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Abstract

HAADF-STEM studies have provided detailed morphological insight regarding MoS,, WS,, Co-Mo-S, Ni-Mo-S and Ni-W-S nanostructures
in graphite-supported catalysts. It is found that the technique allows the catalytically active edges to be imaged even for single layer metal sulfide
structures. Unpromoted MoS, and WS, are predominantly present as slightly truncated triangular clusters containing only a single S-M-S layer
(M = Mo, W). The addition of promoter atoms results in more heavy truncations consistent with the expected tendency for the Co—Mo-S structures
to expose promoted (1010) S-type edges at the expense of unpromoted (10 10) Mo-type edges. However, the HAADF-STEM (High-Angle
Annular Dark-field Scanning Transmission Electron Microscopy) results show for the first time that Co-Mo-S and Ni-W-S may also expose

extended high index (1120) truncations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is currently a large interest in the study of MoS, and
WS, nanostructures since they form the basis for the active
nanoclusters in industrial hydrotreating and hydrodesulfuriza-
tion (HDS) catalysts. Such catalysts are used extensively in oil
refineries to remove sulfur and other undesirable components
from various fractions [1-3]. New legislation demands the
production of ultra-low sulfur transport fuels and the drive to
improve HDS catalysts has therefore increased considerably in
recent years [4—13]. As sulfur conversion goes up, the catalyst
is required to handle very refractory compounds like
dibenzothiophene (DBT) and, in particular, dialkylated DBTs
[2,3,7,8,14]. It has been shown that the conversion of DBT-type
molecules may proceed via both a prehydrogenation route
(HYD) and a direct desulfurization route (DDS). Under
idealized reaction conditions, unsubstituted DBT reacts mainly
via the DDS route, whereas the HYD route becomes
increasingly important for the more refractory alkyl-substituted
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DBTs [2,3,7,8]. These results indicate that different types of
sites exist at the surfaces of the MoS, type nanoclusters and it is
clearly highly desirable to gain detailed insight into the nature
of the active surfaces. However, despite significant progress in
the overall characterization of HDS catalysts [2], it has been
difficult to pinpoint the exact location and nature of the active
sites in industrial-type catalysts.

In situ studies using techniques, like EXAFS [15-17], show
that in typical alumina-supported catalysts Mo is present as
small MoS, nanocrystals dispersed on the surface of the high
surface area support. Bulk MoS, has a layer structure in which
individual S—-Mo-S layers (‘‘slabs’”) are stacked on top of each
other separated by van der Waal’s gaps. It has been shown
[18,19] that in many alumina-supported catalysts, the MoS,
phase is highly dispersed and monolayer or single slab
structures may dominate.

While unpromoted MoS, (WS,) catalysts do not possess
high catalytic activity, a very significant increase in activity can
be achieved by adding Co or Ni [2]. This promotion was shown
by in situ Mdssbauer emission spectroscopy to be related to the
formation of Co-Mo-S type structures [20,21]. These
structures and the analogous Ni-Mo-S structures can be
considered as MoS, structures with the promoter atoms located
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somewhere at the edges of the S-Mo-S layers [22]. The activity
was shown to be linked to the presence of the edge promoter
atoms. Also for unpromoted catalysts, several structure—
activity correlations revealed that the activity is associated
with the edges of the MoS, structures [2].

In order to gain further insight into the location of the active
sites, an understanding of the detailed morphology of the S—
Mo-S layers in the MoS, nanocrystals must be obtained.
However, information regarding this morphology has generally
not been available and it has been assumed that the hexagonal
morphology observed for macroscopic crystals also applies for
the nanocrystals in industrial-type catalysts. If this is the case,
there would be equal concentration of (1010) (so-called S
edges) and (1010) (so-called Mo edges).

Many researchers have used high-resolution transmission
electron microscopy (HRTEM) in order to obtain morpholo-
gical insight into HDS catalysts [23-38]. However, such
experiments do not provide detailed answers and very small
clusters may not be imaged at all [25,31,33]. Also in HRTEM
experiments, individual S—-Mo-S layers are typically only
imaged when they are oriented essentially edge-on relative to
the electron beam, i.e. the layers are viewed as lines. Due to a
very low contrast, top view imaging of single layers has only
been possible for high surface area catalysts in special instances
[39]. Thus, HRTEM studies have not been able to provide
insight into the morphology of the layers, and information
regarding the abundance of different types of edges has thus not
been available. In the absence of this information, both
unpromoted and promoted MoS, (WS,) nanocrystals have, as
mentioned above, typically been assumed to exhibit the bulk-
like hexagonal morphology.

Recent scanning tunnelling microscopy (STM) studies of
Au(1 1 1)-supported MoS, nanocrystals showed that they may
not display the hexagonal morphology [40]. Also, the presence
of Co promoter atoms was found to change the MoS,
morphology [41], and density functional theory (DFT)
calculations [42] suggest that this is due to a preference for
Co to be located at the (1010) edges (so-called S edges). The
STM model catalyst studies [43] also show that the composition
of the adjoining atmosphere may influence the morphology.
This is in accordance with DFT calculations, which showed that
the morphology and the edge structures may depend on the
reaction conditions [42,44,45].

The model catalyst studies and the theoretical studies have
provided interesting new insight and they further emphasize the
need to obtain morphological insight for more realistic high
surface area catalysts. Recently, we showed that the morphol-
ogy of single layer S—-W-S layers could be observed in a high
surface area graphite-supported catalyst using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) [39]. This technique, which was first applied
in dedicated STEM instruments [46-50], uses electron
scattering at high angles to create a Z-contrast image. In order
to obtain full advantage of the technique, we studied a system
consisting of the heavy element sulfide, WS,, on the light
element support, graphite. Most industrial HDS catalysts are
based on MoS, rather than WS,. The present study show that

important morphological information can also be obtained for
MoS, based catalysts even when MoS, is present as single layer
structures. Some preliminary results were presented in Ref.
[51]. The present study will also discuss HAADF-STEM results
for Ni and Co promoted MoS, systems.

2. Experimental

Graphitic carbon (Timcal Timrex HSAG100 CAT, Special
Graphite, M-292) with a BET surface area of 118 m*/g was
used as support. After tabletizing, the carbon powder was
granulated and then impregnated by the incipient wetness
method with an aqueous solution containing (NH4),[MS,]
(M =Mo or W) and, in case of the promoted catalysts, also
Me(acetate), (Me = Co, Ni). When promoter atoms were
present in the liquids, the relatively low target loads combined
with a quick working procedure prevented precipitation before
impregnation. Samples were dried in air at 110 °C. The atomic
ratio M:Me was for the promoted catalysts 3, and the Mo(W)
loading was around 0.3 wt% (0.6 wt%), i.e. identical molar
loadings of Mo and W. The samples were treated with 10% H,S
in H, for 6 h at 1073 K, cooled to room temperature in N,, and
then passivated by means of 1% O, in N, before they were
quickly transferred from the cold tube furnace to a container
where they were stored under N, until TEM analysis. For TEM
analysis the samples were crushed in a mortar and deposited dry
on standard Cu TEM-grids covered with lacey carbon.
HAADF-STEM measurements were performed on a Philips
CM200 FEG UltraTwin electron microscope, with a primary
electron energy of 200 keV, Cs = 0.5 mm and a point-to-point
resolution of 1.9 A in TEM mode. The resolution in STEM
mode depends on the instrument settings used, but the images
presented here have a resolution of ca 0.4 nm, as determined
from the observation of lattice fringes. The alignment for
STEM was carried out using ronchigrams [52]. The contrast in
HAADF images is approximately proportional to Z' [50], and
this is thus an excellent technique for observing heavy
nanoparticles (e.g. MoS, or WS,) on a light support (e.g. C).

3. Results and discussion

The preparation procedure employed in the present work is
based on impregnation with aqueous solutions of ammonium
tetrathiometallate compounds, (NH4)>[MS4] (M =Mo, W).
This is different from the method employed previously [39],
where the oxidic precursor compound ammonium metatung-
state, (NHy)[HoW12040], was used for impregnation. How-
ever, we find that the use of sulfidic precursors gives rise to
more of the well-ordered regular MS, structures. The
impregnated and dried samples were treated with 10% H,S
in H, at 1073 K in order to promote full sulfidation of the metals
as well as equilibration of the nanocluster structures. The more
prevalent regular structures obtained by this new impregnation
method allow a more detailed investigation of the effects of
promoter atoms on the morphology.

Fig. 1 shows an overall view of an ensemble of regularly
shaped MoS, clusters located on a graphite sheet oriented
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Fig. 1. HAADF-STEM image of MoS, clusters supported on a thin graphite
sheet oriented more or less perpendicular to the line of observation. Many of the
clusters display a highly regular, slightly truncated triangular morphology.

nearly perpendicular to the line of sight. One goal of the present
study was to establish whether HAADF-STEM could be used to
image MoS, which is somewhat lighter than WS, studied
previously [39]. Fig. 1 shows that this is indeed the case—even
when MoS, occurs as single-layer structures (see below). The
high degree of regularity displayed in, for example, Fig. 1 also
means that general statements concerning cluster morphology
can be made on a solid basis.

It is surprising that in spite of the preparative procedure
employed and the high temperature used in sulfiding/
equilibration, many of the clusters observed are still irregular
and/or contain defects. In many cases, the shape of the clusters
is clearly directed by irregularities, e.g. steps, in the graphite
support. This situation is quite different from what was
observed by STM for the MoS, on Au(l 1 1) model system
[40]. Here a very high degree of morphology regularity was
seen. Clearly, the graphitic carbon used here does not provide
surfaces nearly as perfect as those on gold single crystals. In this
way the results for the carbon-supported catalysts probably
resemble more closely those expected for industrial alumina-
supported catalysts where the lower sulfidation/equilibration
temperatures typically employed may be expected to further
increase the degree of irregularity.

The individual MoS, (WS,) clusters are imaged as bright
patches (ca. 1-100 nm in diameter) on the graphite support,
which is mostly present as thin sheets with a thickness of 5—
10 nm. A key question in hydrotreating catalysis is whether
MoS, is present as single or multiple S—-Mo-S layer structures
[2]. The HAADF-STEM technique readily allows determination
of the number of S—Mo-S (S-W-S) layers in the MoS, (WS,)
clusters from the intensity levels, which are observed to increase
in even steps [39]. Paired with the observation that the thinnest
clusters imaged edge—on are predominately single layer
structures this allows for unambiguous determination of the

number of layers in the individual particles [39]. It was found that
the vast majority of nanoclusters observed in the current study
were of the single-layer type. When areas of higher image
intensity are sometimes observed they are either due to particles
with multilayer structures or to coincidental overlap along the
line of vision of single-layer structures located on opposite sides
of a graphite sheet. In Ref. [39] we recorded an edge-on view,
which provides direct evidence for the latter situation. The image
contrast for MoS, clusters is lower than for WS,, as can be
expected from the Z'- dependence, but even single layer MoS,
particles are imaged with good contrast and acceptable noise
levels as shown in Fig. 1.

Fig. 2 shows close-ups of MoS, clusters (a) and WS, clusters
(b) on catalysts prepared analogously. Again the images have
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Fig. 2. Close-up HAADF-STEM images of MoS,/graphite (a) and WS,/
graphite (b) catalysts made in analogous ways and with identical molar metal
loadings. Although the WS, as expected is imaged with higher contrast than
MoS,, the morphology of MoS, clusters is clearly observed. All clusters in these
images are single-layer structures.
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been selected to show nanoclusters on graphite sheets that
happen to be oriented more or less perpendicular to the line of
vision. In general, the MoS, clusters were observed to be
smaller than WS, clusters prepared under identical conditions.
This is somewhat surprising and certainly not in accordance
with what would be expected based on traditional mass-
dependent mobility and sintering rates. The most common
regular shape for these unpromoted MoS,(WS,) clusters is that
of a truncated triangle. The ~120° angles displayed at the
vertices of the nanostructures are consistent with both the
(1010) (so-called Mo(W) edges) and (1010) (so-called S
edges) being exposed. Recent STM and DFT studies have
provided insight into the detailed structure of these edges
[40,42,44,45].

In the first STM study [40] of unpromoted MoS, clusters on
gold surfaces, it was observed that the prevalent morphology
was that of triangles with only the (1010) edges exposed.
However, later studies [43] showed that the MoS, morphology
depended on the composition of the atmosphere in which the
particles were synthesized. It was thus found that regular
triangles dominate when the nanocluster synthesis was
conducted in an atmosphere of essentially pure H,S
(H,S:H, = 500). However, the presence of substantial amounts
of H, in the synthesis mixture (H,S:H,=0.07) led to a
preferred MoS, morphology closer to hexagonal, i.e. severely
truncated triangles. The present HAADF-STEM results clearly
show the presence of truncated triangular nanocrystallites. The
atmosphere under which the STM samples were produced
(H,S:H, =0.07) is very close to that used for our current
experiments (H,S:H, = 0.11). It is interesting that some of the
morphology changes observed in the STM model system [43]
and also calculated theoretically [44,45] are also found in the
HAADF-STEM experiments for the more realistic catalysts.
The fact that the morphologies observed in the two kinds of
experiments are not identical is not surprising. Considering the
vastly different synthetic conditions used for synthesis (STM
uses e-beam deposition of Mo atoms in a 2 x 107 bar
atmosphere), it is actually remarkable that the observed
morphologies are so relatively similar. One reason for this
may be that both the perfect graphite and Au(l 1 1) surfaces
interact weakly with the MoS, nanoclusters.

Promoted catalysts are more interesting from an industrial
perspective and Figs. 3 and 4 show that HAADF-STEM can
also provide important morphological insight into the Co—-Mo-
S type structures. The catalyst samples imaged were sulfided in
exactly the same way as the unpromoted samples discussed
above; promoter atoms were present in the impregnation liquids
in a concentration one-third of Mo (W). From the images it is
immediately clear that the addition of promoter atoms modifies
the cluster morphology. When Ni or Co is present in the MoS,
samples, more heavily truncated triangular morphologies are
observed (Fig. 3). Moreover, the truncations of the triangles
observed both in the case of Ni and Co are clearly different from
what is seen in the unpromoted catalysts (Figs. 1 and 2).

The presence of the promoter atoms is seen to result in
several changes in the morphology. The HAADF-STEM results
show that the degree of truncation increases such that the

Fig. 3. Promotion of MoS, nanoclusters with Ni (a) or Co (b) changes to
morphology towards that of regular hexagons, i.e. heavily truncated triangles.
The image (a) displays accidental overlap of clusters located along the same line
of observation, possibly clusters located at opposite sides of the same graphite
sheet. The corners of both Ni-Mo-S (a) and Co—-Mo-S (b) structures appear
rounded due to additional truncations that expose high-index edges.

morphology changes towards being more hexagonal. This was
also observed for Co-promoted MoS, nanoclusters on
Au(l11) by STM [41] and it was explained by DFT
calculations [42] which showed the Co atoms in the Co-—
Mo-S structures to be located at the (1010) S edges. The
presence of Co will cause MoS, nanoparticles to expose more
promoted (10 10) S-type edges at the expense of unpromoted
(1010) Mo-type edges. The present results indicate that this is
also the situation for Ni-Mo-S (Fig. 3a) and Ni-W-S (Fig. 4).

It is interesting that the HAADF-STEM results show that the
promoter atoms may have other effects than influencing the
degree of truncation and the concentration of promoted (101 0)
S-type edges. Instead of the exclusive presence of 120° angles
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Fig. 4. Promotion of WS, nanoclusters with Ni gives, as in Co-Mo-S and Ni—
Mo-S structures, rise to additional truncations that expose high-index edges.
Close to the bottom of the image these additional truncations are seen as straight
lines that form angles with the main triangular edges consistent with an
assignment [53] as (1120) edges.

between the edges (indicating the presence of only (10 10) and
(1010) edges) we now also observe particles with more
rounded truncations. In several cases it is clear that the
additional new higher index edges are present. Some of them
have angles of about 150° to the dominant edges and it is likely
that the promoted structures also expose (1120) edges.
Indications for this was also found in atomically resolved STM
images of Ni-Mo-S structures [53] but in those studies the
(1120)-like facts only extended for a few atoms and a clear
detection was difficult. The present results show that extended
(1120) edges may indeed be stable features of the promoted
structures. The STM studies only observed the high index
truncations for small clusters in Ni-promoted MoS, model
catalysts [53]. It is interesting that we observe presently high
index truncations also for large clusters. Furthermore, Co and
Ni have a similar effect on the shape of the MoS, clusters. The
presence of high index truncations is furthermore also seen for
Ni-promoted WS, clusters (Fig. 4). Thus, the high index
truncations may be a common feature for many Co—Mo-S type
structures.

4. Conclusion

The HAADF-STEM technique has been found to allow an
unambiguous determination of the morphology of the S—-Mo—S
(S—W-S) layers in MoS,/C, WS,/C, Co-Mo-S/C, Ni-Mo-S/C
and Ni-W-S/C catalysts. This information allows detailed
insight into the type and abundance of different edges present in
supported catalysts. Previously, such experimental information
was only available from STM studies of model catalyst
systems. The current approach also allows one to study the
effects of the nature of the active metal precursors and the
choice of preparation and sulfiding conditions. This is

important since non-equilibrium structures are obtained.
Furthermore, by means of the HAADF-STEM technique a
study of catalysts that have been retrieved from the environment
of high-pressure hydrotreating reactors should also be possible.
The preparation procedure used in the current study, where all
elements, including sulfur, are introduced in the impregnation
step, gives more regular clusters than the standard procedure,
where sulfur is introduced only during sulfidation. The most
common regular structure observed for MoS,(WS,) was
truncated triangular, exposing (1010) Mo(W) edges and
(1010) S edges. The addition of Co or Ni promoter atoms
modifies the shape of the clusters, to one closer to hexagonal.
This is consistent with the tendency for the Co-Mo-S type
clusters to expose more promoted (1010) S-type edges and it
is in accord with STM and DFT studies [41,42]. However, it is
of particular interest that HAADF-STEM results show that the
Co—Mo-S, Ni-Mo-S and Ni-W-S clusters may expose
additional high index facets (like (1120)). The STM studies
have only provided evidence for such truncations in very small
Ni—-Mo-S clusters and they are completely new in the case of
the Co—Mo-S and Ni—W-S structure. Clearly such insight must
be taken into account when catalytic hydrotreating reactions are
to be understood at the molecular level. Finally, the HAADF-
STEM technique provides the opportunity for future studies of
the influence of different sulfiding agents on the morphology of
the catalytic nanostructures formed and of how these
morphologies may be influenced by the carbon compounds
present in the feed during catalyst operation in a hydrotreating
reactor.
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