the different samples. An increase in the
molybdenum loading generally results in a significant de-
crease of the apparent TOF, and this is most pronounced
in the case of the TOF toward methylformate. The appar-
ent formaldehyde TOF decreases smoothly with Mo cov-
erage and dimethyl ether production is generally low for
all the molybdenum loadings studied. The dimethyl ether
produced on several of the catalysts is probably the con-
sequence of some trace acid impurities in the silica (G2a,
G4, and I8). The ability to plot all the methanol oxidation
catalytic data, obtained from different sources and prepa-
ration methods, essentially on a single curve as a function
of Mo surface density suggests that the Mo surface cov-
erage is the critical parameter in determining the catalytic
properties of silica-supported molybdenum oxide cata-
lysts. A similar conclusion has recently been reported by
Williams and Ekerdt (24).

The catalysts show an initial transient period when the
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TABLE 4
Methanol Oxidation at 503 K

Apparent TOF (10-3s71)

Steady state Series
Mo/nm? CH,0H HCHO D.M.E. HCOOCH; Ref. (% dispersion) code
0.1 7.8 1.7 1.8 0.75 ) —_ G2b
0.1 10.0 1.5 0.07 4.0 4) 100 G2a
0.1 7.0 1.5 0.05 2.2 (21) — 19
0.2 8.7 1.9 0.8 2.3 (1) 87 G4
0.3 3.6 0.7 0.06 0.9 @2n 36 19
0.3 3.0 0.7 0.03 0.9 (7) 30 15
0.4 1.0 0.4 0.6 0.3 1) 10 19
0.5 3.8 1.6 0.6 0.4 (6) _ 18
0.5 1.1 0.1 0.006 0.5 20) 38 17
0.7 2.6 1.1 0.08 0.6 (i1) 26 A4
0.8 1.4 0.4 0.03 0.4 N 14 15
1.0 0.9 0.3 0.03 0.2 3% 9 E6
1.3 0.5 0.1 0.04 0.1 (@) 5 15
2.3 0.4 0.0 0.01 0.13 (18) 4 13

Note. Reaction conditions: 503 K, 0.01724 mol CH;OH/h in 50 mg catalyst.

reaction is started. During this transition period, there is
a very slight increase in activity and change in the selec-
tivities to formaldehyde and methyl formate that depends
on molybdenum oxide loading. The evolution of the ratio
of the apparent TOF to formaldehyde vs the apparent
TOF to methyl formate for the same catalysts, which
were characterized by in situ Raman spectroscopy during
methanol oxidation, is shown in Fig. 9. The sample with
the lowest surface molybdenum oxide loading (0.1 Mo/
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FIG. 9. Evolution of apparent TOFHCHO)/apparent

TOF(HCOOCH,) for catalyst 19 during the first stages of the reaction.
(O) 0.1 Mo/nm?, (@) 0.3 Mo/nm?, and (A) 0.4 Mo/nm?. Zero time
corresponds to the first sample analysis which was taken after 10 min of
reaction.

nm?) does not show any transient behavior in the selectiv-
ity. However, the catalysts with the higher molybdenum
oxide loadings (0.3 and 0.4 Mo/nm?) exhibit an initial
decrease in formaldehyde production and an initial in-
crease in methylformate production.

DISCUSSION

The Raman spectra of the dehydrated samples pre-
sented in the results section demonstrate that the prepa-
ration method as well as the specific silica support does
not appear to affect the structure of the silica-supported
molybdenum oxide species. Only the presence of impuri-
ties in the silica support was found to affect the nature of
the surface molybdenum oxide species. The present
results suggest that the apparent discrepancies in the lit-
erature between different research groups studying the
Mo0,/Si0; system are not due to different samples, but
seem to be related to the different characterization meth-
ods with regard to spectral assignments.

The isolated surface molybdenum oxide species have
been reported by most authors, but there is still disagree-
ment as to whether this species is present as mono-oxo
(octahedral) or dioxo (tetrahedral). Mono-oxo MoOs
structures have been assigned from Raman spectroscopy
(5, 11, 23), IR (25, 26), and EXAFS/XANES (5). In situ
Raman and IR studies of the same M00O;/Si0O, sample by
de Boer et al. (5, 26) yield identical Mo==0 vibrations at
986 cm~!. This observation is significant since according
to Raman/IR vibrational selection rules this coincidence
should occur only for mono-oxo species (27). This con-
clusion is further supported by 80-190 isotope experi-
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ments that yield only two vibrational peaks consistent
with mono-oxo species (dioxo species would be expected
to yield three vibrational peaks) (25). The isolated nature
of the dehydrated surface molybdenum oxide species is
supported by the absence of Mo—O-Mo vibrations at 220
cm~!in Raman (5, 11, 28) and the extremely low Mo-Mo
coordination (SNumome = 0.30) measured by EXAFS (5,
26). The highly distorted nature of the isolated MoQOg unit
is reflected in the pre-edge feature observed in the
XANES spectra and the presence of terminal Mo=0O
bond in Raman/IR.

The dioxo MoO, structures have been assigned from
luminescence (29, 30), UV-visible diffuse reflectance
(29), ESR (29), and Raman spectroscopy (20). Previous
studies have demonstrated that UV-visible diffuse re-
flectance is not reliable in discriminating between MoO,
and MoQg structures (11, 31). ESR can only detect Mo®*
species and it cannot be assumed that the same coordina-
tion is present for Mo(V) and Mo(VI) species on silica.
The previous Raman spectroscopy study was reported on
the same sample used in this study and the prior spec-
trum was not reproducible because of the adsorption of
background motsture which affected the Raman features
in the earlier investigation (32). In the luminescence spec-
tra, the assignment to a tetrahedral (dioxo) structure is
based on the close agreement in the emission and excita-
tion bands with those of the MoOj3; ™ complex in the refer-
ence compound CaMoO; (14). Calcium impurities ob-
served in some of the samples could account for this;
however, samples without CaMoO, (I1 and G2b) are also
identified as dioxo by luminescence (4). Unfortunately,
octahedral molybdenum species possesses such a short
lifetime that it is weakly detected by luminescence (ap-
proximately ten times weaker than tetrahedral molybde-
num species) (33). Consequently, luminescence can be
used to detect tetrahedral molybdenum oxide species,
but may not give any information on the presence or
absence of octahedral molybdenum oxide species. Thus,
the evidence for concluding that dioxo MoQ, species are
present on the silica surface is not very strong.

Silica-attached molybdenum dimer structures have
been reported to be obtained by reacting Moy(n?-C3Hg)y
(12, 34, 35) with the OH groups of the silica support and
activating in H; or in an inert atmosphere (N,). The acti-
vation of allyl dinuclear molybdenum compounds in hy-
drogen has been proposed to result in dimeric structures
of Mo(ll) based on in situ EXAFS measurements (34).
After oxidation with molecular oxygen at 673 K, the Mo-
Mo bond is not detected (34). Two different structures
have been claimed for the Mo(VI) oxide surface species
depending on the specific silica support (34). The silica
supports employed (Snowtex-30, 120 m?/g, SiO,-1; and
Snowtex-0, 285 m?/g, Si0;-2) had molybdenum loadings
below 0.5 and 0.2 Mo/nm?, respectively (35), which are
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well below the maximum dispersion limits of Mo/SiO,
(~1 Mo/nm?) and account for the homogeneity of the
structures observed on each silica. On SiO,-1, the
Mo(V]) surface oxide species was reported to be tetrahe-
dral dioxo molybdenum oxide monomers based on DRS-
UV-VIS spectroscopy (band at 285 nm) of the dehy-
drated sample (35) and in situ EXAFS studies. On Si0O,-2,
however, the observed DRS-UV-VIS spectrum shows a
band at 306 nm characteristic of five- or six-coordinated
Mo(V]) species. In addition, the XANES studies indicate
that these species are highly distorted. This highly dis-
torted structure is in agreement with the more recent
XANES structures determined for samples prepared by
impregnation of silica with Mo?* solutions (5, 26) or by
impregnation of ammonium heptamolybdate solutions
(21) on a different silica (Cab-O-Sil EH5).

The presence of different molybdenum oxide struc-
tures from the same precursor on different silicas is in
contrast to the current findings that the specific silica
support has no effect on the structure. However, the
presence of impurities, especially basic, can influence the
surface molybdenum structures (36). Indeed, the pres-
ence of sodium impurities on SiO,-1 is reported to be <
0.5% Na in a more recent work by the same authors (12).
This explains the structural differences observed be-
tween the Mo(VI) species on SiO,-1 and Si0O,-2. We have
found that even very low amounts of sodium (Na/Mo =
1/15 atomic ratio) will affect the catalytic activities and
surface structures of the dehydrated Mo(VI]) species on
silica (36). In the presence of alkali, the surface molybde-
num oxide species react to form microcrystalline or mo-
lybdate phases containing tetrahedral MoO, species (11,
36). This effect will be even more pronounced in the case
of preparations containing very low molybdenum load-
ings (from 0.6 to 1.5% MoQO/SiO; on SiO,-1) (35) since
the Na/Mo atomic ratio varies from ~2 to 10. This high
Na-to-Mo ratio accounts for the tetrahedral structure ob-
served for molybdenum oxide on SiO--1.

On the sodium-free silica (Si0,-2), no direct Mo-O-
Mo bonding is observed above 200 K (dimeric surface
molybdenum oxide species could be detected only at 80
K), but evidence is presented for the existence of two
molybdenum oxide entities in close vicinity (12). Similar
results are reported on a third silica support (SiO,-3, 510
m?/g) (12). This is most probably due to the dinuclear
nature of the precursor which increases the probability of
anchoring two Mo species in close proximity. It has re-
cently been demonstrated with EXAFS and Raman spec-
troscopy that heptamolybdate clusters spread on the sil-
ica support upon dehydration resulting in dispersed,
isolated mono-oxo molybdenum oxide species (5). For
these samples the molybdenum anchorage to the silica
surface takes place at elevated temperatures, where the
silanol population is significantly decreased and prevents
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FIG. 10. Amount of dispersed surface molybdenum oxide mono-
oxo species as a function of the Mo surface coverage on Degussa Aero-
sil 200 silica. (A) Series 15 and (@) serie E6.

the formation of molybdenum species in close vicinity.
However, in the dimeric molybdenum-allyl samples the
anchorage takes place at low temperatures and this may
possibly account for their proximity with this prepara-
tion. More importantly, however, is that the XANES
studies showed that the surface Mo(VI) structure on sil-
ica is the same from the allyl preparation and the samples
used in the present study employing different preparation
methods. The current study also found that the same
surface Mo(V1) species was formed on silica from Raman
spectroscopy when using the allyl preparation (Sample
A4, Fig. 1). The preparation of derived dimeric molybde-
num species could not be reproduced in the present study
since dimeric features could not be detected in the EX-
AFS measurements of these samples taken by Iwasawa
(51). In fact, the synthesis of this dimeric species on silica
has been attempted by several different research groups
and all were unsuccessful (11, 52, 53). Thus, it has been
difficult to independently confirm that such a dimeric mo-
lybdenum oxide species can be formed on silica via the
allyl preparation.

Formation of silicomolybdic acid in silica-supported
molybdenum oxide samples has also been reported by
several authors (8, 38, 44, 45). Our preliminary results
show that silicomolybdic acid supported on silica is in-
deed formed at room temperature only after exposure to
very moist air (38, 46). However, its formation requires a
prolonged exposure to amounts of water larger than
those present under standard ambient conditions. The
silicomolybdic acid is stable at temperatures below 570 K
(39) and it breaks up and spreads into isolated surface
molybdenum oxide species when the temperature is
higher than 570 K (38, 46). Thus, silicomolybdic acid
formation requires special conditions which are usually
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not encountered in conventional studies and accounts for
the absence of this species in most studies of the MoOs/
SiO, system. Actually, molybdenum oxide/silica samples
prepared by Che et al. may have formed silicomolybdic
acid during the washing step as well as samples prepared
by impregnation of aqueous solutions of ammonium hep-
tamolybdate. However, these samples are typically
calcined above 570 K (see Table 2), which transforms the
supported silicomolybdic acid to isolated surface molyb-
denum oxide species on silica.

An estimation of the degree of coverage of the surface
molybdenum oxide species can be obtained from the in-
crease in the intensity of the Mo=0 Raman band at ca.
980 cm™! with respect to the silica Raman band at 495
cm~} since the silica band is essentially constant with
molybdenum loading. This ratio is presented in Fig. 10
for the series of samples studied in Fig. 4. There is a
linear increase of the Raman intensity at ~980 cm~’ with
molybdenum loading at low coverages. The increase in
the Raman intensity of the isolated surface molybdenum
oxide species levels off at ca. I Mo/nm? since at this
coverage there are very few available reactive silanol
groups remaining which are required to stabilize the iso-
lated surface molybdenum oxide species (2, 23). Conse-
quently, additional isolated surface molybdenum oxide
species would not be expected to form above ca. 1 Mo/
nm’ because of the unavailability of reactive silanol
groups on the silica surface. A linear correlation between
the molybdenum loading and the Raman shift of the
Mo=0 bond is also evident and is shown in Fig. 11. The
Mo==0 Raman band reaches a constant value of 990
cm~! as a consequence of the onset of the crystalline
orthorhombic MoO; at higher loadings. This scenario is
in agreement with the appearance of a new Raman band
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FIG. 11. Evolution of the Raman band for the Mo=0 bond versus

the surface molybdenum loading. (A) I-series, (O) G-series, (O) E-
series, and (@) A-series.
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at ca. 968 cm~! which may represent a polymerized mo-
lybdenum oxide species such as a cluster (23) that cannot
spread any more and may be the precursor to the forma-
tion of larger crystalline aggregates. This new molybde-
num oxide species is different from the heptamolybdate
species present in the hydrated state which gives a Ra-
man band at ~945 cm~! (11). The availability of silanol
groups is the determining factor for the dispersion of mo-
lybdenum oxide species on silica. The samples prepared
by incorporation of Mo** and ally!l derivatives exhibit a
somewhat lower wavenumber for the Mo==0 bond than
expected for the same loading from the samples prepared
by impregnation. This may be indicative of a better local
dispersion for these samples with respect to those pre-
pared by impregnation. However, the estimation of the
isolated surface molybdenum oxide species from the in-
tensity of the Raman band at ca. 980 cm™! fits well with
the values obtained from the samples prepared by im-
pregnation with ammonium heptamolybdate (Fig. 10).
Catalyst 13 shows a much lower wavenumber for the very
high molybdenum loading and the Raman band at 968
cm~! is unusually pronounced for this sample. This Ra-
man band is associated with the silica support since hy-
dration treatments have no effect on this Raman band.
Despite its very high surface molybdenum coverage, 2.3
Mo/nm?, no aggregated molybdenum oxide species are
observed. The high dispersion on this silica is achieved
because of the high number of silanol groups present in
this sample which resulted from the special low-tempera-
ture silica synthesis (13). This is in agreement with the
importance of availability of silanol groups in the forma-
tion of the dispersed surface molybdenum oxide species
(2, 23). Consequently, the availability of reactive silanol
groups for a specific molybdenum oxide loading is signifi-
cantly higher for this sample than for the other silicas
prepared or synthesized at elevated temperatures.

The selective oxidation of methanol on the silica-sup-
ported molybdenum oxide samples, presented in Fig. §,
shows a continuous decrease in the apparent TOF for
methanol oxidation with increasing molybdenum surface
coverage for all the samples studied. The decrease in
methanol conversion with surface molybdenum oxide
coverage is mainly due to the sharp decrease in the ap-
parent TOFs to methyl formate formation, and the appar-
ent TOF for HCHO shows a smoother decrease with
molybdenum oxide loading. The trends presented here
essentially depend only on the surface molybdenum ox-
ide coverage, and are essentially independent of prepara-
tion method and specific SiO; support. The product for-
mation trends agree with the mechanistic model
proposed by Che and co-workers (4). There are two ac-
tive sites in the oxidation of methanol over silica-sup-
ported catalysts: surface molybdenum oxide sites and si-
lanol groups. Surface molybdenum oxide sites which
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interact with methanol form HCHO that may desorb or
further interact with another methanol molecule an-
chored on the silanol groups of the silica surface resulting
in the formation of methyl formate. The increase in the
surface molybdenum coverage has a negative effect on
the formation of methyl formate since the surface molyb-
denum oxide species aggregates to crystalline beta-
MoO;. These effects account for the significant decrease
in methanol conversion to methyl formate which requires
both adjacent sites. It is interesting to note that molyb-
dena on silica samples prepared by impregnation with
ammonium heptamolybdate at very low coverages
results in an activity very similar to that of samples pre-
pared by grafting at similar surface molybdenum oxide
loading. The grafting method is limited by the washing
step, which eliminates most of the molybdenum and pre-
vents high molybdenum loadings (37). Consequently, the
high activities reported for grafted samples toward methyl
formate may be due primarily to the lower Mo loadings
rather than to the preparation method. The reactivity
trends observed for methanol conversion to formalde-
hyde also do not show any dependence on the prepara-
tion method, but also depend only on the molybdenum
oxide surface coverage. The very high silanol population
in sample I3 accounts for the very high selectivity to
methyl formate observed (no formaldehyde is detected
for this sample), according to the above mechanistic
model.

The presence of basic impurities results in a lower TOF
for the partial oxidation of methanol (37, 24) due to the
formation of alkali molybdates (11) with different redox
properties (37). In the case of the sample A4, where
traces of sodium were found as impurities by XPS, no
sodium molybdates were detected by Raman spectros-
copy and the methanol oxidation results followed the ex-
pected trends. In sample G2b, however, Ca impurities
were measurable by XPS and the presence of CaMoO,
was observed by Raman spectroscopy. On the other
hand, its homologue (G2a), prepared by the same group
in a different batch, possessed no Ca impurities as mea-
sured by XPS, and CaMoQ, was not detected by Raman
spectroscopy. The absence/presence of CaMoOQ; in these
two samples results in different catalytic properties for
the selective oxidation of methanol. The Ca-free sample
(G2a) exhibited a high activity to methyl formate, as al-
ready reported (2), and the activity to methyl formate
was significantly decreased by the presence of calcium
impurities.

The in situ methanol oxidation studies revealed that
the surface molybdenum oxide species are not stable for
catalysts containing high surface Mo densities during
methanol oxidation and agglomerated to crystalline beta-
MoO;. The extent of agglomeration increased with Mo
loading. When the dehydrated sample is exposed to
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methanol oxidation conditions, a significant shift in the
Raman band at 980 cm ™!, characteristic of the surface
molybdenum oxide species, to ca. 963 cm™! is observed.
This could be due to interaction with the methoxide
groups (48) which alters the length of the Mo-O bond
and, therefore, its frequency (54). It is interesting to note
that the Raman band at ca. 980 cm™! is not affected dur-
ing the selective oxidation of methane at 823 K (36),
though water is formed, an no aggregation of the surface
molybdenum oxide species is observed during the reac-
tion (55). In addition, the presence of water at tempera-
tures higher than 373 K does not affect the Raman band of
the isolated surface molybdenum oxide species and no
aggregation is observed {(46). Thus, the interaction be-
tween the surface molybdenum oxide species and metha-
nol must be the driving force for the aggregation into
beta-MoO;. The fact that silicomolybdic and phospho-
molybdic acids are converted to beta-MoO; during meth-
anol oxidation (56) provides further evidence for this
model.

Another important factor associated with the aggrega-
tion of the surface molybdenum oxide species into crys-
talline beta-molybdena is the volatilization of the active
phase. Volatilization of aggregated crystalline molybde-
num oxide (alpha-molybdena) is higher than that of dis-
persed surface molybdenum oxide species (41, 42), and
its volatilization is further promoted in the presence of
water (42, 43) which is produced during the oxidation of
methanol. The present work shows that increasing mo-
lybdenum loadings result in increasing degrees of aggre-
gation of the surface molybdenum oxide species into
beta-MoO;. This behavior parallels the higher volatility
observed at higher loadings of molybdenum oxide on sil-
ica.

The extent of agglomeration of surface molybdenum
oxide species can be estimated from the comparison of
the apparent TOFs of the surface molybdenum oxide spe-
cies and beta-MoQO;. The true TOF for the dispersed sur-
face molybdenum oxide species can be determined from
the samples possessing the lowest molybdenum loadings
in Table 4, 0.1 Mo/nm? where only a trace of beta-MoO,
is formed (Fig. 5), and corresponds to approximately
7-10 x 1072 s~'. The true TOF for bulk alpha-MoO; pow-
der was measured and found to be approximately 2 X
102 s~! (48); Chowdhry et al. (49) demonstrated that
beta-MoQO; is about 2-3 times more active than alpha-
MoO; (49-51), which gives a TOF of 4—-6 x 1072 s~! for
beta-MoO;. The similar true TOFs for surface molybde-
num oxide species on silica and beta-MoO; suggest that
the decrease in the apparent TOF is directly due to a
lower fraction of exposed molybdenum sites because of
agglomeration. The estimated dispersions for the silica-
supported molybdenum oxide catalysts during methanol
oxidation are presented in the seventh column of Table 4.
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The few catalysts that produced significant amounts of
DME were omitted from these calculations since this
acid product is not associated with the molybdenum ox-
ide sites. The estimated calculations suggest that the
molybdenum oxide dispersion decreased from approxi-
mately 100 to ca. 4% during steady-state methanol oxida-
tion as the Mo loading was increased. The formation of
HCOOCH; for all Mo loadings suggests that either some
surface molybdenum oxide species were still present or
the microcrystalline beta-MoQ; particles interacted with
adjacent surface silanols since unsupported bulk MoO;
does not produce HCOOCH;. Sample I3, which pos-
sesses a high surface density of silanols, again behaved
differently, yielding almost exclusively HCOOCH;.

The initial methanol oxidation catalytic studies showed
that the catalysts with high surface Mo densities experi-
enced a decrease in the H,CO/HCOOCHj; selectivity ra-
tio during the first 30 min. The corresponding in situ Ra-
man studies revealed that the transformation of the
surface molybdenum oxide species to microcrystalline
beta-MoO; occurred as soon as the catalysts were ex-
posed to the methanol/oxygen reaction environment and
essentially did not significantly change with time. The
decrease in initial H,CO/HCOOCH; selectivity corre-
sponds to an increase in the number of the surface molyb-
denum oxide species on the silica support. This suggests
that a small amount of Mo from the beta-MoO; micro-
crystals was being redispersed via volatilization. The ab-
sence of any initial selectivity changes for the 0.1 Mo/
nm? catalyst is consistent with this conclusion since
essentially no crystalline beta-MoO; was formed on this
catalyst and high-density Mo/SiO, catalysts possessing
crystalline beta-MoQ; exhibited this transient behavior.
Thus, the molybdenum oxide in the MoO;/S10> catalyst
can be both agglomerated and redispersed by exposure to
the methanol oxidation reaction environment.

CONCLUSIONS

1. The preparation of silica-supported molybdena cat-
alysts at low coverages by impregnation with an aqueous
solution of ammonium heptamolybdate, Mo**, or grafting
of MoCl;s results in the same surface molybdenum oxide
species.

2. The molecular structure of the surface molybdenum
oxide species on silica is most likely that of an isolated,
distorted mono-oxo MoOy species. The formation of di-
meric molybdenum oxide species derived from allyl com-
pounds is not observed.

3. The formation of new molybdenum oxide com-
pounds on silica is due to the presence of basic impurities
like calcium or sodium.

4. The selective oxidation of methanol is a sensitive
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probe reaction to study silica-supported molybdenum ox-
ide catalysts.

5. The surface molybdenum oxide coverage on silica
and the availability of reactive silanol groups are the only
factors affecting the nature of the surface molybdenum
oxide species and the corresponding catalytic activity
during methanol oxidation over the MoO;/SiO; catalysts.

6. Dispersed surface molybdenum oxide species ag-
gregate during methanol oxidation into crystalline beta-
MoO; and the extent of agglomeration increases with sur-
face Mo density.

7. The methanol oxidation apparent TOF decreases
proportionally to the number of expose Mo sites because
the true TOFs for the surface molybdenum oxide species
and supported beta-MoO; are very similar: 7-10 x 1072
s~!and 4-6 x 1072 57!, respectively.
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