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lysts consisting of MoS2 supported on this microengi-
Two different titanias were used as supports for MoS2 cata- neered TiO2 .

lysts, Degussa P25 titania and a microroughened titania pre- Molybdenum sulfide catalysts are amenable to examina-
pared in our laboratory. The Mo weight loading was varied to tion using the transmission electron microscope since the
study the effect of loading on the pyridine hydrodenitrogenation interplanar spacing of the basal planes of MoS2 is large
activity. It was found that the specific activity of sulfided molyb- enough to be easily resolved. In the literature, two kinds
dena on the P25 titania decreased monotonically with increas- of morphologies have been proposed for MoS2 on oxide
ing loading. On the other hand, the microroughened titania

supports: the ‘‘bookend’’ morphology and the ‘‘basaldid not show such a fall off in activity; furthermore its specific
plane’’ morphology. Pratt et al. (5) suggested that the book-activity was over an order of magnitude greater than that of
end morphology was stabilized on silica and alumina andthe P25-supported sample. The rather surprising behavior of
the basal plane morphology on titania and zirconia. TheseMoS2 supported on microroughened titania can be related to
differing morphologies would, according to them, explainthe structure of the catalyst. On the microroughened titania,

the MoS2 sheets are curved with radii of curvature ranging the catalytic behavior of these catalysts with increasing
from 2–5 nm. These strained MoS2 layers could lead to the molybdena loading. It is commonly accepted that the active
formation of unique catalytically active sites in the basal plane sites in sulfided molybdena catalysts are located at the edge
of MoS2 , not otherwise obtained on conventional supports. of the MoS2 planes, with the coordinatively saturated Mo
 1996 Academic Press, Inc. atoms in the basal plane being less reactive (6). On titania,

increasing amounts of molybdena would result in larger
domains of MoS2 , with the ratio of edge sites to total sites

INTRODUCTION
decreasing with domain size. On the other hand, no such
decrease would be expected on alumina supports sinceHydrotreating is an important catalytic process that con-
increasing molybdena loading would only increase thesumes significant amounts of catalyst each year (1). Stricter
number of bookends but not affect the ratio of edge toenvironmental standards also necessitate a push toward
basal plane atoms.more active catalysts. Consequently, the roles of the sup-

Previous microscopy studies have used commerciallyport and promoters are being actively investigated. Recent
available oxide supports which possess a tortuous three-reports in the literature suggest that titania supports may
dimensional pore structure that makes it difficult to deduceyield hydrodesulfurization catalysts that are four times
the morphology of the supported MoS2 . We have demon-more active than conventional alumina supported catalysts
strated that nonporous oxide supports of simple geometry(2–4). However, the low surface areas, poor thermal stabil-
facilitate TEM characterization of the catalytically activeities of the anatase phase, poor abrasion resistance, and
phase in heterogeneous catalysts (7). Therefore, to unam-difficulties in extruding titania make these supports less
biguously identify the morphology of the supported MoS2desirable. In this study, we have synthesized a novel, ‘‘mi-
(8), we used nonporous model supports consisting of mi-croengineered’’ form of titania that overcomes some of
crospheres of silica, titania, and alumina. We found thatlimitations of catalysts based on bulk titania. We present
the basal plane morphology was the only one detected onthe characterization and reactivity of hydrotreating cata-
all of the supports we studied. A similar conclusion was
reached by Delannay (9) and Payen et al. (10) who found1 To whom correspondence should be addressed.
that the basal plane morphology was the only one they2 Present address: Department of Chemical Engineering, University of

California, Berkeley, CA 94720. could unambiguously identify on supports such as c-Al2O3
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and CoAl2O4 . Given that MoS2 adopts a similar morphol- active sites in the basal planes of MoS2 , not otherwise
obtained on conventional supports.ogy on all supports, it is surprising that the observed effect

of MoS2 loading is so different for alumina and titania
supports (5). EXPERIMENTAL

Our high resolution TEM images (8) suggested specific
differences in the alumina and titania supports that could Catalyst Preparation
account for their catalytic behavior with increasing cover-

Two supports were used in this study: fumed titania and
age. Silica and alumina are available as high surface area

titania/silica. The fumed titania (P25) was obtained from
powders and they have considerably rougher surfaces than

Degussa A. G. and is prepared by flame hydrolysis of
titania powders which are generally available in low surface

the respective chloride. The titania/silica consisted of a
area form. Alumina surfaces are inherently rough because

monolayer coating of titania dispersed on microspheres of
they are formed by dehydration of boehmite, where the

silica, 200 nm in diameter. The silica spheres were prepared
loss of water leaves behind voids in the oxide. On the

by the procedure of Stöber et al. (13) and had a surface
other hand, P25 titania is prepared by flame hydrolysis at

area of 15 m2/g. Titania monolayer coatings were achieved
elevated temperatures which helps form individual single

by contacting the silica with a solution of titanium isopro-
crystals of anatase and rutile phases, but with no internal

poxide in THF under an N2 atmosphere and washing off
porosity. These microscale surface textural differences

the excess alkoxide with THF. This procedure yields about
would be expected to affect the nucleation and growth of

1.5 wt% titania on silica; further details have been reported
MoS2 crystallites on the oxide surface. The microscopically

elsewhere (14, 15). The molybdena was supported on these
smooth surfaces of titania would provide fewer nucleation

oxides by calcination of a physical mixture of an appro-
sites leading to larger domains of MoS2 as the surface

priate weight of MoO3 and the respective support for a
coverage of molybdena was increased. The larger MoS2 period of 3 hr at 773 K. Previous work has shown that this
domains would have fewer edge sites per deposited Mo,

treatment causes the molybdena to spread on the titania
yielding lower specific activities with increasing coverage.

(12).
On the other hand, the rougher alumina surfaces would
provide a greater number of nucleation sites and the MoS2

domains would have less chance to grow into large islands, Neutron Activation Analysis
maintaining the high ratio of edge to basal plane sites with

Neutron activation analysis (NAA) was conducted in
increasing coverage of molybdena.

order to assess the elemental composition of the catalysts.
At low loadings, the titania-supported MoS2 is at least

The samples that were analyzed included a blank, a MoO3four times more active than alumina-supported MoS2 (5,
standard (99.95% metals basis, Alfa), three dried Mo

11), however as the loading is increased the catalyst
atomic absorption (AA) standards (1000 #177# 10 ppm,

activity drops below that of the alumina-supported catalyst
Fisher Scientific), and three NIST-SRM-1663a standards

(5). The high activity of MoS2 supported on titania sup-
for Ti. The characteristic c-ray energies and half-lives used

ports prompted us to prepare catalysts in which some of
for this analysis were as follows: Mo (306.9 kV, 14.2 min;

the detrimental features of bulk titania were avoided.
140.5 kV, 66.02 hr), Ti (320.1 kV, 5.76 min). Silicon has a

Since molybdena is known to wet and spread on titania,
half-life which is too short to practically count.

but not on silica (12), we can control the size of MoS2 The neutron activation analysis consisted of a short
domains by depositing nanometer-sized particles of titania

(P-tube) and long (in-core) irradiation with c-ray spectros-
on silica. On such a catalyst, even when the coverage

copy after each irradiation. The first irradiation lasted 1
corresponds to a monolayer of MoS2 on titania, the limited

min. Following an 11 min decay, radiation from each sam-
size of the MoS2 islands ensures that edge sites are still

ple was counted for 8 min to determine the Ti concentra-
available. These model catalysts allow us to study the

tion and an approximate Mo concentration. The samples
role of surface roughness and texture on the nature of

were then irradiated for 30 min in-core, and the radiation
active sites in hydrotreating catalysts. As we show in

was counted for 2 days. This information was used to esti-
this paper, the reactivity results appear to confirm the

mate the Mo content. The resulting concentrations have
hypothesis that a rougher surface texture prevents the

been reported as MoO3 and TiO2 , respectively.
fall off in activity with increasing surface coverage that
is normally seen with fumed titania supports. In fact

Oxygen Chemisorption
we observed that the activity of these microengineered
catalysts far exceeded that of MoS2 on bulk titania, an Oxygen chemisorption was used to estimate the site den-

sity. Because oxygen can dissolve into the sulfide latticeeffect we believe is related to the radius of curvature of
the MoS2 slabs on these catalysts. The strained MoS2 (16), we used the dynamic pulsed adsorption technique

at low temperatures to distinguish bulk adsorption fromlayers could lead to the formation of unique catalytically
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TABLE 1

Elemental Analysis by Neutron Activation of the Catalysts Used in This Study

Ti as TiO2 Mo loading as MoO3

Nominal Experimental St. dev. Nominal Experimental St. dev.
Sample (%) (%) (%) (%) (%) (%)

0.5 wt% Mo/TiO2/SiO2 2.5 0.2 0.5 0.54 0.06
1.0 wt% Mo/TiO2/SiO2 2.7 0.2 1.0 1.3 0.1
2.0 wt% Mo/TiO2/SiO2 2.8 0.2 2.0 2.3 0.1
2.0 wt% Mo/TiO2 98.0 97.0 4.9 2.0 2.6 0.2
4.0 wt% Mo/TiO2 96.0 94.0 4.8 4.0 4.4 0.3
6.0 wt% Mo/TiO2 94.0 100.1 4.7 6.0 4.7 0.3
8.0 wt% Mo/TiO2 92.0 93.2 4.4 8.0 6.4 0.4
10.0 wt% Mo/TiO2 90.0 90.5 4.2 10.0 10.4 0.6

uptake at MoS2 edge sites (17). Oxygen uptake experi- and calibrated using standard alkane and alkene gas mix-
tures (Scott, #177# 2%). Activities were measured underments were carried out using a Quantasorb sorption ana-

lyzer. The pretreatment protocol consisted of purging the differential conditions (conversion , 5%) at 633–673 K
and atmospheric pressure using a reactant mixture con-catalyst bed with He, followed by reduction in H2 at 673 K

for at least 4 hr. The catalyst was purged with He before taining 0.6% pyridine (Aldrich, 991%) in H2 . The catalytic
properties went through an initial transient of greater thanit was cooled to room temperature. The sorption experi-

ments consisted of submerging the sample loop containing 15 min but not more than 1 hr. Negligible deactivation
occurred after holding the reaction temperature at 673 Kthe catalyst into a dry ice/acetone bath (195 K), followed

by O2 adsorption from a 9.98% O2/He mixture until the for 4 hr. The temperature was held at 673 K for 3 hr, 648 K
for 2 hr, and then 633 K for 2 hr. The conversion multipliedsurface was saturated.
by the flow rate did not change when the flow rate was

Transmission Electron Microscopy varied between 5 and 20 sccm., confirming the absence of
external mass transport limitations.The sample preparation for the transmission electron

microscopy involved supporting the powder on a 3-mm.
Cu TEM grid covered by a holey carbon film. Observations RESULTS
were performed on a JEOL 4000 EX operated at 400 keV
and a JEOL 2000 FX operated at 200 keV. Some of the Table 1 lists the results of the elemental analysis of all

of the catalysts used in this study. The nominal weightimages were also obtained on a Hitachi HF 2000 field
emission TEM. loading is quite close to the loading determined by NAA.

The surface loading of the MoS2/TiO2 catalysts ranges
from 2.1 to 8.7 Mo/nm2 which is similar to those used in

Pyridine HDN Activity Measurements
earlier studies; for example, Pratt et al. (5) covered a range
from 0.97 to 9.73 Mo/nm2. The monolayer loading of MoS2Approximately 0.5 g of catalyst was loaded into a Pyrex

flow reactor over a plug of glass wool. A thermocouple based on its basal plane surface area of P8.5 Å2 (18) corre-
sponds to 11.6 Mo/nm2. Therefore, these catalysts havewas placed directly into the catalyst bed, and the catalyst

temperature was held to within 61 K of the set point. loadings corresponding to less than that of a monolayer
of MoS2 .Prepurified He and H2 were further purified during passage

through a commercial combination oxygen and moisture Figures 1–4 show TEM images of the MoS2/TiO2 cata-
lysts. Figure 1 shows an image of the 2.3 wt% catalysttrap (Matheson). The catalysts were purged in He at room

temperature, pyrolyzed by heating in He up to 673 K, and obtained after the catalyst was sulfided in 10% H2S at
773 K. The sample was exposed to air after removal fromthen sulfided for 5 hr in a 2% H2S/H2 mixture at 673 K.

Prior to the reaction rate measurements, the catalysts were the reactor before being examined in the TEM. This image
shows that most of the titania surface is bare and onlyreduced overnight at 673 K in flowing H2 .

The reactants and products were separated using a 1.8 m isolated regions exhibit the single dark lines that corre-
spond to single layer MoS2 sheets on the titania surface.Hayesep D column (Alltech) and analyzed using a Hewlett

Packard 5890 gas chromatograph. Peak areas and retention These black lines are indicated by arrows in this figure.
Multilayers of MoS2 are not seen on this sample which istimes were determined using a SpectraPhysics integrator
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FIG. 1. Micrograph of 2.3 wt% MoO3 Degussa P25 TiO2 after the catalyst was sulfided in 10% H2S/H2 at 773 K. The surface of TiO2 is bare
with isolated dark lines that indicate the presence of single layers of MoS2 (arrowed).

consistent with the low loading of 2.1 Mo/nm2 compared the number of MoS2 islands that increases with increasing
loading, then the number of edge sites will vary linearlyto 11.6 Mo/nm2 required for monolayer coverage. Figures

2 and 3 show images of the 4.7 and 10.4 wt% MoO3/TiO2 with the diameter (d) of these islands, whereas the loading
would be proportional to the area which varies as d 2. Thiscatalyst after sulfidation and use in the HDN reaction. We

find that the surface coverage by the MoS2 is much greater would imply a square root relationship between chemi-
sorption and loading, which is approximately obeyed byin these samples. The majority of the sample seems to be

covered by black lines that indicate the presence of single this sample.
Figures 4–6 show the morphology of MoS2 on the titania-layers of MoS2 , however, isolated instances of multilayers

of MoS2 are seen. The oxygen chemisorption of these sam- coated silica support. Addition of MoO3 to a titania/silica
sample leads to an increase in the surface roughness as weples does increase with increasing loading but not linearly

with loading. We assume that oxygen titrates only the edge described previously (8). On these samples, the titania is
present as nanometer-sized protuberances resulting insites of MoS2 . If we also assume that it is the size rather than
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FIG. 2. Micrograph of 4.7 wt% MoO3 Degussa P25 TiO2 after the catalyst was sulfided in 10% H2S/H2 at 773 K. A greater coverage of the
TiO2 by MoS2 is evident.

what could be described as a microroughened surface. The 11.6 Mo/nm2 for a monolayer. Since the titania forms hemi-
spherical protuberances on the surface, their exposed sur-titania-coated silica was prepared in a single batch of 11 g,

portions of which were used to add varying amounts of face area would be different. As an approximation, if we
use the equations S 5 6/rd where r is 4.25 g/cm3 forMoO3 . All these samples contain approximately 2.5 wt%

TiO2 on 200-nm silica spheres. Figure 4a shows a low mag- anatase TiO2 and the diameter of the protuberances is 5
nm, we can estimate the TiO2 surface area to be 7 m2/gnification view of the sample which contains 0.54 wt%

MoO3 supported on the titania/silica after sulfiding and for a 2.5 wt% TiO2 loading on the silica. Therefore, the
surface coverage of the 0.54 wt% sample is closer to 3.2use in the HDN reaction. Consistent with the loading of

MoS2 , dark lines are few and far between on this sample Mo/nm2. A higher magnification view of this sample, Fig.
4b, shows well-resolved crystallites of TiO2 on the silica,indicating that the coverage is considerably below that of

a monolayer of MoS2 . If we assume that the surface area but no trace of the dark lines that indicate the presence
of MoS2 , consistent with the low surface coverage.of the titania is equal to that of the silica spheres (15 m2/

g), the Mo loading would be 1.5 Mo/nm2, compared with The titania surfaces (arrowed in Fig. 4) in the 0.54 wt%
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FIG. 3. Micrograph of 10.4 wt% MoO3 Degussa P25 TiO2 after the catalyst was sulfided in 10% H2S/H2 at 773 K. Most of the MoS2 is in the
form of single dark lines but some instances of multilayers of MoS2 are visible (arrowed).

catalyst can be contrasted with those on the higher loaded With increasing coverage of the MoS2 , we find that a
larger fraction of the titania surface is covered. For exam-samples (Figs. 5 and 6). The catalyst that contained 1.3

wt% MoO3 on TiO2/SiO2 (Fig. 5) is seen to have much of ple, in Fig. 6 where the 2.3 wt% MoO3 on titania-coated
silica after HDN reaction is imaged, one sees that all thethe titania surface covered with MoS2 . The loading of this

sample corresponds to p7.7 Mo/nm2, a number that is protuberances of titania have been covered with single
layers of MoS2 . The loading of Mo on the titania corre-about half a monolayer. There are two types of MoS2

morphologies that are illustrated in this micrograph: flat sponds to about 13.7 Mo/nm2 assuming once again that
the titania surface area is equal to 7 m2/g. The TEM imagessheets of MoS2 , which may form on the silica surface, and

those that are curved and conform to the curvature of the reveal that all of the protuberances are covered, so we
expect that the MoS2 loading on titania to be close to thatunderlying titania. The MoS2 sheets on the silica are similar

to those reported by us previously (8), and they appear of a monolayer of MoS2 , which is indeed the case. No
stacking of the MoS2 or multiple layers are seen in thisflat due to the large radius of curvature of the silica (100

nm) compared to that of the titania (2–5 nm). sample. Another significant feature is the curvature of the
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FIG. 4. Micrograph of 0.5 wt% MoO3 on titania-coated silica after the catalyst was sulfided in 10% H2S/H2 at 773 K. (a) Low magnification
view with the arrows showing isolated dark lines that represent the basal plane of MoS2 on the support. (b) High magnification view showing that
the TiO2 surfaces (arrowed) which are bare. The crystalline TiO2 exhibits lattice fringes that help distinguish it from the silica support.
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FIG. 5. High magnification view of 1.3 wt% MoO3 on titania coated silica after the catalyst was sulfided in 10% H2S/H2 at 773 K. The arrow
shows a flat MoS2 segment on the silica surface. Some of the TiO2 surface is bare.

MoS2 layers. The MoS2 layers form continuous curved C1–C4 . The catalyst activity for consumption of pyridine
was also normalized to the amount of Mo and to the num-sheets, rather than breaking up into short, straight seg-

ments. Several of these micrographs show additional struc- ber of edge sites as determined from oxygen chemisorption
data and the results are listed in Table 2. From this table,ture within the dark lines that represent single layers of

MoS2 . This fine structure is indicated by the arrow in Fig. it is evident that the catalysts supported on titania/silica
are more active than those supported on titania both on6 and consists of parallel dark lines spaced approximately

2.7 Å apart. This distance is consistent with the 2.74 Å a mass basis and also on a per atom Mo basis. Based on
the moles of oxygen chemisorbed, the MoS2 on titania/lattice spacing for the (100) planes of MoS2 . This fine

structure represents the S–Mo–S building block of the silica samples are almost 13 to 50 times more active. The
activation energies range from 23–25 kcal/mole and arebasal planes of MoS2 . In Fig. 5 the arrow indicates a flat

region of MoS2 on the silica surface. On the flat MoS2 , the comparable on both supports. The variation of specific
activity (i.e., activity normalized with the chemisorptionfine structure shows dark lines that are parallel to each

other. In contrast, the curved sheets of MoS2 in Fig. 6 measurements) with loading is shown in Fig. 7. The
Mo/TiO2 catalysts show a decrease in activity with increas-exhibit fine structure where the dark lines appear to fan

out, being locally perpendicular to the titania support. ing loading, which is similar to that seen in the work of
Pratt et al. (5). On the other hand, the Mo/titania/silicaThe activity of all of these catalysts for pyridine HDN

was measured in a flow reactor and the results are shown catalysts do not exhibit a marked decrease in activity with
loading, and their activities are consistently an order ofin Table 2. Reactions were carried out between 633 and

673 K, and the typical product distribution consisted of 70 magnitude greater than those on the bulk titania supports.
The MoS2/titania/silica samples cover a range of surfacemole% pentane, small amounts of cyclopentane, and the

remainder being hydrogenolysis products ranging from coverages, from a fraction of a monolayer (on the 0.54
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FIG. 6. High magnification view of 2.3 wt% MoO3 on titania coated silica after the catalyst was sulfided in 10% H2S/H2 at 773 K. The coverage
of MoS2 exceeds that of a monolayer and all of the TiO2 protuberances are covered. The arrow shows a fan-like fine structure within the MoS2

basal plane.

wt% sample) to nearly that of a monolayer (on the 2.3 we have presented unambiguous evidence for the basal
plane morphology on both of these supports (8) which iswt% sample).
in agreement with the results of other workers (9, 10).
What then could account for the different behavior ofDISCUSSION
titania and alumina supports? The major difference we
find is that on titania, with increasing coverage, a largerThe major finding of this study is that the MoS2 sup-

ported on titania/silica is more reactive than MoS2 on bulk fraction of the MoS2 is seen to form single layers of MoS2 ,
whereas on alumina, at comparable coverages, one startstitania for the HDN of pyridine. We have also found that

the dependence of reactivity on coverage is very different to see multiple layers and stacking of the MoS2 sheets.
This is also seen in recent work by Ramirez et al. (11).for these two sets of catalysts. Let us first examine the

dependence of activity on the surface coverage of MoS2 Consequently, on titania supports, we would expect to see
a steeper decline in activity since single sheets of MoS2on bulk titania. Our results shown in Fig. 7 are in agreement

with the findings of Pratt et al. (5) who found approximately would have a lower ratio of edge to basal plane sites as
the size of the MoS2 islands increases.a fivefold decrease in activity on increasing the coverage

of MoS2 on titania from 0.97 to 9.73 Mo/nm2. On alumina In light of the behavior of titania which favors the
formation of single sheets of MoS2 with increasing cover-samples, where the coverage ranged from 0.3 to 6.0

Mo/nm2, they found first an increase in activity with cover- age, it is indeed surprising that the activity of the MoS2/
titania/silica catalysts does not decrease significantly asage with a maximum at about 1.5 Mo/nm2 and then a

drop in activity with increasing coverage. The different monolayer coverage of the titania is approached. The
unique morphology of the titania/silica support allows usbehaviors of the alumina- and titania-supported samples

were explained based on the different morphologies to restrict the size of the MoS2 islands. This is because
MoO3 spreads easily on titania and prefers to wet titaniaadopted by MoS2 , the basal plane morphology on titania

and bookend morphology on alumina. In a previous work, in a titania/silica mixed oxide. The difference in the
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TABLE 2

Catalyst Reactivity for HDN of Pyridine

Specific Activitya Activity Activity
Catalys loading O2 uptake [(mole/g sec) [(mole/mole) [(mole/mole) Activation
support wt% MoO3 Mo/nm2 (m mole/g) 3 1012] O2/sec 3 107] Mo/sec 3 107] energy

Titania-silica 0.5 3.2 3.9 32 82 6.1 25.5
Titania-silica 1.3 7.7 4.6 91 198 8.7 25.9
Titania-silica 2.3 13.7 4.6 100 217 4.8 23.1
P25 titania 2.6 2.2 33.3 21 6.3 1.01 22.6
P25 titania 4.4 3.7 37.4 17 4.5 0.41 13.6
P25 titania 4.7 3.9 41.7 36 8.6 0.58 20.8
P25 titania 6.4 5.4 61.1 45 7.4 0.54 10.7
P25 titania 10.4 8.7 54.0 23 4.3 0.22 13.9

a The activity was measured at 633 K and 101 kPa.

morphology of the bulk versus the dispersed titania sup-
port can be shown schematically in Fig. 8. As seen from
this figure, we can expect that the ratio of edge Mo
atoms to the basal plane Mo atoms will not decrease
monotonically with increasing coverage, but rather ap-
proach an asymptotic value at monolayer coverage. This
must be one of the factors accounting for the difference
between the bulk and dispersed titania catalysts. The
oxygen chemisorption results are in agreement with this
model since they do not change much with increasing
coverage on the dispersed titania samples, while on bulk
titania the oxygen chemisorption uptake continues to
increase approximately as the square root of the Mo
loading.

The difference in the size of the MoS2 islands by itself
cannot account for the increased activity of the MoS2/
titania/silica sample. From Table 2, we can see that even
at the lowest loading of MoS2 , the titania/silica sample

FIG. 8. Schematic illustration of the differences in the morphology
of MoS2 supported on conventional TiO2 and our microengineered TiO2 .
The black lines on the surface represent single layers of MoS2 . The figure
is not to scale since the TiO2 particles exhibiting a smooth surface are
approximately 20–30 nm in diameter while the rough surface represents
TiO2 protuberances on the order of 5 nm on a 200-nm silica sphere. The
smooth surface texture may facilitate the formation of large islands ofFIG. 7. Specific activity for hydrodenitrogenation with increasing

Mo loading. The MoS2 on TiO2/SiO2 is approximately ten times more MoS2 as the coverage is increased (top). In this study we have prepared
TiO2 with a rough surface (bottom).reactive and is plotted on a different scale.



OXIDE SUPPORTED MoS2 CATALYSTS OF UNUSUAL MORPHOLOGY 215

is more reactive than the bulk titania supported material. support. These titania protuberances have been used as a
support for MoS2 hydrotreating catalysts, using pyridineTherefore, we must look for some other explanation

for the increased activity. Examination of the electron hydrodenitrogenation as a test reaction. The reactivity of
this microroughened catalyst for HDN is an order of mag-micrographs in Figs. 1–6 show that the MoS2 sheets on

the titania/silica are much more curved than those on nitude greater than that of MoS2 supported on commercial
fumed titania. As the catalyst loading approaches that ofbulk titania. This is a consequence of the particle size

differences, approximately 28 nm for the bulk titania monolayer coverage by MoS2 , the microroughened cata-
lyst does not show the precipitous fall off in activity thatversus 2–5 nm for the titania–silica. These curved MoS2

sheets would be expected to be strained and may provide is seen on the conventional titania support when monolayer
coverages are approached. This behavior is attributed toaccess to additional sites not otherwise available from

flat sheets of MoS2 . As shown in the schematic on Fig. the finite size of titania protuberances which constrain the
size of the MoS2 islands on the TiO2/SiO2 support. Since9, the curved MoS2 may expose some of the Mo atoms

in the basal plane or the strain may create S vacancies the MoS2 conforms to the shape of the nanometer-sized
titania protuberances, we are able to stabilize curved MoS2in the basal plane thus generating active sites also in the

basal plane of MoS2 . Such a possibility was also suggested sheets having a radius of curvature ranging from 2 to 5
nm, not possible on conventional catalyst supports. Con-by Shimada et al. (3). When we examine images of sup-

ported MoS2 reported in the literature, we find that the ventional TiO2 powders typically contain larger primary
particles, which cannot provide the high degree of curva-MoS2 sheets are generally quite flat, or possess a modest

radius of curvature, which is a consequence of the surface ture achieved on our microengineered TiO2/SiO2 support.
We suspect that curved MoS2 domains could result in inter-structure of the supports that are commercially used.

High surface area alumina has a plate-like morphology nal lattice strain leading to vacancies and defects that could
enhance the activity of basal plane Mo atoms for hydro-where the surface area is obtained by creating pores due

to loss of water during the transformation of boehmite treating reactions.
to alumina. Furthermore, alumina favors formation of
small islands of MoS2 with multilayers, which tend to
form on the flat regions of the support. The microengi- ACKNOWLEDGMENTS
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