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Abstract

The catalytic performance of MoS2-based hydrotreating catalysts strongly depends on their morphology and orientation
on the support. The effects of the morphology and orientation of MoS2 clusters on supports, typically Al2O3 and TiO2, on the
catalytic performance are reviewed here, focusing on recently reported epitaxial relationships at the interface between MoS2

clusters and the support.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Regulations for diesel fuel quality in the near
future require improvements in the catalytic perfor-
mances ofhydrodesulfurization (HDS) catalysts. For
example, HDS catalysts will be required to remove
sulfur from hard-to-desulfurize compounds, such as
4,6-dimethyldibenzothiophene, by eliminating the
steric hindrance[1–3]. For MoS2-based HDS cata-
lysts, maximum dispersion of their active catalytic
sites is essential to satisfy this requirement, and
detailed knowledge of the relationships between the
catalytic structures and activities is needed.

Studies on the structure–activity relationships
reveal that the so-called “Co(Ni)–Mo–S” structure
proposed by Topsøe et al.[4] in the late 1980s is now
widely accepted as the structural model for the active
center of MoS2-based binary sulfide catalysts. A re-
cent review[5], however, states that only a part of the
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Co–Mo–S structure likely functions as highly active
catalytic sites in industrial catalysts. Thus, further
investigation into the microstructure of MoS2-based
HDS catalysts and its relevance to the catalytic per-
formance is needed to determine the most active
structure of binary sulfide catalyst systems.

Candia et al.[6] claimed that there are at least
two kinds of Co–Mo–S structures; “Co–Mo–S(I)”,
which has strong electronic interaction with the sup-
port, and “Co–Mo–S(II)”, which has weak interaction
with the support. Co–Mo–S(I) is less catalytically ac-
tive than Co–Mo–S(II). Studies[7–12] indicate that
single-layered MoS2 clusters with Co at their edges are
Co–Mo–S(I), whereas multi-layered MoS2 clusters
with Co, except the bottom layer, are Co–Mo–S(II).
Furthermore, Whitehurst et al.[13] reported an ef-
fect of steric hindrance by which the bottom layer of
Co–Mo–S structure is less active than the other lay-
ers. These reports showed that the catalytic activity
of Co–Mo–S structures depends on the morphology
of the MoS2 clusters on the support and that MoS2
clusters with high aspect ratios (cluster thickness,
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Fig. 1. Crystal structure of MoS2: (a) overall structure, (b) (0 0 1) plane, (c) (1 0 0) plane, and (d) (1 1 0) plane.

Lc, divided by cluster lateral dimension,La) possess
higher intrinsic activities than those with low aspect
ratios (Fig. 1a). These results clearly indicate that all
the edge planes of MoS2 are not equal from the view-
point of catalytic activity of binary sulfide catalysts,
although all the discussions in those studies assumed
that active catalytic sites of MoS2 are only at the edge
planes, (1 0 0) planes, and (1 1 0) planes (Fig. 1b–d).

Several studies indicate that the morphology of
MoS2 clusters also affects the catalytic activities of
MoS2 catalysts without Co- or Ni-promoters. For
example, Nishijima et al.[14] proposed that multi-
layered MoS2 clusters on an Al2O3 support are hydro-
genolysis-oriented, whereas single-layered MoS2
clusters on an Al2O3 support are hydrogenation
(HYD)-oriented (Fig. 2). Vrinat et al. [15] reported
that only the topmost layers of MoS2 clusters on
the support are catalytically active in the HDS re-
action of thiophene. Massoth and Muralidhar[16]
concluded that only the corner sites of MoS2 clusters
on an Al2O3 support (Fig. 3) are catalytically active
for HDS, whereas all the edge planes of the clusters
are active for HYD. Based on a geometrical model
of unsupported MoS2 catalysts, Kasztelan et al.[17]
concluded that both HDS and HYD reactions are

catalyzed on the edge planes. Daage and Chianelli
[18] proposed therim-edge model (Fig. 3) in which
HYD of dibenzothiophene (DBT) to tetrahydrodiben-
zothiphene is catalyzed exclusively on the top and
bottom of edge planes (calledrim sites) and direct
sulfur-extrusion to biphenyl is catalyzed on all the
edge planes of unsupported MoS2 catalysts (Fig. 3).
These results indicate that the morphology of MoS2
clusters, in particular the aspect ratio (Lc/La, Figs. 1

Fig. 2. MoS2 catalysts with HYD-oriented and hydrogenolysis-
oriented structures (original concept was shown in[14]).
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Fig. 3. Rim-edge model of MoS2 catalysts (original concept was
shown in[18]).

and 3), affects the catalytic performance, irrespective
of the presence or absence of Co- or Ni-promoters.
In addition, both the electronic interaction between
MoS2 clusters and the support and the steric hin-
drance should be considered causes of the effects of
the cluster morphology on the catalytic performance.

These above-mentioned results on the effect of the
morphology of MoS2 clusters on the catalytic activity
assumed that layered MoS2 clusters (Figs. 1a and 2) lie
on the support surface via so-called “basal bonding”
in which basal planes ((0 0 1) plane,Fig. 1b) of MoS2
crystals are attached to the surface of the catalyst sup-
port (Fig. 2). In addition to the basal bonding, how-
ever, “edge bonding” is also evident, in which edge
planes ((1 0 0) or (1 1 0) plane,Fig. 1c and d) of MoS2

 

 

 

 

Support 

Support Support 

(c) Multi-layered MoS2 clusters 
 basal-bonded to the support 
 (Co-Mo-S(II) type) 

(a) Edge-bonded MoS2 clusters  (b) Single-layered MoS2 clusters
basal-bonded to the support. 
(Co-Mo-S(I) type)  

Edge-bonded MoS2 layer 

Basal-bonded MoS2 layer 

Catalytically active sites 

Catalytically inactive sites 

Catalytically active sites, 
but with steric hindrance 

Fig. 4. Morphology and orientation of MoS2 clusters on supports: (a) edge-bonded MoS2 cluster, (b) single-layered MoS2 cluster
basal-bonded to the support, and (c) multi-layered MoS2 cluster basal-bonded to the support (original concept was shown in[29]).

crystals are attached to the support surface. Thus,
catalytic activity of Co–Mo–S structures depends not
only on the morphology but also on the orientation
of MoS2 clusters on the support, because the upper
edge sites of the edge-bonded MoS2 clusters that are
perpendicular to the support surface (Fig. 4a) sup-
posedly have weaker electronic interaction with the
support than do single-layered MoS2 clusters that are
basal-bonded to the support (Fig. 4b) [10]. In addition,
the upper edge sites of the edge-bonded MoS2 clus-
ters have less steric hindrance than do either the edge
sites of the basal-bonded single-layered MoS2 clus-
ters (Fig. 4b) or edge sites of the bottom layers of the
basal-bonded multi-layered MoS2 clusters (Fig. 4c).

Until recently, no clear evidence has been reported
for such edge-bonded MoS2 clusters on supports, al-
though the orientation of the MoS2 clusters has been
investigated by using transmission electron spectro-
scopic (TEM) observations[19–22]. Recently, using
single-crystal model catalyst systems, Sakashita et al.
[23–25] obtained evidence for edge-bonded MoS2
clusters on a single-crystal face of�-Al2O3 surface.
Subsequent studies[26,27]confirmed the relationship
between the morphology and orientation of MoS2
clusters and the surface structure of�-Al2O3 powder
supports, and showed that the catalytic activity and
selectivity depend on the cluster morphology on the
support [27]. The presence of edge-bonded MoS2
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clusters was confirmed on anatase-type TiO2 supports
as well as on�-Al2O3 surface supports[28]. A sub-
sequent study[29] reported the catalytic properties of
edge-bonded MoS2 clusters on TiO2 and compared
them with those of basal-bonded MoS2 clusters on
the same support. The present review discusses recent
studies on the morphology and orientation of MoS2
clusters on�-Al2O3 and TiO2 supports, focusing on
the above-mentioned series of studies[23–29].

2. Morphology and orientation of MoS2 clusters
on �-Al2O3 single-crystal surface

Pratt et al.[19] investigated the orientation of MoS2
clusters (by using TEM observations) and reported
that the clusters were standing upright as flakes (up
to five layers) on�-Al2O3 powders with edge bond-
ing. However, Srinivasan et al.[20] argued with this
conclusion and insisted that distinguishing between
edge-bonded and basal-bonded MoS2 clusters is dif-
ficult due to the porous structure of conventional
�-Al2O3 powders. They concluded that no MoS2
clusters were edge-bonded to catalyst supports such
as Al2O3, TiO2 and SiO2. To overcome the prob-
lem of a porous support, Hayden and Dumesic[21]
used a flat�-Al2O3 surface as the catalyst support
and reported the presence of hexagonally shaped
MoS2 clusters with edge bonding to the surface.
Stockmann et al.[22] attributed the conclusions by
Hayden and Dumesic[21] to the presence of micro-
porous structures that lead to misinterpretation be-
tween edge-bonded and basal-bonded MoS2 clusters
and rather concluded that all the MoS2 clusters were
basal-bonded to the�-Al2O3 surface. As mentioned
in Section 1, TEM observations have not yet provided
conclusive evidence for edge-boded MoS2 clusters
on �-Al2O3 supports, although the basal-bonded
structures have been widely accepted since Schuit
and Gates[30] first proposed a “monolayer model”
for the active catalytic sites of the Co–Mo–S
structure.

Model catalyst systems using metal oxide thin
films [21,31–35] evidently have an advantage over
conventional powder supports in the determination of
the morphology and orientation of MoS2 clusters. As
pointed out by Stockmann et al.[22], the use of flat
oxide surfaces without porous structures is needed to

conclusively determine the orientation of MoS2 clus-
ters on the catalyst support. Furthermore, polycrys-
talline surface structures of the support would give
ambiguous conclusions, because the formation of uni-
form structures of MoS2 clusters would be hindered.

Based on this background, Sakashita et al.[23–25]
used �-Al2O3 single-crystal surfaces as the model
supports of MoS2 catalysts. They fabricated�-Al2O3
single crystals as thin films on spinel (MgAl2O4)
single-crystal substrates with surface orientation of
(1 1 1) and (1 0 0), because obtaining large�-Al2O3
bulk single crystals is difficult[23]. After flat (1 1 1)
and (1 0 0) planes of�-Al2O3 surface were confirmed,
Sakashita et al. prepared MoS2 model catalysts by
vacuum evaporation of MoOx on the substrates, fol-
lowed by sulfidation using 5% H2S/H2. Fig. 5a shows
a TEM photograph of the observed MoS2 clusters
on (1 1 1)�-Al2O3 [23]. The photograph shows lat-
tice images of the MoS2 clusters with a spacing of
0.25 nm crossed(2 02̄) �-Al2O3 at an angle of 30◦.
This was interpreted as the schematic diagram shown
in Fig. 5b of the interface between�-Al2O3 and
MoS2 clusters, where Mo atoms replaced Al atoms
in the octahedral cation positions in the same way
as the so-called B-layer[30,36] of �-Al2O3. The ob-
served interplanar spacing (0.25 nm) of MoS2 clusters
was assigned to (1 0 0) MoS2. The Mo–Mo distance
of 0.316 nm corresponded to the Al–Al distance of
0.28 nm with a lattice misfit of 11%. Epitaxial re-
lationship was (0 0 1) MoS2//(1 1 1) �-Al2O3 with
[1 1 0] MoS2//[1 0 1] �-Al2O3.

The TEM photograph of MoS2 clusters on (1 0 0)
�-Al2O3 (Fig. 6a) shows numerous short black lines
assigned to MoS2 clusters[23]. Although most of the
lines were “single” straight or curved lines, some of
the straight lines yield a lattice image with a spacing
of about 0.6 nm. This spacing was assigned to the in-
terplanar spacing of (0 0 2) MoS2 (0.615 nm), and thus
the lattice image was identified as edge-bonded MoS2
clusters observed from the [0 0 1] direction. The inter-
face structure was assumed as shown inFig. 6b, where
the Mo–Mo distance along thec-axis (0.615 nm) cor-
responded to twice the Al–Al distance (0.28 nm) with
9% contraction and the Mo–Mo distance perpendicu-
lar to thec-axis (0.547 nm) corresponded to twice the
Al–Al distance (0.28 nm) with 3% elongation. Epi-
taxial relationship was (1 1 0) MoS2//(1 0 0) �-Al2O3
with [0 0 1] MoS2//[0 1 1] �-Al2O3. The above misfits
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Fig. 5. (a) TEM photograph of MoS2 clusters supported on (1 1 1)�-Al2O3/MgAl2O4 substrate after sulfidation at 773 K and (b) schematic
diagram of interface between MoS2 clusters and (1 1 1)�-Al2O3 [23].

were rather large and thus prevented MoS2 clusters
from growing into large or layered clusters.

Sakashita[25] also studied the morphology and
orientation of MoS2 clusters on a (1 1 0)�-Al2O3 thin
film and an amorphous�-Al2O3 substrate. For (1 1 0)
�-Al2O3, TEM photographs revealed no lattice image,
but revealed blurry particles that were between 2 and
4 nm in diameter. These particles were assigned to thin
MoS2 layered clusters basal-bonded to the surface of

Fig. 6. (a) TEM photograph of MoS2 clusters supported on (1 0 0)�-Al2O3/MgAl2O4 substrate after sulfidation at 773 K and (b) schematic
diagram of interface between MoS2 clusters and (1 1 1)�-Al2O3 [23].

�-Al2O3. In fact, past studies pointed out that TEM
observation could not detect small MoS2 clusters
[37,38]or thin MoS2 layers[20,22]on�-Al2O3 due to
limited resolution of TEM between MoS2 and Al2O3.
For amorphous�-Al2O3 surface, the TEM photo-
graph showed numerous MoS2 clusters with larger
sizes than those observed on single-crystal surfaces,
even when the sulfidation was done at a lower tempe-
rature.



22 H. Shimada / Catalysis Today 86 (2003) 17–29

Table 1
TEM observations of MoS2 clusters on�-Al2O3 thin film supports[25]

�-Al2O3 Sulfided at 573 Ka Sulfided at 773 Ka

(1 1 1) No visible clusters Basal, 1.7 nm, multi-layer, 9350/�m2

(1 1 0) No visible clusters Basal, 2–4 nm, single-layer, N/Ab

(1 0 0) No visible clusters Edge, 1.5 nm, 1.1 layerc, 2400/�m2

Amorphous�-Al2O3 substrate Edge+ basal, 1.9 nm, 1.3 layer, 4208/�m2 Edge+ basal, 2.9 nm, 1.5 layerc, 10098/�m2

a Each column shows orientation, average length, stacking, and density of observed MoS2 clusters.
b Could not be determined because particles were blurry in the image.
c Average numbers.

Table 1summarizes the above TEM observation re-
sults for single-crystal surface and amorphous surface
of �-Al2O3 by Sakashita et al.[23–25]. Combining
these results and XPS analytical results on the model
catalysts before and after sulfidation, Sakashita[25]
discussed the sulfidation behavior of MoOx species
on the surface. Before sulfidation, the dispersion in-
creased in the order of(1 1 1) < (1 0 0) < (1 1 0).
Sulfidation progressed most easily on (1 1 0) and most
reluctantly on (1 1 1). These differences in dispersion
and sulfidation order were attributed to the magnitude
of the interaction between Mo species and�-Al2O3
surface originating from the atomic arrangements at
the interface; interaction between Mo species and
�-Al2O3 for (1 1 1) and (1 0 0) is relatively strong,
whereas that between Mo species and (1 1 0) is rela-
tively weak. Relatively well-grown MoS2 clusters on
amorphous�-Al2O3 surface (Table 1) was attributed
to the weak interaction between Mo species and
�-Al2O3 originating from the low density of surface
hydroxyl groups[39]. In conclusion, the orientation of
MoS2 clusters on�-Al2O3 surfaces was determined by
the epitaxial relationship, in particular for (1 1 1) and
(1 0 0)�-Al2O3, where the interaction between MoS2
clusters and the support surface is relatively strong.

3. Morphology and catalytic properties of MoS2
clusters on �-Al2O3 powder supports

The dependence of catalytic activities of MoS2-
based catalysts on the surface chemical properties of
�-Al2O3 powder supports has long been proposed.
Ledoux et al.[40] investigated the effects of the Al2O3
phase on the HDS activity of Co–Mo catalysts. They
reported that the HDS activity decreased in the order

of �- > �- > �- > �- > amorphous Al2O3, and con-
cluded that this trend in the activity was not related to
the microstructures of the Co–Mo catalysts but to the
mean pore diameters of the Al2O3 supports. In con-
trast, Nishijima et al.[41] reported that the catalytic
functions of�-Al2O3 supported Mo catalysts, such as
HYD and hydrocracking, differed among three kinds
of �-Al2O3 supports that were prepared by differ-
ent methods yet had similar physical properties. They
concluded that the different catalytic functions were
due to the different morphologies of MoS2 species
(Fig. 2) that were affected by the chemical nature of
each�-Al2O3 support. Knozinger and Ratnasamy[36]
reported that the chemical properties of the surface
hydroxyl group on�-Al2O3 depended on the surface
microstructure and therefore differed on each crystal
face.

The preceding section discussed results on the mor-
phology and orientation of MoS2 clusters on�-Al2O3
single-crystal thin films. The remainder of this section
discusses if those results can be applied to industrial
catalysts supported on porous materials. The discus-
sion will be extended to the catalytic activities of
MoS2 clusters with different morphologies supported
on powder supports with different chemical nature.

Sakashita et al.[27] prepared MoS2 catalysts sup-
ported on two kinds of�-Al2O3 powder supports.
One was plate-like (PL)�-Al2O3 obtained by ther-
mal treatment of commercially available boehmite,
and the other was spherical (SP)�-Al2O3 obtained
by an evaporation technique. The PL Al2O3 powders
with a parallelogram shape (Fig. 7a) exposed{1 1 1}
planes as the side surfaces and{1 1 0} planes as the
top and bottom surfaces (Fig. 7b). Note that (h k l),
parenthesis, designate acrystal face or a family of
planes throughout a crystal lattice, whereas{h k l},
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Fig. 7. (a) TEM photograph and (b) schematic diagram of PL�-Al2O3 particle [27]. The faces with (1 1 1),(1̄ 1 1), (1̄ 1̄ 1), (1 11̄), (11̄ 1̄)

belong to a set of crystal face,{1 1 1}. Similarly, the faces with (1 1 0) and (1 0 1) belong to the{1 1 0}-type set.

“squiggly” brackets, designate a set of faces that
are equivalent by the symmetry of the crystal. The
surface area ratio of{1 1 0} planes was about 80%,
with the remainder surface area being{1 1 1} planes.
This morphology only slightly differs from that of
industrially prepared�-Al2O3 from boehmite that
has hexagonal PL shapes and exposes{1 1 0} planes
as top and bottom surfaces and{1 1 1} and {1 0 0}
surfaces as the side surfaces[39]. The SP powders

Fig. 8. (a) TEM photograph and (b) schematic of SP�-Al2O3 particle[27]. The faces with (0 0 1) and (0 1 0) belong to the{1 0 0}-type set.
The faces with dot-shading belong to the{1 1 0}-type set but consist of multiple{1 1 1} facets. Thus,{1 1 0}-type faces are not exposed.

(Fig. 8a) exposed mainly{1 1 1} and {1 0 0} planes
(Fig. 8b). For a typical SP particle size of about 20 nm,
the relative surface area ratios of{1 1 1} and{1 0 0}
planes were similar, whereas for smaller particles the
ratio of {1 1 1} planes became predominant.

The TEM photographs of the MoS2 catalysts sup-
ported on PL and SP powders are shown inFig. 9.
For the PL powders (Fig. 9a), many single-layered
MoS2 clusters with lengths of 3–5 nm were observed
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Fig. 9. TEM photographs of MoS2 catalysts supported on�-Al2O3 powders: (a) PL�-Al2O3 (Mo loading of 4.2 wt.%) and (b) SP�-Al2O3

(Mo loading of 3.1 wt.%). Catalysts (Mo loading of 4.6%) were prepared by equilibrium adsorption of ammonium heptamolybdate at
pH = 2.0 and then calcined in nitrogen for 3 h at 773 K, followed by sulfidation by 5% H2S/N2 for 2 h at 673 K (arrows indicate MoS2

clusters)[27].

at the interface of platelet-like crystals, indicating
single-layered MoS2 clusters basal-bonded to (1 1 0)
planes. For the SP powders (Fig. 9b), although some
stacked MoS2 clusters (indicated by arrows in the
figure) were observed, most of Mo species were as-
sumed to be highly dispersed and not visible, because
the density of the observed MoS2 clusters was much
smaller than that calculated from the Mo loading.
These observations are consistent with the results on
the morphology and orientation of MoS2 clusters on
�-Al2O3 single-crystal faces summarized inTable 1;
single-layered MoS2 clusters were basal-bonded to
the (1 1 0) planes of�-Al2O3 powders. Relatively lit-
tle information could be obtained for MoS2 clusters
on (1 0 0) and (1 1 1) planes, because MoS2 clusters
were visible only when the electron beam axis was
identical to the [0 0 1] direction of the MoS2 clusters
or when the electron beam axis was perpendicular
to the (0 0 1) plane of MoS2 clusters with sufficient
thickness[22].

Sakashita et al.[27] examined the catalytic activities
of PL- and SP-supported MoS2 catalysts by using two
model test reactions, HYD of 1-methylnaphthalene
(1-MN) and HDS of DBT. For both reactions,
the SP-supported catalyst showed higher activities
(Table 2). This superior activity of the SP-supported
catalyst was attributed to the larger number of active
catalytic sites on the SP�-Al2O3, because the lateral
size of MoS2 clusters on the PL�-Al2O3 was larger
than that on the SP�-Al2O3. The SP-supported cata-

Table 2
Catalytic activities of MoS2 supported catalysts on PL and SP
�-Al2O3 [27]

HYD of 1-MN HDS of DBT

MoS2/PL, rSP 0.66a 0.028a

MoS2/SP, rPL 0.97a 0.062a

Ratio (rSP/rPL) 1.5 2.2

a Reaction rate,r (mol s−1 Mo−1).

lyst was relatively HDS-oriented (Table 2). This was
attributed to the higher stacking of MoS2 clusters on
the SP�-Al2O3 with major surface planes of{1 1 1}
and{1 0 0} than on the PL�-Al2O3 that mainly ex-
poses{1 1 0} planes, because MoS2 clusters with low
stacking were assumed to be HYD-oriented in both
models proposed by Nishijima et al.[14] (Fig. 2) and
Daage and Chianelli[18] (Fig. 3).

4. Morphology, orientation, and catalytic
properties of MoS2 clusters on TiO2 powder
supports

Edge-bonded MoS2 clusters were observed on
thin-film single-crystal model supports of�-Al2O3,
but were not confirmed on�-Al2O3 powder supports.
On a TiO2 powder-supported MoS2 catalyst, Sakashita
et al. [28] obtained clear evidence for edge-bonded
MoS2 clusters by TEM observation.Fig. 10a shows
a TEM photograph of MoS2 clusters supported on
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Fig. 10. (a, b) TEM photographs and (c, d) schematic diagrams of MoS2 catalysts supported on TiO2 powders. Catalysts (Mo loading
of 4.6%) were prepared by equilibrium adsorption of ammonium heptamolybdate at pH= 2.0 and calcined in nitrogen for 3 h at 773 K,
followed by sulfidation by 5% H2S/N2 for 2 h at 673 K[28].

ultrafine anatase-type TiO2 particles with an average
diameter of 30 nm. The line spacing of the stacked
MoS2 clusters was about 0.6 nm (Fig. 10b), identical
to the (0 0 2) spacing of a MoS2 crystal. Based on the
0.95 nm spacing of the horizontal planes of the TiO2
support (Fig. 10b), which agreed with the (0 0 1) spac-
ing of anatase, the orientation of spherical anatase par-
ticles was determined as shown inFig. 10c. There were
two different orientations; V:(0 0 1) MoS2⊥(0 0 1)

Fig. 11. Schematic diagram of the interface between (0 0 1) anatase and (1 1 0) MoS2, assuming an Mo–O–Ti bond for each Mo atom.

anatase, and P:(0 0 1) MoS2//(0 0 1) anatase. In addi-
tion to the stacked MoS2 layers, half-hexagonal shaped
structures were observed on the right side ofFig. 10b.
These structures were assigned to MoS2 clusters with
peripheral (1 0 0) planes and formed with their (1 1 0)
planes on (0 0 1) anatase as shown inFig. 10d.

Fig. 11shows a schematic diagram of the interface
between (0 0 1) anatase and (1 1 0) MoS2. The Ti–Ti
distance along the [1 1 0] direction was 0.535 nm,
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which was only 2.2% smaller than the Mo–Mo dis-
tance of 0.547 nm in the (1 1 0) plane. This small misfit
allowed the large MoS2 clusters observed inFig. 10a
(17 layers with an average length of 7.2 nm). Simi-
lar to MoS2 on �-Al2O3, epitaxial relationships were
observed between MoS2 clusters and anatase surface
planes. In contrast to the large lattice misfit (9%) be-
tween (1 0 0)�-Al2O3 and MoS2 clusters, the small
lattice misfit (2%) between (0 0 1) anatase and MoS2
clusters allowed the large edge-bonded layered MoS2
clusters.

Subsequently, Araki et al.[29] studied the catalytic
properties of edge-bonded MoS2 catalysts.Fig. 12
shows TEM photographs of the MoS2 catalysts cal-
cined and sulfided under various conditions. When

Fig. 12. TEM images of MoS2 catalysts supported on TiO2 powders. (a) Sulfided in H2S/H2 at 573 K, (b) sulfided in H2S/N2 at 573 K,
(c) sulfided in H2S/N2 at 673 K, and (d) sulfided in H2S/N2 at 773 K. Catalysts were calcined in air. Solid arrow indicates a mono-layered
basal-bonded MoS2 cluster, dotted arrow indicates a two-layered MoS2 cluster, solid circle indicates edge-bonded MoS2 clusters, and
dotted circle indicates basal-bonded MoS2 clusters[29].

calcined in air and sulfided in H2S/H2 at 573 K, the
catalysts (Fig. 12a) showed a small number of MoS2
clusters as a monolayer or as bilayers. Because the Mo
loading was 4.6%, the major part of the Mo species
was not visible in the photograph due to high dis-
persion or insufficient sulfidation of Mo species. All
the visible layers were parallel to the surface of TiO2,
namely, basal-bonded on the support. When sulfided in
H2S/N2 at 573 K, the catalysts (Fig. 12b) showed many
edge-bonded MoS2 clusters with lengths shorter than
2 nm, although most of the MoS2 clusters were not vis-
ible. With increasing sulfidation temperature, however,
the edge-bonded clusters gradually changed their ori-
entation into basal bonding (dotted circles inFig. 12c
and d) in addition to the growth of the edge-bonded
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Fig. 13. Catalytic HYD activity and NO uptake of MoS2/TiO2

catalysts sulfided under different conditions[29]. The relative HYD
activities were obtained by the HYD of 1-MN and calculated
relative to that of the catalyst sulfided at 573 K in H2S/N2.

clusters (solid circle inFig. 12c). Note that the effect
of the calcination atmosphere on the orientation was
relatively small, although the catalysts calcined in N2
(Fig. 10a) showed larger MoS2 clusters than those cal-
cined in air (Fig. 12c). The genesis of edge-bonded
MoS2 clusters was reported related to the formation
of MoS3 [42–45]during sulfidation. Furthermore, sul-
fidation of the catalyst in H2S/N2 was reported likely
to maintain the amorphous MoS3 structures at higher
temperature than does sulfidation in H2S/H2.

Araki et al. [29] measured the catalytic HYD ac-
tivities and NO uptake over several MoS2/TiO2 cat-
alysts sulfided under different conditions (Fig. 13).
When sulfidation was done at 573 K, the HYD ac-
tivity of the catalyst sulfided in H2S/N2 was higher
than that of the catalyst sulfided in H2S/H2, although
the NO uptake over the H2S/N2-sulfided catalyst was
slightly lower than that over H2S/H2-sulfided cata-
lyst. This was attributed to higher intrinsic activity of
edge-bonded MoS2 clusters than that of basal-bonded
MoS2 clusters. In fact, among all the catalysts in-
vestigated by Araki et al., the catalyst sulfided at
573 K in H2S/N2 showed the highest catalytic activity
due to the high dispersion of the edge-bonded MoS2
clusters with high intrinsic activity, although high
temperature sulfidation caused serious aggregation of
edge-bonded MoS2 clusters and reduced the catalytic
activities (Fig. 13). Based on the results ofFig. 13,

Araki et al. also concluded that the intrinsic activi-
ties over catalysts sulfided in H2S/N2 were relatively
independent of the dispersion, whereas the intrinsic
activities of catalysts sulfided in H2S/H2 increased
with decreasing dispersion. The increase in intrinsic
activity was attributed to the increasing stacking of
basal-bonded MoS2 clusters that would result in the
decrease in the electronic interaction between MoS2
clusters and the TiO2 support. Thus, the total activities
of MoS2 clusters shown inFig. 4 increased in the fol-
lowing order: “MoS2 clusters with edge-bonding”>
“multi-layered MoS2 clusters with basal-bonding”>
“single-layered MoS2 clusters with basal-bonding”.

Many studies reported that the catalytic activities of
TiO2-supported MoS2 catalysts were superior to those
of Al2O3-supported catalysts[46–51]. Numerous dis-
cussions have been generated about possible reasons
for this superiority. In most of those discussions, the
superiority was attributed to differences in high dis-
persion[52,53] or high degree of sulfidation[50,54]
caused by Mo–TiO2 interaction. In contrast, some
recent reports[55,56]attribute the superior activity of
TiO2-supported catalysts to a synergetic effect induced
by partially reduced TiO2, similar to the effect induced
by Co or Ni. The results reported by Araki et al.[29]
does not preclude the synergy effect of TiO2, but have
shown that the surface structure of TiO2 facilitates the
formation of edge-bonded MoS2 clusters that can con-
tribute to the high activity of TiO2-supported catalysts.

5. Summary

Based on the results for�-Al2O3 single-crystal thin
films as model supports, the morphology and orien-
tation of MoS2 clusters depend on the surface atomic
arrangements of�-Al2O3 [23–25]. Namely, TEM ob-
servations showed that multi-layered MoS2 clusters
are basal-bonded to (1 1 1)�-Al2O3 and that single-
layered MoS2 clusters are basal-bonded to (1 1 0)
�-Al2O3, whereas MoS2 clusters are edge-bonded
to (1 0 0) �-Al2O3. The observation of edge-bonded
MoS2 clusters differed from previous TEM obser-
vations [20,22] that showed no edge-bonded MoS2
clusters on various oxide supports. One possible rea-
son for this difference is that edge-bonded MoS2
clusters on�-Al2O3 were easily overlooked because
the sizes of edge-bonded MoS2 clusters were limited
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due to the large lattice misfit between MoS2 clusters
and (1 0 0) �-Al2O3. Relatively large edge-bonded
MoS2 clusters with high stacking were observed on
the anatase-type TiO2 powders[28]. This high stack-
ing was attributed to the small misfit between MoS2
clusters and (0 0 1) anatase.

The relationship between the morphology and
orientation and the catalytic activities have been in-
vestigated for MoS2 catalysts supported on�-Al2O3
[27] and TiO2 [29] powders. The results obtained for
�-Al2O3 powders were consistent with the rim-edge
model[18], in which MoS2 clusters with low stacking
were HYD-oriented and those with high stacking were
HDS-oriented. Results for TiO2-supported catalysts
show that multi-layered MoS2 clusters possess higher
intrinsic activities than single-layered MoS2 clusters.
This result is consistent with the comparison between
Co–Mo–S(I) and Co–Mo–S(II)[4]; multi-layered
Co–Mo–S(II) has higher intrinsic activity due to
smaller electronic interaction with the catalyst support
than do single-layered Co–Mo–S(I). Furthermore, the
intrinsic activity of edge-bonded MoS2 clusters was
found to be superior to that of basal-bonded MoS2
clusters in the HYD reaction[29]. High temperature
sulfidation was found to change the orientation of
edge-bonded MoS2 clusters to basal-bonding. Further
studies are needed to determine how to stabilize the
edge-bonded MoS2 clusters to the support.
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