ELSEVIER

Auvailable online at www.sciencedirect.com
" ScienceDirect

Journal of Catalysis 249 (2007) 220-233

JOURNAL OF
CATALYSIS

www.elsevier.com/locate/jcat

Location and coordination of promoter atoms in Co- and Ni-promoted
MoS;-based hydrotreating catalysts

Jeppe V. Lauritsen **, Jakob Kibsgaard ?, Georg H. Olesen®, Poul G. Moses °, Berit Hinnemann *¢,
Stig Helveg ¢, Jens K. Ngrskov ®, Bjerne S. Clausen ¢, Henrik Topsge ¢, Erik Lagsgaard ?,
Flemming Besenbacher **

& Department of Physics and Astronomy, Interdisciplinary Nanoscience Center (iNANO), University of Aarhus, DK-8000 Aarhus C, Denmark
b Department of Physics and Center for Atomic-Scale Materials Design (CAMD), NanoDTU, Technical University of Denmark, DK-2800 Lyngby, Denmark
¢ Haldor Topsge A/S, Nymgllevej 55, DK-2800 Lyngby, Denmark

Received 1 December 2006; revised 16 April 2007; accepted 17 April 2007
Available online 8 June 2007

Abstract

In this study, we used scanning tunneling microscopy (STM) and density functional theory (DFT) to investigate the atomic-scale structure of
the active Co- or Ni-promoted MoS; nanoclusters in hydrotreating catalysts. Co-promoted MoS, nanoclusters (Co—-Mo-S) are found to adopt
a hexagonal shape, with Co atoms preferentially located at (1010) edges with a 50% sulfur coverage. The first atom-resolved STM images of
the Ni-promoted MoS; nanoclusters (Ni-Mo-S) reveal that the addition of Ni also leads to truncated morphologies, but the degree of truncation
and the Ni sites are observed to depend on the nanocluster size. Larger clusters (type A) are structurally similar to Co—-Mo-S exposing fully
Ni-substituted (1010) edges with a 50% S coverage. Smaller clusters (type B) show dodecagonal shapes terminated by three different edges, all
of which contain Ni-promoter atoms fully or partially substituting the Mo atoms. The findings may shed more light on the different selectivities

observed for the Co- and Ni-promoted hydrotreating catalysts.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The catalytic removal of sulfur and nitrogen impurities from
oil compounds by hydrotreating is a key process in modern
industrial oil refining that is currently receiving considerable
attention due to the increasing demand for clean fuels. To meet
present and future requirements for fuels with low impurity lev-
els, more active and selective catalysts are being requested by
oil refineries [1-4]. Consequently, intense research efforts are
being directed toward improving the MoS,-based hydrotreat-
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ing catalyst that have been widely applied in this area for more
than half a century [5-7].

The commercial hydrotreating catalysts consist of promoted
MoS; or WS, particles distributed on a high-surface area sup-
port, such as alumina. It is well established that the MoS, crys-
tallites in typical high-activity catalysts are present as single-
layer S—-Mo-S slabs with an average size of 2-3 nm under
operating conditions [5]. Furthermore, it is well established that
Co or Ni added to the MoS, increases the reactivity of the
catalysts, and because only a small fraction of Co or Ni rela-
tive to Mo is needed, they are considered promoters rather than
catalysts in their own right. For both promoters, the overall hy-
drotreating activity generally increases by more than an order of
magnitude, and the specific selectivities of the sulfidled CoMo
or NiMo catalysts change with respect to hydrodesulfuriza-
tion (HDS), hydrodenitrogenation (HDN), and hydrogenation
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Fig. 1. (a) Illustration of the phases in a sulfided Co-Mo catalyst. (b) Ball
model of a bulk-truncated, hypothetical hexagonal MoS;, nanocluster expos-
ing the (0001) basal plane.

(HYD). Thus, the effect of the two promoters may be quite dif-
ferent [5,8].

Many studies have been carried out to correlate the structure
of the active promoted phases in catalysts to the reactivity [5,
9-17], and general consensus has been reached in the literature
on the so-called “Co—Mo-S” model [5]. This model originates
from the finding that Co atoms may be located at the edge po-
sitions of MoS, nanostructures [18,19], and the observations
that the Co—Mo-S structures are responsible for the promo-
tion of the reactivity [19,20]. Co is present in three different
phases in the catalyst (Fig. 1a). The catalytically most interest-
ing Co—Mo-S phase has an MoS;-like texture, into which Co
atoms are incorporated. Co-Mo-S is non-stoichiometric with
respect to the Co/Mo ratio, and no unit cell can be defined in the
crystallographic sense. For unpromoted MoS,, it has long been
known that only the edges, not the basal plane sites, are active
[5,21,22], and thus it has been proposed that the Co atoms lo-
cated at edge positions create new and more active sites by, for
example, providing active sites in the form of sulfur vacancies
at or next to the Co sites [18,19,23,24]. But the exact origin of
the promoting role of Co remains a matter of intense debate,
since most analysis tools provide only indirect evidence of the
location of Co in Co—Mo-S structures [12,25-28]. Fewer struc-
tural studies have been performed for the Ni-promoted system
[29-31]. It is generally believed that a Ni-Mo-S phase exists

with a structure similar to Co—-Mo-S, but no direct experimen-
tal information is available on the location of the Ni promoters
on Ni-Mo-S. Theoretical studies based on slab models [32-37]
or calculations of cluster structures [38] have been used to in-
vestigate the affinities for Co or Ni to replace Mo at the MoS»
edges, and such studies have also provided information on the
sulfur coverage at the edges under experimental and reaction
conditions.

Recently, we used high-resolution scanning tunneling mi-
croscopy (STM) to investigate the atomic-scale structure of
MoS; and Co-Mo-S nanoclusters on a gold [39-42] or a
graphite model substrate [43]. The main advantage of using
STM to study model catalysts is that it provides real-space,
atom-resolved microscopy images of the individual nanoclus-
ters, making it possible to resolve some of the above-mentioned
important questions related to the detailed structure and mor-
phology of the Co-Mo-S and Ni-Mo-S nanoclusters. In par-
ticular, the present study has provided the first experimental
microscopy images of single Ni promoter atoms in Ni-Mo-S,
along with theoretical support for previous STM studies of
Co—Mo-S clusters [39]. Interestingly, we observed significant
differences in the morphology and atomic-scale structure of
Ni-Mo-S compared with Co—-Mo-S; such insights may pro-
vide the basis for a better understanding of the differences in
activity and selectivity in the two promoted systems. This in-
sight may also shed more light on the observation that direct
desulfurization (DDS) and HYD routes in HDS are not always
inhibited in the same way in Ni-Mo-S as in MoS; or Co-
Mo-S in the presence of nitrogen-containing compounds [7,
44,45]. This is explained in terms of competitive adsorption
on the sites responsible for sulfur extrusion or HYD. We have
previously shown that metallic brim states at the edges of un-
promoted MoS; nanoclusters are active as HYD sites [42,46],
whereas sulfur vacancies formed at the edges are active in direct
sulfur extrusion. Interestingly, we observed in this study sev-
eral metallic edge states in the promoted clusters as well, and,
given the potential importance of these in HYD reactions, we
have provided a thorough electronic structure characterization
of these metallic edge states in both Co-Mo-S and Ni-Mo-S.

2. Methods
2.1. Experimental details

The experiments were performed in an ultra-high vacuum
(UHV) chamber equipped with standard surface analysis equip-
ment and equipment for depositing refractory metals by e-beam
evaporation and for introducing high-purity gases to the cham-
ber. The homebuilt Aarhus scanning tunneling microscope [47]
was used for the experiments.

As demonstrated in previous studies for the unpromoted
MoS; model catalysts [40-42] and the first studies of Co-—
Mo-S [39], a single crystal Au(111) surface can be used as
a suitable model substrate to synthesize highly dispersed en-
sembles of Co—-Mo—-S or Ni-Mo-S nanoclusters. Recently, the
same surface was used to synthesize other supported sulfide
nanostructures [48,49]. STM studies have shown that a graphite
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(HOPG) substrate also can be used [43] for the synthesis of
MoS, nanoparticles and the edge structure of the supported
MoS; nanoclusters was observed to be identical to MoS; sup-
ported on gold. But in these studies, the Au(111) substrate was
preferred, because it exposes the characteristic herringbone re-
construction [50], providing a regular array of nucleation sites
for metal atoms and thereby facilitating a high dispersion of
submonolayer amounts of Mo, Ni, or Co into nanoclusters [40,
51-53]. The Au(111) single crystal surface was prepared by
cycles of Art sputtering, followed by annealing at 900 K for
10 min. This procedure generated a clean and regular Au(111)
surface, as judged by Auger electron spectroscopy (AES) and
STM. For the synthesis of Co-Mo-S and Ni-Mo—-S nanoclus-
ters, the pure metals were evaporated onto the substrate using
an e-beam evaporator (Oxford Applied Research, EGCO-4).

Using the approach described in Ref. [39] as the start-
ing point, we investigated a number of synthesis procedures
for formation of the mixed phases of both the Ni- and Co-
promoted MoS, nanoclusters. Using the procedure to form
unpromoted MoS; nanoclusters as described in Refs. [40,54]
and subsequently deposit Co or Ni in a sulfiding atmosphere
of 107% mbar of H,S, we found that this approach did not
lead to the spontaneous formation of bimetallic sulfided struc-
tures. Instead, well-separated MoS, nanoclusters and cobalt-
sulfide or nickel-sulfide patches could be identified in atom-
resolved STM images. The bimetallic Co-Mo-S and Ni-Mo-S
nanoclusters could be formed when Mo was simultaneously
deposited together with Co or Ni, respectively, in the sulfid-
ing atmosphere of 107% mbar of H,S. This step was followed
by postannealing at temperatures of 673 K while maintaining
the sulfiding atmosphere to further crystallize the nanoclusters.
The most efficient method involved deposition of Mo onto the
Au(111) surface in a sulfiding atmosphere to form sulfided Mo
embryos, followed by co-deposition of additional Mo together
with Ni or Co to form a capped layer of bimetallic sulfide. The
total coverages in all experiments were calibrated before the S
exposure and were estimated to be 10 &= 1% of a monolayer
(ML) for Mo and 4 + 1% ML for Ni and Co.

2.2. Computational details

The theoretical calculations were based on DFT using
the generalized gradient approximation for the exchange-
correlation part of the total energy functional. The edges of
single-layer MoS, particles were investigated using a model
consisting of semi-infinite slabs of MoS, repeated in a super-
cell geometry, as reported in [32,54,55]. The stripes used for
the calculations in this work were composed of repeat units
containing one or two MoS, units. Each supercell exposed
the (1010) edge at one edge and the (1010) edge at the other.
The edges were separated by six unit cells of MoS,. Promoted
structures were obtained by replacing Mo with Co or Ni at the
relevant edge positions. In the case of Co, all Mo atoms at the
(1010) edge were replaced by Co, which is known to be the
most energetically favorable location of Co [34,38,56]. In the
case of Ni, locations at both edges were considered and ei-
ther 50 or 100% of the Mo atoms at the edge were replaced by

Ni. Hydrogen adsorption was also investigated, but based on
the adsorption energies found, the concentration of adsorbed
hydrogen was estimated to be negligible under experimental
conditions for all Co-Mo-S and Ni-Mo-S edges investigated.
The plane wave DFT code DACAPO [57,58] was used for all
calculations. The Brillouin zone was sampled by Monkhorst—
Pack sampling [59] using 12 k-points in the x-direction and
1 k-points in the y- and z-directions for the 1 x 6 stripe and
6 k-points in the x-direction and 1 k-points in the y- and z-
directions for the 2 x 6 unit-cell. A plane wave cutoff of 30
Rydberg and a density cutoff of 60 Rydberg were used for the
Co—Mo-S calculations, and a plane wave cutoff of 25 Rydberg
and a density cutoff of 50 Rydberg were used for the Ni—
Mo-S calculations. This double-grid technique [60] ensured
sufficient accuracy of energies and forces. Ultrasoft pseudopo-
tentials were used for all species except sulfur, for which a
soft pseudopotential was used when investigating Co—Mo-S
[61,62]. Ultrasoft pseudopotentials were used for all species
when investigating Ni-Mo-S, allowing for the lower plane
wave cutoff. Fermi smearing with an electronic temperature
of kgT = 0.1 eV/A was used for all calculations. The PW91
functional [63] was used as an exchange-correlation functional.
Co and Ni are both magnetic materials; thus, all calculations
were performed spin-polarized. All structures were relaxed un-
til the remaining total force was below 0.1 eV/ A. We carefully
checked that our results were well converged with these para-
meters.

Relative edge free energies for the promoted edges (y) were
used to evaluate the edge stability at experimental conditions
and were calculated using the DFT energies and the thermo-
dynamic model introduced by [38,54,64,65] by considering the
chemical potentials of sulfur (us) and hydrogen (up) [41,54].
As described in detail in Refs. [41,54], it was necessary to con-
sider chemical potential parameters for both synthesis condi-
tions (sulfiding: us = —0.39 eV, ug = —1.08 eV) and vacuum
conditions (imaging: us = —0.29 eV, ug = —0.49 eV) due to
the quench-and-look approach in the experiments. For the STM
analysis in this paper, simulated STM images were calculated
using the Tersoff-Hamann model [66]. The STM simulations
were performed as reported in [54] by matching the corruga-
tion on the MoS; basal plane to the experimentally measured
value of 0.2 A and then plotting calculated contours of constant
local density of the electron states. For some simulations, the
effect of the Au substrate also was included, but generally this
did not change the qualitative appearance of the edges [55].

3. Results and discussion

The synthesis procedure for the promoted hydrotreating
model catalyst produces two significantly different types of
surface structures: (i) cobalt- or nickel-sulfide islands at the
Au(111) step edges, and (ii) well-dispersed Co—-Mo—S or Ni—
Mo-S nanoclusters on the terraces of the Au(111) substrate.
The growth of cobalt or nickel-sulfide islands at the substrate
step edges (Figs. 2a and 2b) arises due to the excess amounts
of Ni or Co added relative to the available number of substi-
tutional sites on the MoS, nanoclusters. The tendency to form
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Fig. 2. (a) Cobalt sulfide formed on Au(111). The insert shows the proposed Co3S4(111) facet. Adapted from [39]. (b) Nickel sulfides formed at the step edges of

the Au(111) surface. The insert shows the proposed Ni3S,(111) facet.
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Fig. 3. (a) Morphology of unpromoted, Co-promoted and Ni-promoted nanoclusters. (a) MoS, on Au(111) (700 x 700 /D\z). (b) Co-Mo-S on Au(111) and

700 x 700 AZ. (c) Ni-Mo—S on Au(111) 700 x 700 AZ.

these sulfides at the step edges is initiated by a high mobility
of Co and Ni on the Au(111) surface in the presence of H»S.
The structures observed with STM match the (111) facets of
Co3S4 and Ni3S,, respectively, but considering the fact that
such sulfides do not have an appreciable HDS reactivity [5], the
following discussion concentrates on the much more interest-
ing crystalline Co-Mo-S and Ni-Mo-S nanoclusters nucleated
on the Au(111) terraces.

The main indicator for the formation of promoted Co-Mo-S
and Ni-Mo-S phases is a pronounced change in the equilibrium
morphology relative to that of unpromoted MoS; nanoclusters.
The large-scale STM images in Fig. 3 clearly illustrate this
change in morphology. The unpromoted MoS, nanoclusters
(Fig. 3a) are mainly triangular while the Co—-Mo-S (Fig. 3b)
and Ni-Mo-S (Fig. 3c) exhibit truncated morphologies. The
unpromoted triangular MoS; nanoclusters shown in Fig. 3a
have previously been characterized in detail [40—42,67], and
they are characterized as single-layer MoS; nanoclusters ori-
ented with the MoS,(0001) facet in parallel to the substrate. The
changes observed in the morphology of the promoted clusters
relative to the triangular MoS, nanoclusters formed under the
same conditions were invoked only by the presence of promoter
atoms (with all other synthesis parameters the same); thus, the
observed shift in morphology can be attributed directly to the

incorporation of promoters into the MoS, structure, that is, the
formation of Ni-Mo-S or Co—Mo-S structures.

Atomically resolved STM images of Co-Mo-S and Ni-Mo-
S nanoclusters also revealed a flat and perfectly crystalline basal
plane consisting of hexagonally arranged protrusions with an
interatomic spacing of 3.16 A (Figs. 4a and 7a). The height
profile of the clusters corresponded to the values found for
the single-layer MoS; nanoclusters in previous studies [40];
thus, the addition of the promoters left the internal structure
of the cluster unchanged as MoS,. Therefore, the truncated
morphology of the promoted clusters may be explained by a
perturbation of the edge free energy of the two low-index edge
terminations of MoS; driven by the affinity of Co or Ni to re-
place Mo at the edges.

3.1. Co—Mo-S morphology

The near-hexagonal shape observed for Co-Mo-S implies
that two types of low-indexed edge terminations are exposed
in the clusters (see Fig. 4a). The exact shape is according to
the Wulff-theorem determined by the competition between two
low-index MoS; edges, referred to as the (1010) edge (S edge)
and (1010) edge (Mo edge), as illustrated in Fig. 1b for a
hypothetical, single-layer MoS, nanocluster [5,40,64,68]. The
triangular shape observed previously for unpromoted MoS;
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Fig. 4. (a) Atom-resolved STM image of Co—MotS (51 x 52 A2, V; =952 mV, I; = 0.81 nA). (b) Ball model of the Co-Mo-S. (c) Side view of the MoS5(1010)
edge. (d) Side view of Co-substituted Co-Mo-S(1010) edge. S: yellow, Mo: blue, Co: red.
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Fig. 5. (a) Ratio of edge free energies (V(Iow) / % IOIO)) is connected to the cluster shape. (b) Histogram of relative edge free energies for Co-Mo-S particles, and

(c) for Ni-Mo-S.

(Fig. 3a) reflected that the ratio of the edge free energies of these
edges was greater than a factor of two (7’(1010) > 2)/(1010)); that

is, only (1010) edges (Mo edges) we exposed. The situation is
clearly changed for Co-Mo-S and as was shown in Ref. [39],
it is possible in atom-resolved STM images to identify both the
(1010) edge and (1010) edge in the Co-Mo-S particles. In the
present study, measuring the distribution of both edges for a
large number of clusters provides an estimate of the ratio be-
tween the edge free energies in Co-Mo-S Y(i010) / Y(10i0) t0 be

1.1 4 0.2; that is, the (1010) edge is only slightly more stable
in Co-Mo-S (see Figs. 5a and 5b).

3.2. Co—-Mo-S edge structure

On the basis of the detailed atomic-scale information pro-
vided by the STM images (Fig. 4), a structural model of the
Co—Mo-S nanoclusters was proposed in Ref. [39] in which the
Co—Mo-S clusters are terminated by (1010) edges with no Mo

atoms substituted by Co and (1010) edges in which all Mo
atoms are substituted by Co atoms. The unpromoted (1010)
edge type in Co-Mo-S, shown in Fig. 4a, is characterized by
a row of edge protrusions located with the regular 3.16 A inter-
atomic distance of MoS,, but with the edge protrusions clearly
located out of registry with the lattice of S atoms belonging to
the basal plane. This edge also is identified by the presence of a
bright brim (0.4+£0.1 A) located adjacent to the outermost edge
protrusions. This appearance is in exact qualitative and quanti-
tative agreement with the (1010) edge structure observed for
unpromoted MoS; triangles [40,41,55].

The morphological change observed with STM for the pro-
moted system is thus induced by the tendency for Co to be
located only at the Co-Mo—-S(1010) edges. As depicted in the
ball model in Figs. 4b and 4d, the Co-Mo-S(1010) edges are
proposed to have a tetrahedral coordination of the Co atoms if
the outermost sulfurs are bridge-bonded S monomers. The edge
stabilities obtained from DFT calculations in Fig. 6a confirm
this configuration, as well as a configuration with 75% sul-
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Fig. 6. (a) DFT results for Co-Mo-S(1010) edges (S: yellow, Co: red), (2 x 6 unit cell). (b) STM simulation (17>< 6 unit cell) of the Co-Mo—S(1010) edge with 100,
75, and 50% sulfur. (c) Band structure of the MoS» slab exposing the 50% S Co—Mo—-S(1010) and MoS;(1010). (d) Plot of the wavefunction contours associated

with the three metallic edge states in Co—Mo-S.

fur as the most stable structures differing by only 0.02 eV/A
in edge free energy. Edge terminations with sulfur coverage
<50% are not considered further, because such configurations
were found to be very unstable [36,38,56]. The possibility that
Co substitutes only a fraction of the Mo atoms at the Co—-Mo—
S(1010) edges can also be ruled out, because this would not
give rise to the observed regular edge pattern in STM images.
A detailed comparison of the experimental image with a simu-
lated edge reveals the structure of the observed Co—Mo-S edge.
A grid superimposed on the basal plane S atoms near the Co—
Mo-S(1010) edges in the experimental image (Fig. 4a) shows
edge protrusions located at positions in registry with the basal
plane S lattice. Compared with the position of the bulk lattice,
however, a slight displacement of ~0.5 A perpendicular away
from the edge can be seen. The (1010) edge also exhibits a very
bright brim parallel to the edge in the row immediately behind
the edge protrusions. The brim structure is significantly brighter
than that of the (1010) edge, with a height of 0.9 + 0.2 A above
the basal plane atoms.

Agreement with this appearance in the STM image was ob-
tained only for the simulation of the Co-Mo—-S(1010) edge with
a 50% S coverage (Fig. 6b). This assignment of the structure
of the Co-promoted edge is in good accordance with previous
STM simulations by Schweiger et al., who also used a calcu-
lation of a cluster structure to directly calculate the relative
stability of the two edge types in Co—Mo-S as a function of
s [38]. The predicted truncated hexagonal shape was also in
agreement with the experiment in Ref. [39].

The STM simulation for the Co-Mo-S(1010) edge shows
that protrusions at the edges reflect the position of the monomer
S atoms, and that a bright brim is present at the position of
the adjacent row of sulfur atoms. These sulfurs are also co-
ordinated to the substituted Co atoms. As in the experimental
image, the brim in the simulated image (Fig. 6b) also shows a
significant corrugation in cross-sections drawn parallel to the
edge. It is important to emphasize that the bright brim in Co-
Mo-S does not reflect S atoms located geometrically higher

than the basal plane. Our STM simulations and that in Ref. [38]
performed without the gold substrate also show that this quali-
tative appearance is not influenced by the gold substrate. As for
the MoSz(IOTO) edges [54,55], the brim is related instead to a
perturbation of the electronic structure at the edges of the clus-
ters and the existence of metallic, one-dimensional edge states.
The edge states in Co—-Mo-S are revealed in the electronic band
structure of the Co-substituted (1010) edge in Fig. 6¢c. The band
structure diagram shows three bands (denoted I, II, and Ill¢,)
penetrating into the band gap region of MoS, and crossing the
Fermi level. Edge states I and II pertain to the MoS(1010) edge
and are the same as those reported previously in [55]. In the plot
of the wave-function contours in Fig. 6d, the edge state Illc,
is located directly at the Co-substituted Co-Mo—S(1010) edge.
The edge state is localized on the outermost four rows of atoms
counted inward from the edge and is responsible for the very in-
tense bright brim. The resemblance of the brim associated with
the metallic edge state Illc, pertaining to the promoted edge
with that of the unpromoted MoS» nanoclusters is very interest-
ing from a catalytic standpoint, because the metallic brim sites
on the MoS,(1010) edges are relatively strong adsorption sites
active in HYD and the C-S splitting of thiophene molecules
[42,46]. In particular, it is speculated that the close vicinity of
the metallic brim sites and edge sites on the Co-Mo-S(1010),
which contains intrinsically undercoordinated Co atoms, may
provide a favorable environment for reaction.

3.3. Ni-Mo-S morphology

A distinct change of the particle morphology of Ni-Mo-S
is also observed relative to that of the unpromoted MoS; nan-
oclusters (Figs. 3a and 3c). However, in contrast to the Co-
promoted case, two types of Ni-Mo-S clusters are seen. These
clusters are distinguished in terms of the size and shape and
may coexist on the same sample. The first type (Fig. 7) is char-
acterized by a truncated triangular shape similar to that of the
Co—Mo-S nanoclusters. The second (Fig. 8) shows a more com-
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Fig. 7. (a)_Atom—reso]ved STM image of type A Ni_—Mo—S (61 x 61 A2, Vr = =600 mV, I; = —0.51 nA). (b) Ball model of type A Ni-Mo-S. (c) Side view of the
MoS;(1010) edge. (d) Side view of the Ni-Mo—S(1010) edge. S: yellow, Mo: blue, Ni: cyan.
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Fig. 8. (a) Atom-resolved STM image of type B Ni-Mo-S (39 x 40 A v,
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plex morphology that fits a dodecagonal shape. In what follows,
the truncated triangular structures are referred to as type A Ni—
Mo-S, and the dodecagonal-like nanoclusters are termed type B
Ni-Mo-S.

The distribution of type A and type B Ni-Mo—S nanoclusters
is very sensitive to the annealing temperature of the preparation.
The particle size distribution shown in Fig. 9 illustrates this ef-
fect for three synthesis temperatures in the range 673-773 K.
At the normal synthesis temperature of 673 K, the size distrib-
ution exhibits a quite typical distribution due to nucleation and
growth on a uniform substrate. The average size of the nan-
oclusters is ~800 10\2, and a small shoulder is found at higher
values. As the temperature is increased, the distribution shifts
to a clear bimodal distribution, with a peak remaining close to
the original size of ~800 A2 and a much broader peak at higher

average size that increases in intensity and shifts to higher val-
ues as a function of temperature. The gradual redistribution of
the average cluster size is attributed to a higher surface mobil-
ity during synthesis at increased temperatures. The correlation
between the cluster shape and size indicates that the peak fixed
at ~800 A is associated exclusively with the dodecagonally
shaped type B Ni-Mo-S, whereas the larger clusters exclusively
adopt the shape corresponding to the truncated triangular type
A Ni—-Mo-S. After prolonged sulfidation (up to 1 h), the unex-
pected bimodal distribution remained the same, indicating that
the observations are not the result of kinetic limitations during
growth. Interestingly, these observations indicate that the equi-
librium shape of Ni-Mo-S (i.e. the ratio of edge free energies)
depends on the size of the particles. A surprising variation in
edge structure and sulfur coverage as a function of nanoclus-
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Fig. 9. Particle size distribution for Ni-Mo—S prepared at three temperatures
from 673 to 773 K. Bin size is 200 A2. For clarity, the distribution is fitted with
Gaussians assuming a bimodal distribution.

ter size also was recently observed for the unpromoted MoS;
triangles formed under similar sulfiding conditions [67].

3.4. Type A Ni-Mo-S edge structure

Fig. 7 shows an atomically resolved STM image of a type A
Ni—Mo-S particle. The hexagonal morphology observed with
STM directly implies that both low-index edge terminations of
MoS; are exposed in the nickel promoted clusters, i.e. a (1010)
edge and a (1010) edge. The longer edges of the Ni-Mo—S
nanocluster in Fig. 7 are observed to be identical to the fully
sulfided M0S»(1010) edges (100% S) observed on unpromoted
MoS; triangles. Thus, for the larger type A Ni-Mo-S, the sub-
stitution of Ni promoter atoms appears to be disfavored at the
(1010) edges under the conditions of the experiment. As shown
in Fig. 5c, the ratio between the edge free energies of the Ni
substituted Ni-Mo—S(1010) edge and the unsubstituted (1010)
edge is found to be yo,0)/¥(10i0) = 1.3 for the type A Ni-
Mo-S; that is, the relative stability is slightly in favor of the
unpromoted (1010) edge.

In Fig. 7, the Ni-Mo-S(1010) edges in the Ni-Mo—S nano-
cluster are again observed to contain a very intense brim in the
second row behind the edge. A line scan reveals the height of
the brim in Ni-Mo—S to be 0.8 £0.1 A, slightly lower than that
of the corresponding Co-Mo—S(1010) edges. Furthermore, the
edge protrusions themselves are observed to be placed in reg-

istry with the basal plane atoms, and the outermost protrusions
are shifted slightly (~0.8 A) away from the edge. Edges with
alternating Mo and Ni atoms located on the (1010) edge have
been proposed to be energetically feasible [36], but the present
experiments demonstrate no tendency to form edges with a par-
tial Ni-substitution in the type A Ni-Mo—S nanoclusters, which
would give rise to patterns in STM linescans with a periodicity
larger than the observed single atomic distance. (The situation
may be different for type B Ni-Mo-S, as discussed below.)
Therefore, we associate the Ni-Mo—-S(1010) edges in Fig. 7
with a structure in which Ni atoms have completely replaced
every Mo atom at the edge positions.

Numerous edge configurations of Ni-Mo—S(1010) are pos-
sible, and due to the comparatively small differences in energy,
we have investigated many of them in detail, simulating the
corresponding STM images (Fig. 10b and Supplementary mate-
rial). The most significantly reduced configurations (0 and 25%
sulfur coverage) are found to be energetically unstable and thus
not presented here. We also do not see evidence of partially
Ni-substituted (1010) edges. The three most stable configura-
tions corresponding to 50, 75, and 100% sulfur coverage are
shown in Fig. 10a. A fully sulfided Ni-Mo-S(1010) edge is the
most stable structure in terms of edge free energies, with the
75 and 50% S coverages being about 0.03 eV/A less stable.
Only the simulation of the 50% sulfur coverage is, however,
found to match the experimental images of the Ni-Mo—-S(1010)
(Fig. 10b and Supplementary material). This difference may be
due to a corner effect that dominates for the rather short cluster
edges of an effect of the substrate, which is not accounted for in
the DFT calculations. The relative edge free energies for the 50,
75, and 100% S coverage are the same within 0.03 eV/A, and,
given, the short edges (10-20 A), a small offset in energy due to
a corner effect might change the stability. The Ni-Mo—S(1010)
edge terminations have been investigated by Schweiger et al.
[38], who also calculated the equilibrium shape. A similar ap-
parent offset in the energies seems to be present in these studies
because the observed 50% S coverage and ratio of edge free en-
ergies if Ni-Mo-S type A (¥(j010)/¥(10i0) = 1-3) is predicted
only at a significantly lower chemical potential of sulfur than
used in the experiment.

The STM simulation given in Fig. 10b shows the unpro-
moted MoS,(1010) edge with dimers (upper part) appearing
as in previous studies [40,55]. For the Ni—Mo-S(1010) edge,
the best match is clearly seen for the 50% S coverage, where
the protrusions on the Ni-Mo—S(1010) edge (lower part) reflect
sulfur monomers, and, as observed in the experiment, a very
bright brim is located on the sulfurs in the second row be-
hind the edge. Again, the bright brim of the Ni-Mo-S(1010)
edge can be related to edge states that render the Ni-substituted
edge metallic. In the band structure for this edge configuration
(Fig. 10c), four bands are seen to cross the Fermi level. From
the plot of the wavefunction contours, edge states I and II are
found to belong to the MoS>(1010) edge, whereas edge states
IIly; and IVy; are located at the Ni-substituted Ni-Mo—S(1010)
edge. Edge state Illn; is similar to edge state Illc, of the Co-—
Mo-S(1010) (Fig. 6d) and is the state giving rise to the bright
brim. Nonetheless, it is interesting that the edge state [Vy; has
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Fig. 10. (a) DFT results for the (100% Ni) Ni-Mo—S(1010) edge (2 x 6 unit cell). (b) STM simulation (1 x 6 unit cell) of the fully Ni-substituted Ni-Mo—S(1010)
edge with a 50, 75, and 100% S coverage. (c) Band structure, and (d) plot of wavefunction contours associated with the two metallic edge states in 50% S

Ni-Mo-S(1010).

no Co—Mo-S counterpart. This edge state has a p,-like geom-
etry on the front S atoms. The possibilities that this edge state
plays a role in catalysis and that the different activity and selec-
tivity of Ni-Mo-S compared with Co—Mo-S is related to this
additional metallic edge state in Ni-Mo-S should be investi-
gated.

In conclusion, it was found that the truncated hexago-
nal type A Ni-Mo-S clusters are terminated by unpromoted,
fully sulfided MoS,(1010) edges and fully Ni-substituted
Ni-Mo-S(1010) edges with 50% coverage of sulfur.

3.5. Type B Ni-Mo-S edge structure

The smaller type B Ni-Mo-S clusters (Fig. 8) are charac-
terized by a markedly different cluster shape than type A Ni—
Mo-S (Fig. 7). The shape of type B Ni-Mo-S particles can be
described as dodecagonal, that is, particles exposing 12 edges.
Thus, the shape of type B Ni-Mo-S particles cannot be de-
scribed as originating from a simple low-index edge-truncated
shape of a triangle as in the Wulff-type model in Fig. 1b. In-
stead, a model that includes edges with higher Miller indices
must be included. As shown in Fig. 8, a model in which a
MoS5 hexagon exposing Ni-Mo-S(1010)-type edges and Ni—
Mo-S(1010)-type edges is truncated at the corners by 6 new
edges of the (1120)-type matches the experiment closely. Thus,
in the smaller type B Ni-Mo-S, the Ni not only seems to affect
the S edges, but also appears to stabilize edges of the (1120)
type.

A ball model of a type B Ni-Mo-S cluster is illustrated in
Fig. 8b. Note that the cluster in the experimental image (Fig. 8a)
contains only 11 edges; that is, only five of six possible corners
have been truncated by Ni to form Ni—-Mo—S(1120) edges. The
Ni-substituted Ni-Mo-S(1010) edges are readily identified in
the atom-resolved image in Fig. 8 because they are imaged in
the same way as the Ni-Mo—S(1010) edges in the larger type A
Ni—Mo-S particles (Fig. 7). Also note that one of the Ni-Mo-S
(1010) edges in Fig. 8 exhibits a pattern most likely resulting

from partial substitution of Mo with Ni (indicated by a black
dashed circle), but this is observed only rarely and thus should
be considered more a single defect than a stable structure.

The (1010) edges are rotated 60 degrees relative to the
(1010) edges in the dodecagonal type B Ni-Mo-S particles.
A zoom-in on a (1010) edge of a type B Ni-Mo-S cluster is
shown in Fig. 11a. The type B Ni-Mo-S(1010) edge seems
different from the type A Ni-Mo-S(1010) edges found in the
larger particles (Fig. 7). First, the brim in the middle part of the
edge is reduced almost to the level of the basal plane, whereas
it has a much higher intensity near the corners. We associate
this appearance with substitution of some of the Mo atoms by
Ni atoms at the two edge positions near the corners between
a Ni-Mo-S(1010) edge and a (1120) high-index edge. This is
shown in detail in the ball model in Fig. 11b. Note that Ni was
added in excess amounts, and thus the observed partially substi-
tuted Ni-Mo—S(1010) can be considered an intrinsic and stable
feature of the Ni-Mo-S type B particles.

In the STM image in Fig. 11a, the outermost edge region of
the type B Ni-Mo-S(1010) edges has a very low intensity. This
observation may indicate that sulfur atoms are missing on the
(1010) edges compared with the fully sulfided edges observed
in type A Ni-Mo-S, Co-Mo-S, and MoS,. To understand the
observed structure for type B Ni-Mo-S, further DFT calcula-
tions were performed for the (1010) edges. For the theoretical
analysis, models of the (1010) edges in which Mo edge atoms
are either fully substituted by Ni atoms or partially substituted
with alternating Ni on every second site are considered. These
configurations represent parts of the (1010) edges terminated
with either Ni-Ni or Ni-Mo sections, respectively. The rela-
tive edge free energies in Figs. 11c and 11e are calculated with
the same reference and thus are directly comparable. The fully
Ni-substituted Ni-Mo—-S(1010) with 0% sulfur is seen to be
most stable. But again, the edge free energy differences rel-
ative to the most stable partially substituted edges are of the
order of 0.04 eV/A; thus, for short edges (~10 A), as in type B
Ni—Mo-S, partial substitution cannot safely be neglected. The
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Fig. 11. (a) Zoom-in on a type B Ni-Mo-S nanocluster. (b) A topview ball model. (c) DFT results (2 x 6 unit cell) for a fully substituted (100% Ni) Ni-Mo-S(1010)

edge. (d) STM simulation of 100% Ni and 0% S Ni-Mo-S(1010) edge. (e) DFT results (2 x 6 unit cell) for a 50% Ni Ni-Mo-S(1010) edge. (f) STM simulation of

(50% Ni) Ni-Mo-S(1010) edge with 50% S and 75% S.

fully Ni-substituted edge with 0% sulfur coverage represents
the parts of the (1010) edge with neighboring Ni-Ni pairs near
the corners as shown in (Fig. 11b). The simulation (Fig. 11d)
produces a bright region behind the Ni row, as seen in the exper-
iment. These brim regions have a comparable height to the brim
on the Ni-substituted (1010) edge, as also seen in the experi-
ment; moreover, the outermost edge region in which no S atoms
are present indeed has a very low intensity. Due to the higher
affinity of Mo to sulfur, the situation is likely different in the
middle part of the edge, where both Ni and Mo are present at
neighboring sites on the edge. Fig. 11e shows the three sulfur
coverages in the range 50—100% found to be most likely edge
terminations for an edge exposing alternating Ni or Mo atoms
(50% Ni substitution). All three investigated sulfur coverages
in the range 50-100% are very close in terms of edge free en-
ergy (<0.01 eV/A); however, the STM simulations of the edge
with 75% (Fig. 11f, lower part) or 100% sulfur show no clear
match with the experimental image. Instead, the 50% S-covered
edge (Fig. 11f, upper part) reproduces the experimental STM

image, including the bright protrusion behind the Ni site and a
depleted intensity behind the Mo site. Furthermore, it is seen
that both S atoms adsorbed on Ni or Mo are associated with
a very low intensity, as also observed in the experiment. Note
that previous DFT studies also found a very small energy differ-
ence between an unpromoted and a Ni-substituted (1010) edge
[38]; a competition between the two promoted and unpromoted
edges depending on the experimental conditions was proposed.

Our STM findings clearly reveal that both configurations
may coexist on the same edge. This finding implies that the
tendency for Ni substitution is linked to the overall cluster size
and appears to be predominant only at positions adjacent to a
(1120) edges of the octahedral Ni-Mo-S type B particles.

The short edges on either side of the Ni-Mo—-S(1010) edge in
Fig. 11a appear to be based on the (1120) edge structure. They
are identified by their orientation +30 degrees relative to the
(1010) and (1010) edges and also by the two bright protrusions
(see Fig. 8a) separated by ~5.5 A, which precisely matches
the interatomic periodicity of 5.47 A in the direction parallel
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to the (1120) edges of MoS; (Fig. 8b). The observation of these
edges in equilibrium structures is highly interesting, because
such high-index-edge terminations were once considered too
energetically unfavorable. The Ni is structurally similar to the
Ni on the Ni-Mo-S(1010) edge but has a lower sulfur coordina-
tion, because only S monomers are present on the neighboring
Ni-Mo-S(1010) edge. The more open structure of the corner
site may provide an attractive site for hosting reactive sulfur
vacancies during reaction conditions, and clearly an improved
understanding of the catalytic relevance of such sites in future
DFT and STM investigations is important. Typically the (1120)
edges are very short, spanning only a single unit cell, and thus
could be considered a corner effect for the finite-size clusters;
surprisingly, however, we even observed clusters with (1120)
edges two or three unit cells wide. The abundance of these edge
terminations suggests that the (1120) cluster termination must
have comparable edge free energy to the more closely packed
(1010) and (1010) edges for this cluster size.

Cluster DFT calculations of Ni-Mo-S particles of different
sizes could shed more light on the observed size-dependent
affinity for Ni substitution and Ni-Mo—S morphology. They
also could help determine whether the (1120) edges should be
considered a stable edge termination of Ni-Mo-S or a corner
effect that dominates only for the smallest Ni-Mo-S clusters.

4. Comparison of Co-Mo-S and Ni-Mo-S structures with
X-ray absorption results

It is interesting to compare the present surface science results
with previous X-ray absorption fine-structure (XAFS) studies
that have provided information on the average interatomic dis-
tances and coordination numbers of Co and Ni promoter atoms
for supported Co-Mo-S and Ni-Mo-S particles. To avoid the
influence from promoter atoms in structures other than Co(Ni)—
Mo-S (in, e.g., the alumina support), the structure surrounding
the Co and Ni atoms was typically studied on carbon-supported
catalysts. For Co-Mo-S, the structural surroundings of the Co
present in carbon-supported Co—Mo sulfide catalysts was stud-
ied by X-ray absorption near-edge structure (XANES) spec-
troscopy at the Co K-edge. Comparing XANES spectra of the
catalysts with those of CogSg and CoS,; model compounds
shows [30,69,70] that the Co atoms in the Co—-Mo-S state have
adistorted 5- to 6-fold S coordination and that on average, every
Co atom is in contact with 2 Mo atoms at a distance of 2.80 A
[30]. Comparing the XANES structure of carbon-supported sul-
fided Ni-Mo catalysts with well-defined model structures [29,
31,71] demonstrates that the Ni atoms have a sulfur coordina-
tion number below 6, different from that of an octahedral-like
S coordination. The Ni atom in Ni-Mo-S have been suggested
to be located in a square pyramid of 5 S atoms at a distance of
about 2.21 A from the S atoms. An EXAFS contribution due
to a Mo atom at 2.82 A from the Ni atom also has been identi-
fied [72].

Tables 1 and 2 summarize main XAFS results in the litera-
ture for the coordination number and interatomic distances of
Co-S, Co—Co, Ni-S, and Ni—Ni obtained from studies of Co—
Mo and Ni—Mo sulfided catalysts ([14,69,73—75] and [29,31,71,

Table 1
Coordination numbers and interatomic distances for Co in Co-Mo-S

Nco-s dco-s (A) Nco—Co dco—co (A)
Co-Mo-S
STM/DFT 4.5-5.3 2.10 1.3-1.7 3.22
EXAFS 4.9-5.5 2.20-2.26 0.6-1.2 2.6-2.9

Note. XAFS data are compiled from [14,69,73-75]. Typical uncertainties of
the XAFS values are around 20% for nearest neighbors. Interatomic distances
(STM/DFT) are based on the calculated structures.

Table 2
Coordination numbers and interatomic distances for Ni in Ni-Mo-S
NNi-s dnis (A) NNi-Ni dnini (A)
Type A Ni-Mo-S
STM/DFT 4.5-5.3 2.14 1.3-1.7 3.22
Type B Ni-Mo-S
STM/DFT 4.0-4.6 2.14 1.0-1.2 3.21
EXAFS 4.7-5.6 2.12-2.24 1.0 3.21

Note. XAFS data are compiled from [29,31]. Typical uncertainties of the XAFS
values are around 20% for nearest neighbors. Interatomic distances (STM/DFT)
are based on the calculated structures.

72]). These tables also present the corresponding interatomic
distances and coordination numbers taken from the detailed
models of the promoted edges in Co-Mo—S and Ni-Mo-S
in the STM experiments and DFT calculations. To allow di-
rect comparison with the XANES values, the STM/DFT values
from this study are calculated from the weighted average co-
ordination of all Co or Ni atoms in the Co-Mo-S and type A
and B Ni-Mo-S models proposed earlier (Figs. 4, 7, and 8).
The average coordination values of the promoters are functions
of cluster size and shape (degree of truncation), because cor-
ner or edge promoter atoms have a different coordination. This
is a particularly important effect for small cluster sizes. There
is a general trend toward increasing sulfur coordination when
corner sites start to dominate and the promoter-promoter coor-
dination decreases toward 1. The STM experiments typically
revealed promoted edges 2 to 6 unit cells wide for both Ni- and
Co-promoted edges; therefore, the data range listed in the tables
reflects the actual variation in the size and truncation (Fig. 5)
of the observed Co—-Mo-S and Ni-Mo-S nanoclusters. The in-
teratomic distances in the STM/DFT row are determined from
DFT calculations.

The agreement of the Co—-Mo-S XANES data with the
present findings is good in terms of both coordination num-
ber and interatomic distances. The XAFS measurements in
general estimate a slightly higher sulfur coordination to Co
(Nco—s & 4.9-5.5 £ 1) compared with the STM experiments.
In this context, however, it is noteworthy that many of the Co—
Mo-S clusters have one or more Co atoms substituted at bulk
sites (Fig. 4). The Co atoms are six-fold coordinated to sulfur,
and the presence of Co bulk inclusions may shift the average
Co-S coordination upward. Furthermore, the Co—Co coordina-
tion is slightly lower on the fully substituted Co—-Mo—-S(1010)
edges (Nco—co = 0.6-1.2 &= 1) compared with the average co-
ordination (corner and edge sites) in the STM-based model
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(Nco—co = 1.3-1.7). This finding may indicate that Co sub-
stitution of Co—Mo-S clusters is incomplete, or that the Co—
Mo-S clusters in the industrial alumina-supported catalysts are
slightly smaller than those reported in this experiment.

Ni—-Mo-S also exhibits good agreement between XANES
data and the present STM/DFT results. XANES estimates a Ni
coordination number to sulfur of Nnj—s ~ 4.9-5.5 £+ 1, which
is precisely the value found for the type A Ni-Mo-S particles.
In the type B Ni-Mo-S, Ni is substituted at three different type
of sites with similar or lower sulfur coordination: the Ni-Mo—
S(1010) edges, Ni-Mo-S(1010) edges, and Ni-Mo—S(1120)
edges. This produces a slightly lower average S coordination
number compared with that for type A Ni-Mo-S. In the case
of Ni-Mo-S, we never observed inclusions on the basal plane
indicating the presence of six-fold coordinated Ni. The values
found for the Ni—S coordination could thus indicate that pre-
dominantly Ni-Mo-S type A particles are present in the tech-
nical Ni-Mo sulfided catalysts. However, these values are very
sensitive to actual cluster size, and comparing the Ni—Ni coor-
dination number shows that type B Ni-Mo-S also can match
the STM experiment for this particular parameter.

These findings demonstrate that the proposed models for
Co-Mo-S and Ni-Mo-S are fully consistent with the XAFS
data for technical sulfided Co—Mo and Ni—-Mo catalysts. None-
theless, we emphasize that more than one preferential site of
Ni was not considered in previous models, and in general it
is unclear whether one or more Ni-Mo—S morphologies were
present in the previous studies. The fact that the XAFS data
were obtained on samples exposed to HDS relevant condi-
tions (H»/H»S mixture), whereas the structures analyzed in the
present study were formed in a highly sulfiding atmosphere,
also should be taken into account. Regardless, there is noth-
ing to indicate a lower sulfided state of Ni-Mo-S or Co-
Mo-S in the XAFS experiments compared with the STM ex-
periments, because the sulfur coordination is estimated to be
slightly higher.

5. Conclusion

This study used STM studies and DFT calculations to in-
vestigate the atomic-scale structure and morphology of indi-
vidual Co-Mo-S and Ni-Mo-S nanoclusters synthesized on
a gold substrate as model systems for Co- and Ni-promoted
MoS;-based hydrotreating catalysts. In accordance with the
widely accepted Co—-Mo—S model for the promoted hydrotreat-
ing catalyst, we found a distinct tendency for Co and Ni to
substitute Mo atoms at edge sites of single-layer MoS; nan-
oclusters, which leads to truncation of the cluster morphology
relative to unpromoted MoS,. An analysis of atom-resolved
STM images showed that the substitution occurred only at very
specific edge sites in Co-Mo-S and Ni-Mo-S, and, interest-
ingly, that Ni-Mo-S may exist in different structural modifica-
tions.

In Co—-Mo-S, Co substitution induced an almost hexagonal
morphology compared with that triangular morphology of un-
promoted MoS,, and atom-resolved STM images showed that
this shift in cluster shape seems to be driven by the tendency for

Co to be located only at Co-Mo-S(1010) edge sites. The Co—
Mo-S(1010) edges had every edge Mo atom substituted with
Co and 50% sulfur coverage. Because in this structure, the sul-
fur atoms do not occupy the regular MoS; lattice positions, the
Co atoms have a tetrahedral coordination to sulfur. STM images
of the Co-promoted edges revealed a very bright brim struc-
ture, indicating a modified electronic structure that were related
(through DFT calculations) to the presence of a single metallic
edge state pertaining to Co—-Mo-S.

For Ni-Mo-S, the morphology and affinity for Ni to sub-
stitute Mo were found to depend on cluster size. Larger Ni—
Mo-S particles (type A Ni-Mo-S) exhibited a truncated trian-
gular shape similar to that observed for Co-Mo-S nanoclus-
ters, whereas the smaller Ni-Mo-S particles (type B Ni-Mo-S)
had a dodecagonal shape. The type A Ni-Mo-S structures are
terminated by two types of edges. One of these edges is un-
promoted and exhibits the same structure as the MoS,(1010)
edges; the other is a Ni—Mo—S(IOlO) edge, at which Ni has
fully substituted all edge Mo sites and the edge is covered with
50% sulfur.

STM images revealed a significantly modified electronic
edge structure, which in terms of DFT calculations were shown
to be related to two distinct Ni-Mo—S metallic edge states,
one of which was similar to that in Co-Mo-S and the other
which had no Co-Mo-S or MoS; counterpart. The smaller
dodecagonal-shaped type B Ni-Mo-S clusters are terminated
by three different types of edges. One of these edge types is
exactly the same as the fully Ni-substituted Ni-Mo—S(1010)
edge in larger clusters. STM images showed that the other two
edges also have Ni atoms substituted at Mo edge sites. One
of these is a Ni-Mo-S(1010) edge type that differs from the
Ni-Mo-S(1010) edge in the larger particles. The type B Ni—
Mo-S(1010) edge underwent partial substitution of Mo by Ni,
and sulfur adsorption occurred in only parts of the edge with
alternating Mo—Ni sections. The last type of edges in type B
Ni-Mo-S is associated with high-index (1120) edge. These
edge types are normally not considered to be stable edge ter-
minations in the literature, but the STM experiments show that
such edges may be exposed under equilibrium conditions in the
type B Ni-Mo-S structures.

Previous spectroscopic and activity correlation studies of un-
promoted and Co- and Ni-promoted catalysts have provided
evidence of the existence of different types of MoS,, Co-Mo-
S, and Ni-Mo-S structures [5]. Differences such as those ob-
served in type I and type II Co-Mo-S structures have been
shown to be related to differences in the interaction between
the sulfide structure and support. Recent DFT calculations [37,
76] and STM experiments [43] have provided a better atom-
istic understanding of support interactions. However, it should
be stressed that the type A Ni-Mo-S and type B structures
observed in the present study have different intrinsic proper-
ties which are not related to support interactions or stacking
effects of the MoS, layers. Ni is observed to be located at
different types of sites in the two types of structures, and,
therefore, they are also expected to have very different chem-
ical and catalytic properties. A key goal of future studies will
be to achieve a better understanding of these differences, and
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such new insight may lead to a better understanding of HDS,
HDN and HDY selectivities as a function of the promoter

type.
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