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Heterogeneous catalysts consisting of highly dispersed supported molybdenum have been inves-
tigated. Hexacarbonylmolybdenum(0) catalysts supported on TiO,, Al,Os, ZrQ,, MgO, and SiO,
were characterized by temperature-programmed decomposition (TPDE), XPS, and catalytic activ-
ity for CO shift reaction, metathesis, and hydrogenation of alkenes. Mo catalyst supported on TiO,
showed higher catalytic activity than that of the Mo catalysts on other supports. The TPDE
spectrum of Mo(CO)s on TiO,, which was pretreated at 773 K, showed two-stage decomposition
peaks due to the elimination of CO ligands with very little evolution of H,, which resulted in a low-
valent catalyst. After the first stage of TPDE, Mo(CO), species were formed on TiO,. Those
species gave higher catalytic activity for CO shift reaction at 403 K, but not for hydrogenation and
metathesis. Metathesis of propene at 323 K and hydrogenation of 1,3-butadiene at 273 K showed
higher activity only after the second stage. Those catalytic activities are one or two orders of
magnitude higher than those of corresponding oxide catalysts. When the catalyst was pretreated at
600-773 K, slight oxidation of Mo occurred due to the presence of hydroxyls of TiO,; this sup-
presses the catalytic activities for CO shift reaction and hydrogenation. However, the activity of
metathesis increased with increasing evacuation temperatures. The results suggest that metathesis

requires a higher oxidation state of Mo than do CO shift reaction and hydrogenation.
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Recently, there has been growing interest
in the study of transition metal complexes,
especially mononuclear carbonyl com-
plexes, supported on various inorganic sup-
ports, such as alumina, zeolites, and silica
gel (1). The transition metal complexes, as
precursors, can give highly dispersed and
low-valent metal catalysts without reduc-
tion treatments (2, 3). These catalysts can
be much more active for metathesis of al-
kenes (4, 5), hydrogenation of CO (6) or
alkenes (7), and hydrogenolysis of alkanes
(8) than their corresponding supported
metal oxide systems, which have higher av-
crage valence states.

Other promising features include the pos-
sibility of studying the catalytic activities
and selectivities of supported metal com-
plexes without dissociation of CO ligands.
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© 1988

Previously, we reported the catalytic activi-
tics of Mo(CO); subcarbonyls on various
supports for allylic alkylation in liquid
phase (9, 10). The Mo(CO):/TiO, catalyst
exhibited higher activity with regio- and
stereoselectivity.

Metal carbonyls can be immobilized by
impregnating inorganic oxide (/7). The
method involves evacuation of the support
to ensure penetration of the solution into
the pores. An alternative procedure that
can be used with volatile carbonyls in-
volves sublimation in a flow of inert gas
onto support (12), or under vacuum condi-
tions (9). The preparation of a supported
transition metal catalyst from carbonyl pre-
cursor involves several steps: pretreatment
of support, contact with or adsorption on
the support with the carbonyl complex, and
decomposition of the complex to the de-
sired extent by suitable heat treatment. Our
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work elucidates the higher activity of mo-
lybdenum on TiO, catalysts not only for the
subcarbonyl stage but also for the low-va-
lent metallic state which is obtained after
decomposition at higher temperatures.

EXPERIMENTAL

Catalysts were prepared by dispersing
Mo(CQ)s (Strem Chemicals, 6.5 mg, 5 X
10~3 mol) on 0.5 g of various inorganic sup-
ports by sublimation at 343 K for 1 h under
vacuum conditions. The inorganic supports
in this work were SiO, (Degussa, Aerosil-
200), TiO, (Degussa, P-25), AlLO; (JRC-
ALO-4), MgO (JRC-MgO-1), and ZrO,.
ALO; and MgO were the Japan Reference
Catalysts (13) and ZrO, was prepared by
the method of Tanabe and co-workers (14).
Prior to sublimation, all supports were de-
hydrated at 773 K and treated with 39.9 kPa
(300 Torr) of O, for 1 h, followed by evacua-
tion at 773 K for 30 min. After sublimation
at 343 K, the catalyst was evacuated at 343
K for 30 min except for TPDE measure-
ments, which were started from room tem-
perature. The amount of Mo loading of
each catalyst was determined by chemical
analysis as oxide base after treatment with
flowing O, at 773 K (15).

For temperature-programmed decompo-
sition (TPDE) experiments, the sample was
heated from room temperature to 773 K ata
linear rate of 5 K min~! under vacuum con-
ditions. The catalyst was evacuated at 273
K after sublimation of Mo(CO)s on the sup-
port at 343 K until the pressure reached 1.3
x 1073 Pa (1 x 1073 Torr); the TPDE run
followed. The pressure change from the
elimination of CO was monitored by an ion-
ization gauge (ULVAC, GI-K) and was re-
corded automatically on a desktop re-
corder.

For X-ray photoelectron spectroscopy
(XPS) measurements, the fresh catalysts or
pretreated catalysts were sealed in a Pyrex
ampoule under vacuum conditions. The
ampoule was transferred to the preparation
chamber of XPS, and then the seal of the
ampoule was broken under purified Ar at-
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mosphere. The samples of XPS were mea-
sured on a spectrometer (Shimadzu, ESCA
750) under minimum contamination with
air, The binding energies of XPS spectra of
Mo(3ds;,) and Mo(3ds,) were calibrated by
the observed binding energy of C(ls).

The catalytic activities of the CO shift
reaction at 403 K, hydrogenation of 1,3-bu-
tadiene at 273 K, and metathesis of propene
at 323 K were studied by a closed recir-
culation system (150 c¢m?®). The reaction
products were analyzed on a gas chroma-
tography (Ohkura, Model-701) which was
equipped with a 2-m column of activated
charcoal at 313 K for CO shift reaction and
a 6-m column (Gaskuro Kogyo, VZ-7) at
273 K for hydrogenation and metathesis.

RESULTS AND DISCUSSION

The TPDE spectra of Mo(CO)s supported
on SiO,, TiO,, Al,Os, ZrO,, and MgO are
shown in Fig. 1. Prior to sublimation of
Mo(CO)s, all supports were oxidized with
0O, and evacuated at 773 K until the pres-
sure of the vacuum system reached 1.3 X
1073 Pa (1 x 107% Torr). Two or three de-
composition peaks, due to the elimination
of CO, appeared at below 373 K for the first
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FiG. 1. TPDE spectra of Mo(CO) after sublimation
at 343 K on various supports: (A) SiO,, (B) TiO,, (C)
AlLO,, (D) ZrO,, (E) MgO. (All supports were evacu-
ated at 773 K prior to the sublimation.)
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TABLE 1

Amount of CO Evolution after Sublimation at 343 K,
and Mo Loading after Evacuation at 773 K on
Various Supports

Support¢  Specific CO evolution® Mo
area at different temp. loading®
(m?g™) (10-5 mol) (10-% mol)
343-413 K 413-773 K
MgO 149 4 11 4.9
ZrO; 69 10 10 5.0
AlLO, 157 5 14 4.8
TiO, 55 5 16 4.9
SiO, 191 0 0 —

4 Support, 0.5 g.
& Mo(CO)s, 5.0 x 10~° mol.
¢ Determined by chemical analysis.

stage and at above 443 K for the second
and/or third stages on TiO,, AlLO;, ZrO,,
and MgO. The TPDE spectrum of Mo(CO);
on Si0, (Fig. 1A) showed only one peak at
343 K. After the TPDE experiment, the
amount of Mo was measured by chemical
analysis. In the case of SiO,, no Mo was
detectable. This result suggests that
Mo(CO)s cannot be supported on SiO, by
this method. The lower temperature peak at
around 343 K on SiO, can be assigned as
due to the evolution of Mo(CO), itself.
Table 1 shows the amount of CO evolu-
tion after sublimation of Mo(CO) and evac-
uation at 343 K, as determined by volumet-
ric measurements of CO evolution between
343 and 773 K. Mo(CO)¢ (5.0 x 1073 mol)
was sublimed and evacuated at 343 K on
each 0.5-g sample of support; then the
amounts of CO evolution during the heat
treatments at 343-413 and 413-773 K were
measured. During the sublimation and the
subsequent evacuation at 343 K, three CO
ligands per Mo were already eliminated on
MgO, and two CO ligands per Mo were
eliminated on ZrO,, Al,O;, and TiO,. But
on Si0,;, Mo(CO)¢ could not adsorb on the
surface, since no evolution of CO was ob-
served. Then, after evacuation at 413 K (af-
ter the first stage in TPDE), Mo(CO), spe-
cies were formed on MgO and ZrO,, and
Mo(CO); species were formed on AL O; and
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TiO,. These results may be due to the re-
placement of CO ligands with supports by
oxidative addition to stabilize the Mo sub-
carbonyls, such as Mo(CO), or Mo(CO); on
the surfaces of supports.

After the measurements of CO evolution,
the Mo loadings were also measured. Table
1 shows the Mo loading on various sup-
ports, which were determined by chemical
analyses after evacuation at 773 K. Except
for Si0,, the Mo loading showed almost
constant values within the experimental er-
rors, which were almost the same as the
amounts of Mo at the start of preparation.
The results suggest that, during the evacua-
tion up to 773 K, the Mo did not evaporate
under vacuum conditions after sublimation
of Mo(CO), on various supports.

Table 2 summarizes the catalytic activity
of the CO shift reaction at 403 K and the
oxidation state of Mo on the catalyst after
pretreatment at different temperatures. The
oxidation state of each catalyst was deter-
mined by the O, consumption at 773 K by
separate experiments after pretreatment at
different temperatures. After pretreatment
of each catalyst, 26.6 kPa (200 Torr) of CO

TABLE 2

Catalytic Activity for CO Shift Reaction and
Oxidation State of Mo(CO), Catalyst on Various
Supports after Pretreatment at Different

Temperatures
Support Activity for CO Oxidation
shift reaction state’ at
(1077 s7 1) at evacuation
evacuation temp.
temp. (K) (K)
413 573 773 573 773
MgO 3 13 46 40+ 42+
Zr0, 20 23 59 3.5+ 4.3+
ALO; 2 0 0 3.7+ 4.7+
TiO, 150 470 190 1.8+ 2.8+
Si0, 0 0 0 — —

4 Reaction temperature, 403 K.
¢ Determined by O, consumption at 773 K after pre-
treatment.
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TABLE 3

Catalytic Activities on Mo(CO),/TiO, Catalyst Pretreated
under Different Conditions

Pretreatment Catalytic activities (1073 s71)
CO shift reaction  Hydrogenation  Metathesis
at 403 K at 273 K at 323 K

Evacuated at

413 K 0.015 0 0.18

573K (1.84) 0.047 12 0.70

773 K (2.84) 0.019 9.0 2.1
Reduced at 773 K« (1.6+) 0.046 12 0.69
Oxidized at 773 K* 0 0 0
Reduced at 773 K¢ (2.6+) 0.0012 0.26 0.043
Oxidized at 773 K¢ 0 0 0

Note. Number in parentheses is oxidation state of Mo determined by O, consump-
tion at 773 K after pretreatment of catalyst.

% The catalyst was evacuated at 773 K and then reduced.

b The catalyst was evacuated at 773 K and then oxidized.

¢ The reduced oxide catalyst (MoO;, 2.5 wt%) prepared by a standard impregnation

method.

was admitted to the reaction system; 0.7
kPa of H,O was always supplied to the sys-
tem during reaction. At the subcarbonyl
stage after evacuation at 413 K, all catalysts
were active except on Si0,, since Mo(CO)g
could not be supported on SiO, support
(Fig. 1 and Table 1). The catalysts sup-
ported on TiO, after evacuation at different
temperatures from 413 to 773 K showed
higher activity for CO shift reaction than
the catalysts on other supports. However,
after pretreatment at 773 K, the catalytic
activity of the CO shift reaction was sup-
pressed; this may be due to the oxidation of
Mo by surface hydroxyls of TiO,. The Mo
catalysts on other supports, such as on
MgO, ZrO,, and Al,O;, have lower activity
than those on TiO;; that would be due to
the higher extent of oxidation of Mo by sur-
face hydroxyls of supports other than TiO,.

Table 3 shows catalytic activity on
Mo(CO);/TiO, for CO shift reaction (CO,
26.6 kPa; H,0, 0.7 kPa) at 403 K, hydroge-
nation of 1,3-butadiene (1,3-butadiene, 2.7
kPa; H,, 5.4 kPa) at 273 K, and metathesis
of propene (propene, 26.6 kPa) at 323 K,
after pretreatment under different condi-

tions. The Mo(CQO);/TiO, catalyst obtained
after evacuation at 413 K showed activity
for CO shift reaction and metathesis. With
evacuation at 573 K, the catalytic activities
for all reactions were enhanced. On the
other hand, after evacuation at 773 K, the
activities for CO shift reaction and hydro-
genation were suppressed, but that for me-
tathesis was not suppressed. When the cat-
alyst was reduced with H, at 773 K after
evacuation at 773 K, the catalytic activities
for CO shift reaction and hydrogenation be-
came higher than those of the catalyst evac-
uated at 773 K. However, when the catalyst
was oxidized with O, at 773 K, it had no
catalytic activity for all reactions. If we
compare it with the oxide catalyst (MoQs/
TiO,, prepared by the standard impregna-
tion method), it also has no catalytic activ-
ity. In addition, the reduced MoO,/TiO;
MoO;, 2.5 wt%, 2.6+ state) catalyst
showed lower activity for all reactions than
the catalysts prepared by this method.
Figure 2 shows the catalytic activities of
CO shift reaction at 403 K, hydrogenation
of 1,3-butadiene at 273 K, and metathesis of
propene at 323 K on Mo(CO);/TiO, cata-
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FiG. 2. Catalytic activities of CO shift reaction at
403 K, hydrogenation of 1,3-butadiene at 273 K, and
metathesis of propene at 323 K as a function of pre-
treatment temperatures.

lysts as a function of pretreatment tem-
peratures. For the CO shift reaction, the
catalyst showed activity both on the
subcarbonyl stage and on the metallic state,
while for hydrogenation, it has no activity
on the subcarbonyl stage (after evacuation
at 413 K). After dissociation of CO ligands
at higher temperatures, the activity for hy-
drogenation was drastically enhanced,
since the number of coordinatively unsatu-
rated sites of Mo increased. However, at
pretreatment temperatures above 600 K,
CO shift reaction and hydrogenation were
suppressed. During the evacuations from
600 to 773 K, 4.8 x 107¢ mol of H; was
evolved, as determined by volumetric mea-
surements and GC analysis. Such an
amount of H, evolution corresponds to only
9.6% of Mo, which was adsorbed on TiO,
after sublimation of Mo(CO),. While on
AL Oy support, the amount of H, which
evolved was much larger (5.11 X 1073 mol)
than the amount for the Mo on TiO,. The
results suggest that the Mo species can be
more oxidized on AlLO; than on TiO, (see
Tables 2 and 3). For metathesis, the activity
increased almost monotonically with in-
creasing pretreatment temperatures. Even
if the catalysts- had been oxidized after
evacuation at 773 K, they only became 3+
state. Those higher oxidation states en-
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hance the activity of metathesis but sup-
press hydrogenation.

The TPDE of Mo(CO),/TiO; catalysts be-
fore and after CO shift reaction have been
examined; the results are shown in Fig. 3.
As was stated previously, Mo(CO), species
were adsorbed on TiO; surface after evacu-
ation at 413 K. Those CO ligands of
Mo(CO)3/TiO, have been easily removed
below 573 K (Fig. 3A). The TPDE spec-
trum of Mo(CO);/TiO; after CO shift reac-
tion (Fig. 3B) showed a spectrum similar to
that of (A). In spectrum (C), the catalyst
was evacuated at 573-773 K; no peak ap-
peared for TPDE, since the catalyst has no
CO ligands. After this spectrum was taken,
the catalyst was exposed and recirculated
to 1.3 kPa of H, at 403 K and evacuated at
300 K; the spectrum also did not show any
peak. However, after CO shift reaction, the
TPDE spectrum of the catalyst (Fig. 3D),
which was pretreated at 573-773 K, was
quite similar to those for spectra (A) and
(B). When the water vapor was allowed to
touch the catalyst which was pretreated at
573-773 K, one broad peak appeared at
around 533 K (Fig. 3E). Therefore, the
shoulder peak in spectra (B) and (D) at
around 540 K can be assigned to water evo-
lution. The main peak in spectra (A), (B),
and (D) can be assigned to CO evolution;
this was also confirmed by MS and GC
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Fi1G6. 3. TPDE spectra of Mo(CO),/TiO, (x = 3-0)
before and after CO shift reaction: (A) Mo(CO)/TiO,
(evacuated at 413 K), (B) after CO shift reaction on
Mo(CO),/TiO,, (C) Mo/TiO, (evacuated at 573-773
K), (D) after CO shift reaction on Mo/TiO,, (E) after
exposure to water vapor at the temperature of CO shift
reaction on Mo/TiO;,.
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Fi1G. 4. Mo(3d) XPS spectra of Mo(CO);/TiO, evac-
vated at different temperatures: (A) evacuated at 573
K, (B) evacuated at 773 K, (C) evacuated and reduced
at 773 K, (D) oxidized and evacuated at 773 K, (E)
Mo0,/TiO; (MoOs, 2.5 wt%) prepared by standard im-
pregnation method.

analysis after each TPDE run. Either at the
subcarbonyl stage (pretreated at 413 K) or
at the low-valent metallic stage (pretreated
above 573 K), the catalyst on TiO, showed
higher activity for CO shift reaction than
that of the catalysts on other supports (see
Table 2). Even at the low-valent metallic
stage, Mo subcarbonyls were easily repro-
duced on the surface during the CO shift
reaction (Figs. 3C and 3D).

The XPS spectra of Mo(CO);/TiO, cata-
lyst, which exhibited higher activity for CO
shift reaction, are shown in Fig. 4. Spec-
trum D in Fig. 4 was obtained from the cat-
alyst which was treated with O, for 3 h at
773 K, followed by evacuation at the same
temperature. The Mo(3ds;) binding energy
of (D) was 232.6 eV; this is about 6 eV
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higher than that of Mo(CO)s (226.6 eV)
(16). The spectrum of oxide catalyst (Fig.
4E), which has 2.5 wt% of MoO; on TiO;
prepared by the standard impregnation
method, also showed the same binding en-
ergy as D. Thus, the catalyst after O, treat-
ment at 773 K came to be in the 6+ state.
On the other hand, Mo(CO);/TiO, which
was evacuated at 573 and 773 K (Figs. 4A
and 4B) had a binding energy about 2 or 3
eV higher than that of Mo(CO)s. In this
case, Mo became slightly oxidized (pre-
sumably 2+ or 3+ state), due to the oxida-
tion of Mo subcarbonyls with hydroxyls of
titania on the surface. When the catalyst
was evacuated at 773 K and then reduced
with H, at 773 K, the spectrum became nar-
rower (Fig. 4C) than spectra (A) and (B) in
Fig. 4. The broader spectra may include
small amounts of oxidized species of Mo.
In addition, the Mo(3ds,) binding energy of
spectrum C became lower than that for
spectra (A) and (B).

CONCLUSIONS

The results allow us to account for the
genesis of the Mo(CO);/TiO; catalysts pre-
pared by the sublimation method of hexa-
carbonylmolybdenum(0) on TiO,. Mono-
nuclear molybdenum carbonyl complexes
seem to be bound on the titania surfaces
and to be anchored by oxygens bridged
with Ti atoms when the catalyst precursor
is evacuated above 413 K. After sublima-
tion of Mo(CO)s (5.0 x 1073 mol) on 0.5-g
samples of TiO, surfaces and evacuation at
413 K, the Mo carbonyls changed to the
Mo(CO); stage on TiO, by the elimination
of three CO ligands per Mo. Burwell and
Brenner have reported that Mo(CO); spe-
cies are formed after the first decomposi-
tion peak in the case of Al,O; support (/7).
The catalyst at this stage showed activity
for CO shift reaction and for metathesis.

When the catalyst is evacuated at 573 K,
three CO ligands are eliminated. At this
stage, the catalyst on TiO, showed higher
activity for CO shift reaction and hydroge-
nation than that of the Mo catalysts on
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other supports. From the results of TPDE,
Mo subcarbonyls were easily reproduced
during CO shift reaction, which was fol-
lowed by the formation of H, and CO; by
water vapor. In the homogeneous system,
two types of reaction mechanisms have
been proposed previously; one is an asso-
ciative mechanism (/8) which proceeds via
carboxylic acid with Mo, and the other is a
dissociative mechanism (/9) which pro-
ceeds via formate ion with Mo. In this
work, we could not discriminate such inter-
mediates for CO shift reaction. Studies us-
ing infrared spectroscopy can identify such
intermediates.

The higher catalytic activity for CO shift
reaction was almost equivalent to or
slightly higher than that for the homoge-
neous catalytic system of Mo(CO)s which
was reported previously (20). In compari-
son with industrial applications in heteroge-
neous systems (21, 22), the reaction tem-
peratures for CO shift reactions on
Mo(CO);/TiO, catalyst were about 200 K
lower.

During the evacuation at 573-773 K,
very small amounts of H, (4.8 X 107% mol)
were evolved. Thus relatively slight oxida-
tion would occur in comparison with that
for the catalyst on other supports; this
would suppress the activity for CO shift re-
action and for hydrogenation. However,
the activity for metathesis was enhanced
with increasing pretreatment temperatures.
This is because metathesis would require a
higher oxidized state (presumably 4+ state)
than hydrogenation (23). The Mo catalysts
on other supports, such as on Al,O;, ZrO,,
and MgO, showed higher oxidation states
after being evacuated at 773 K; this result
reflects their lower activity.
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