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Abstract

High-resolution scanning tunneling microscopy (STM) is used in combination with density-functional theory (DFT) to provide
sight into the morphology and atomic-scale structure of MoS2 nanoclusters in hydrodesulfurization (HDS) catalysts. Atom-resolved S
images of gold-supported single-layer MoS2 nanoclusters reveal the first direct evidence that both the detailed atomic-scale structur
catalytically important edges and the overall morphology of the nanoparticles are sensitive to sulfiding and reaction conditions. Sp
it is shown that synthesis in H2S:H2 = 500 results in MoS2 nanoclusters with a triangular morphology, whereas sulfiding in H2S:H2 = 0.07
leads to hexagonally truncated nanoclusters. For both morphologies we identify the exact geometric edge structure of the MoS2 nanoclusters
by comparing the atom-resolved STM images with STM simulations. Whereas the MoS2 triangles are terminated by dimer-saturated
edges, the hexagonal MoS2 structures exhibit completely different edge structures with a lower sulfur coverage on the Mo edges and
with adsorbed S–H groups. A thermodynamic model based on DFT is employed to construct phase diagrams which can predict t
of different MoS2 edge structures under different conditions. The present results thus provide new insight into the atomic structu
HDS catalysts and how it may change with reaction conditions.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Molybdenum-based hydrodesulfurization (HDS) ca
lysts have for many years been among the most impo
refinery catalysts in service. HDS catalytic reactions co
prise reductive hydrogen treatments of fuels to clean
sulfur-containing compounds and the field is presently
tracting special attention in view of the new demands
ultralow sulfur content in transport fuels [1–6]. The gre
interest in HDS catalysts has resulted in numerous inv
gations of the catalyst and the level of understanding ha
creased substantially as new and better characterization
have been developed [7,8]. By applying in situ techniq
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like extended X-ray absorption fine structure (EXAFS)
has been established [9,10] that the active molybdenu
present as small MoS2-like nanostructures. Combined a
sorption and activity experiments using, e.g., O2, CO, or NO
as probe molecules [11,12] have revealed that the active
reside at the edges of the MoS2 structures. It has therefo
generally been believed that the creation of sulfur vac
cies, or so-called coordinatively unsaturated sites (CUS
the edges plays a key role and is important for binding
the sulfur-containing molecules, but the exact nature of
active site for HDS has remained unsolved. Spectrosc
data have indicated that S–H groups are present at the M2

edges [13], and it was proposed that the S–H groups
play a role in supplying the hydrogen during HDS. Ma
of the details of HDS mechanisms have still not been
solved but it has been shown that overall trends in cata
activities also for promoted catalysts can be explained

http://www.elsevier.com/locate/jcat
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constructing simple models based on the edge dispersio
the MoS2 phase [12,14–16]. For the industrially importa
Co (or Ni)-promoted MoS2 catalysts, it is well establishe
that the MoS2 edges also play a key role since the activ
is dominated by promoter atoms in the so-called Co–M
structures [7,12,17].

In order to continue improving HDS catalysts, a detai
understanding of the MoS2 clusters, their morphology, edg
structures, active sites, and interactions with typical m
cules is necessary. Progress in this regard has been
since the traditional in situ spectroscopic studies of ind
trial type alumina-supported catalysts have not been
to provide an unequivocal real-space picture of the M2
morphology and the prevailing edge structures. To furt
advance the understanding of the detailed catalyst struc
new insight has been gained from detailed surface sci
studies. Recently, the STM has emerged as a new tool t
rectly image catalytically relevant surface structures on
atomic scale. By studying model systems for catalysts, s
investigations [18,19] have helped to solve surface struct
with catalytic relevance and have, in particular, emphas
the catalytic importance of edges, kinks, atom vacancie
other surface defects, which other surface-averaging t
niques often fail to discover. Recently, the first succes
atom-resolved scanning tunneling microscopy (STM) st
ies performed on a realistic HDS model catalyst were
ported. Using a model system consisting of few-nanome
wide gold-supported MoS2 particles, it was shown that th
real-space structure of the catalytically active particles co
be resolved. Such STM studies have presented the first d
structural information for both unpromoted MoS2 [20] and
promoted Co–Mo–S structures [21], and have recently b
used to explore the interaction with thiophene (C4H4S) [22].
The studies showed, quite surprisingly, that the unprom
MoS2 nanoclusters may exhibit a triangular morpholo
[20] in contrast to the hexagonal morphology expected
bulk crystals. Such a direct view of the MoS2 morphology is
important, since, in the absence of direct insight, most
HDS catalyst models have assumed a morphology base
tirely on bulk properties. The STM results were perform
after one type of sulfiding procedure and the results do th
fore not allow one to conclude that the triangular morph
ogy will always be the one prevailing after different sulfidi
procedures or under different HDS conditions. In fact, p
liminary STM results did show that this may not be t
case [23]. This is interesting since many results in the li
ature (see, e.g., [7] and references therein) and early ki
experiments by Gates and co-workers [24] have indica
that structural changes take place when the reaction co
tions are changed.

Recently, theoretical studies using density-functional t
ory (DFT) have provided new insight into the detailed ed
structures and have also addressed the issue of MoS2 mor-
phology. The results by Byskov et al. [27] suggest that fu
sulfided MoS2 structures may favor the (1010) Mo edges,
whereas under more reducing conditions (1010) S edges
f

,

t

-

-

are favored. Further studies have recently been publis
[28,29], and Schweiger et al. [30] have directly calcula
the expected shape of MoS2 clusters under different cond
tions. The authors considered different sulfur coverage
the edges, but the possible effect of hydrogen adsorption
not included and the results may therefore not fully repre
the actual situation. A number of recent DFT studies hav
fact suggested structural changes of the edges due to h
gen adsorption [26,29,31–36].

In this paper we extend our previous experimental
theoretical treatments in order to observe and unders
the variety of MoS2 structures which may form under di
ferent reducing and sulfiding conditions. We have pre
ously shown that a uniform ensemble of highly dispers
single-layer MoS2 nanoclusters with an average side len
of a few nanometers can be formed by high-tempera
sulfidation of Mo initially deposited onto a clean Au(11
single-crystal surface kept in a fully sulfiding atmosphere
H2S [20]. Here, we take advantage of this recent prog
in the synthesis and atomic-scale STM characterizatio
gold-supported MoS2 nanoclusters as a suitable HDS mo
catalyst system, to investigate the morphology and atom
scale edge structures of single-layer MoS2 nanoclusters syn
thesized in varying mixtures of H2S and H2. By comparing
the atomic-scale images provided by STM with simula
STM images based on DFT calculations of MoS2 edges,
we are able to identify the structure of the MoS2 nanoclus-
ters and relate their stability to the specific thermodyna
parameters under which they exist. We include in these
culations the possibility of hydrogen adsorption on the Mo2
edges, and in addition to the effects included in Ref. [
we consider also the possible influence of the gold mo
substrate. To model the effect of temperature and gas c
position, we use the zero-temperature, zero-pressure DF
sults in a thermodynamic model to construct phase diagr
In terms of this model, it is shown that some of the str
tures studied under vacuum conditions may represent
the state of the catalyst under realistic reaction condition

2. Methods

2.1. Scanning tunneling microscopy

The experiments are performed in a standard ultrah
vacuum (UHV) chamber with a base pressure below×
10−10 mbar. The system is equipped with standard surf
science equipment and a high-resolution STM, capabl
resolving the atomic details of close packed surfaces
clusters on a routine basis [38,39].

Highly porous metal oxides, likeγ -Al2O3, are the pre-
ferred supports for the industrial HDS catalysts, but si
they are electrically insulating, they cannot be used as
strates for STM measurements. To understand the intr
properties of MoS2 nanoclusters, we therefore employ an
ert substrate which interacts weakly with MoS2. We have
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chosen the Au(111) surface as a support for the cat
model system. H2S does not adsorb on this surface at te
peratures above 160 K [40]; furthermore, the character
“herringbone” surface reconstruction of Au(111) [41] p
vides a regular array of sites which are ideal for the nu
ation of deposited metal atoms which facilitates the dis
sion submonolayer amounts of Mo into nanoclusters [20,
The Au(111) single-crystal surface was prepared by cy
of Ar+ sputtering followed by annealing at 900 K for 10 m
This procedure generates a clean and regular Au(111)
face as judged by Auger electron spectroscopy (AES)
STM. In each experiment metallic Mo (10± 2% of a mono-
layer) is deposited onto the clean Au(111) surface kept
temperature of 400 K in a sulfiding atmosphere (see bel
and subsequently the sample is annealed at 723 K for 15
while maintaining the sulfiding atmosphere. This proced
produces predominantly crystalline, single-layer MoS2 nan-
oclusters as depicted in Figs. 1 and 2.

The atmosphere used for the sulfidation of Mo into Mo2

is varied in terms of the partial pressures of H2S and H2. The
synthesis gas is prepared by backfilling the vacuum cham
with hydrogen (H2) and dihydrogensulfide (H2S) to a total
pressure of 2×10−6 mbar. Constraints imposed by the UH
equipment and the conditions of the experiment, howe
limit the range of gas composition in terms of thePH2S/PH2

Fig. 1. Large-scale STM images showing the morphology of
gle-layer MoS2 nanoclusters synthesized (A) in the fully sulfidin
(723 K, H2S:H2 = 500), 408× 413 Å2, and (B) sulfo-reductive (723 K
H2S:H2 = 0.07) atmosphere, 450×460 Å2. Under sulfiding conditions th
predominant shape is the triangle. When the clusters are synthesized
cess hydrogen the predominant cluster shape is a truncated hexagon.
-

r

-

Fig. 2. (A) Atom-resolved STM image of a triangular single-layer Mo2
nanocluster synthesized under the sulfiding conditions (45× 46 Å2,
Vt = −1250 mV,It = 0.86 nA). (B) Atom-resolved STM image of a hexa
onal single-layer MoS2 nanocluster synthesized under the sulfo-reduc
conditions (27× 28 Å2, Vt = 39.1 mV, It = 0.31 nA). White dots indicate
the registry of protrusions at the edges. (C) STM corrugation measurem
across the Mo edges of the triangle and hexagon. The scan orient
are indicated by white lines on both STM images. For the MoS2 triangle
two lines, (i) and (ii), are indicated since the fully saturated Mo edge
hibits a superstructure along the edge protrusions resulting in an altern
high/low pattern.

ratio, since (i) a minimum H2S partial pressure is require
to fully sulfide the MoS2 structures and (ii) the integrity o
the UHV system limits the maximum achievable total pr
sure. Additionally, H2S dosed from a lecture bottle (Praxa
has a nominal purity 99.8% with hydrogen being the ma
impurity. Therefore, two extreme cases were investigate
which the gaseous synthesis atmosphere consisted of
H2S:H2 = 500 (termed “sulfiding”) or an excess of hydrog
gas H2S:H2 = 0.07 (termed “sulfo-reductive”). We emph
size that even at the lowest partial pressures of H2S used
in the experiments the majority of the clusters appea
fully crystalline MoS2 nanoparticles (Fig. 2) with an inte
rior structure similar to that of bulk MoS2.

2.2. Density functional theory

The theoretical investigations are based on den
functional theoretical calculations, with a similar basic se
as reported in Ref. [31]. In order to realistically model
experimentally observed MoS2 nanoclusters we have he
carried out DFT calculations for a truncated, single-la
MoS2 sheet positioned on a Au(111) substrate. The Au(1
surface is modeled by a rigid two-layer slab which is pseu
morphic with the MoS2 lattice. When repeated in a superc
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geometry, an MoS2 stripe terminated by two infinitely lon
edges results as depicted in Fig. 3B. The upper and lo
edges are seen to be the so-called (1010) Mo edge and
(1010) S edge, respectively.

The density-functional calculations are then carried
as follows [42]: the Kohn–Sham (KS) wave functions a
the electron density are expanded in plane waves with
netic energies below 20 and 25 Ry, respectively [43]. T
first Brillouin zone is sampled by a discrete one-dimensio
grid consisting of 12k points, and ultrasoft pseudopotentia
[44] are used to model the ionic cores. The PW91 fu
tional [45] is used to model exchange and correlation effe
The calculational scheme proceeds by diagonalizing the
Hamiltonian iteratively and the resulting eigenstates are p
ulated according to the Fermi distribution. The Pulay mix
of electron densities is applied, and the whole procedu
repeated until a self-consistent density is obtained. In all
culations the MoS2 stripe is allowed to relax according to th
calculated Hellmann–Feyman forces.

From the DFT results, simulated STM images of
MoS2 edges are calculated on the basis of the Ters
Hamann formalism [46] where the tunneling matrix e
ments are evaluated using the self-consistent KS wave f
tions. The contour value used for generating the STM ima
of the edges is chosen so that the calculated corrugatio
bulk MoS2/Au(111) becomes equal to the measured co
gation in the interior of the MoS2 nanoclusters. The exper
mentally measured corrugation on the basal plane of 0.22±
0.05 Å was reproduced with contour values correspond
to an LDOS ofρ(r0,EF) = 8.3× 10−6 electrons/(eV · Å3).

3. Results and discussion

In the vast HDS literature the active sites for HDS ha
generally been believed to be localized at the edges o
MoS2 clusters. A detailed description of the activity of h
drotreating catalysts has, however, been missing due to
lack of direct atomic-scale insight into the structures exis
at the cluster edges. In this respect, a direct characteriz
of the actual morphology of the MoS2 clusters is of utmos
importance, since the possible edges terminating the clu
are structurally and electronically dissimilar and are the
fore expected to possess very different catalytic proper
The present STM experiments directly provide informat
on this important issue for the gold-supported MoS2 nan-
oclusters.

Atomically resolved images of two MoS2 nanoclusters
produced by the procedures discussed in the experim
section are displayed in Figs. 2A and B, for the sulfiding a
sulfo-reductive conditions, respectively. Both of the cl
ters display a flat basal plane with protrusions arrange
a hexagonal pattern and an interatomic distance of 3.15±
0.1 Å. This is in exact agreement with the interatomic d
tances on the (0001) basal plane structure of MoS2. In the
bulk form, MoS2 is a layered material with each layer co
-

f

s

l

sisting of S–Mo–S trilayers held together by weak van
Waals forces. Within a single layer (see Fig. 3) the Mo ato
are arranged in a hexagonal lattice and positioned wi
trigonal prismatic coordination to six S atoms. From
average apparent height of 2.1 Å in the STM images,
concluded that all the clusters under investigation are sin
layer MoS2 slabs oriented with the (0001) facet in paral
with the Au(111) substrate.

3.1. Morphology

For both the synthesis of MoS2 nanoclusters in a su
fiding or sulfo-reductive atmosphere, the STM experime
(Fig. 1) show that the clusters have an average size of a
600± 200 Å2. This corresponds to 30 to 50 Mo atoms p
cluster, which is a size often encountered in industrial H
catalysts [7] and from this perspective, the present mo
system is therefore suitable for obtaining further relevan
sight. The exact composition of the gaseous atmosph
used for the synthesis of the MoS2 nanoclusters is, how
ever, observed to have a profound impact on the ac
cluster morphology. This is clearly revealed by the lar
scale STM images (Fig. 1) obtained for the experime
in the sulfiding and sulfo-reductive environments, resp
tively. When synthesized under the most sulfiding con
tions (H2S:H2 = 500), Fig. 1A, the STM images reveal th
the MoS2 clusters adopt atriangular shape. This is in ac-
cordance with the findings in our previous study [20], a
suggests that the triangular shape is the equilibrium form
MoS2 nanoclusters under highly sulfiding conditions. Wh
more reducing (H2S:H2 = 0.07) conditions are used for th
synthesis (Fig. 1B), the triangular MoS2 clusters, however
cease to dominate. Instead we observe the emergence
other type of MoS2 structure with ahexagonal morphology.
Hence, it appears that the equilibrium shape of MoS2 clus-
ters is sensitive to the different gas compositions used in
experiment. The present results are the first direct ato
scale observations of such changes in the MoS2 morphology.

The STM experiments (Figs. 1 and 2) also show that
morphology changes caused by the different sulfiding pro
dures do not result in large variations in the absolute num
of edge sites (i.e., the edge dispersion remains quite
stant). Nonetheless, a dramatic change in the type of e
exposed is found. In fact, one of the edges exposed in
truncated hexagons obtained after the more reducing su
reductive synthesis conditions is completely absent in
MoS2 nanoclusters synthesized in the more sulfiding e
ronment. Such structural differences are likely to influe
the catalytic activities/selectivities profoundly and in ord
to obtain further insight into the nature of the different str
tures, the atomic-scale structure will be discussed belo
terms of the new insight provided by STM.

Single-layer MoS2(0001) clusters are in their equilibrium
shape expected to be truncated by either (or both) of two
sible low-indexed (low Gibbs energy) edge terminations,
(1010) Mo edge and the (1010) S edge. In Fig. 3 the stru
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Fig. 3. (A) Atomic ball model (top view) showing a hypothetical, bulk-truncated MoS2 hexagon exposing the two types of low-index edges, the S e
and Mo edges. The Mo atoms (blue) at the Mo edge are coordinated to only four S atoms (yellow). To the left the stripped Mo edge is shown in
together with two more stable configurations with S adsorbed in positions predicted from theory; the 50% covered (monomer) and a 100% covere
(dimer). Right is shown a side view of the S edge with a full coordination of six sulfurs per Mo atom. Plotted on the MoS2 hexagons are vectors with lengt
corresponding to the edge free energiesγMo for the (1010) Mo edge andγS for the (1010) S edge. The envelope of tangent lines drawn at the end of each
vector constructs a hexagon ifγS equalsγMo. If γS > 2× γMo the result is a triangle (outlined shape) terminated exclusively by the Mo edge, or vice
for the S edge. Intermediate values result in clusters with a hexagonal symmetry. (B) The setup used for the DFT calculations, showing the MoS2(0001) stripe
(top view) supported on a two-layer thick epitaxial Au(111) substrate. Au atoms are indicated with large grayish balls. The MoS2 stripe is terminated by th
Mo edge (upper) and the S edge (lower). Within a single unit cell the stripe consists of a single row of Mo atoms parallel to the edge and six rows o
perpendicular to the edge.
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ture of both these edges is illustrated in a ball model o
hypothetical, hexagonal MoS2 nanocluster obtained by trun
cating an infinite sheet of MoS2(0001). In an equilibrium
situation, the actual shape of the MoS2 clusters is directly
determined by the relative stability of these two types
edges. For instance, predominantly triangular MoS2 clusters
with all three sides truncated by the same type of edge
ply that the exposed edge type is considerably more s
than the other. Hexagonal-like clusters, on the other h
will be terminated by both types of edges and imply that
two edges have a comparable stability. The dispersion o
two types of edges in the clusters can be quantified in m
detail in terms of a simple Wulff construction [47,48], whi
expresses the equilibrium shape of a cluster as a functio
the ratio of edge free energies (Fig. 3). The observed tria
lar morphology under sulfiding conditions (Fig. 1A) impli
that the ratio of the edge free energy of the S edge to
edge (γS/γMo) is greater than two or less than a half, depe
ing on which edge termination is the more stable one. Un
the more reducing (sulfo-reductive) conditions, however,
observed hexagonally truncated morphology (Fig. 1B)
plies that the ratio of (γS/γMo) lies in the range 0.5 to 2. A
will be concluded below, the Mo edge dominates for all
observed clusters and the ratio is therefore restricted to
interval 1< γS/γMo < 2 under the conditions of the sulfo
reductive experiment.

3.2. Edge structures

The determination of which type of edges that ter
nate the MoS2 nanoclusters is not straightforward since,
pointed out in several DFT studies [26,28,29,32], the ac
f

edge structures may be quite different from the Mo an
edges expected from simple terminations of the stoichiom
ric bulk MoS2 structure. A further complication is related
the fact that both Mo and S edges may undergo struc
transformations depending on the conditions and exist in
ferent structural modifications (see, e.g., Fig. 3). In orde
address this issue, at least three factors must be taken
account: (i) the sulfur coverage at the edges, (ii) cove
with H adsorbates, and (iii) structural reconstructions r
tive to bulk MoS2 due to the changed coordination of t
edge atoms.

Several different edge terminations are possible, eve
we consider the sulfur coverage only. The hypothetical, b
Mo edge shown in Fig. 3 is terminated by a row of under
ordinated Mo metal ions (coordinated to only four S atom
Previous studies have shown that this situation is very u
vorable and that such edges will have a high affinity tow
S adsorption. The S will adsorb preferentially in two
most equally stable configurations [26,28,32,49], where
S atom (50% S coverage) or two S atoms (100%) coo
nate to each Mo edge atom. In both cases every Mo a
achieves a sixfold coordination to sulfur. In a 50% cov
age situation the S atoms will, however, as illustrated by
ball model in Fig. 3, not occupy normal lattice sites. Rat
a significant reconstruction takes place: the S monomer
seen to be shifted by half a lattice constant relative to
bulk S lattice, and they move down to a bridging posit
in-plane with the Mo lattice. For the fully covered Mo ed
(100%) the sulfur atoms laterally coincide with the bulk
lattice, but they display a small pairing perpendicular to
MoS2(0001) surface, thus forming S2 dimers or disulfide-
like species. For the second edge type (the S edge in Fi
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the maximum coordination to six sulfur atoms is achieve
one stable configuration where the edge is terminated
row of sulfur atoms positioned in bridge positions close
those expected from bulk-terminated MoS2.

In order to determine the nature of the edges which
exposed under the different experimental conditions, h
resolution STM images are recorded (Figs. 2A and 2B)
these will be discussed in the following sections. Bef
doing so, it is, however, important to emphasize that S
images generally reflect a rather complicated convolutio
the geometric and the electronic structure of the surf
and not only simple geometric information. According
the Tersoff–Hamann theory [46], low-bias STM images
the constant-current mode reflect, to a first-order approx
tion, contours of constant local density of electronic sta
(LDOS) at the Fermi level of the surface structure projec
onto the position of the tip apex. In this respect, the e
tronic structure of the MoS2 clusters is very interesting, sinc
bulk MoS2, consisting of infinite sheets of S–Mo–S, is sem
conducting and displays a bandgap of≈ 1.2 eV [50,51]. The
absence of electronic states at the Fermi level available
tunneling in bulk MoS2 thus implies that the clusters shou
be impossible to image at bias voltages numerically lo
than half the value of the bandgap. This is clearly not
case, and it is found that STM images of the MoS2 clusters
are possible at any tunneling bias on both sides of the F
level. This means that the electronic structure of the c
ters must be perturbed relative to bulk MoS2, and in the next
sections we show that the MoS2 nanocluster edges in fa
become entirely metallic and demonstrate how this can
used to identify the types of edges observed with STM.

3.2.1. MoS2 triangles
In the case of clusters synthesized in a fully sulfid

atmosphere (Fig. 2A), the structure of the edges is ide
cal to that observed in a previous study of triangular Mo2
nanoclusters [20]. The predominant triangular shape im
diately implies that onlyone of the two feasible edge type
is exposed, the Mo edgeor the S edge. In the STM images
the triangular MoS2 clusters, the edges appear perturbed
ative to the basal plane with two pronounced signatures:
striking bright brim∼ 0.3 Å above the basal plane exten
ing around the cluster perimeter and (ii) an apparent shi
half a lattice constant of the outermost protrusions comp
to the basal plane protrusions. In Ref. [37] it was sho
that these two signatures are the result of a significantly
turbed electronic structure at the edges terminating the b
plane of the MoS2 nanocluster. In fact, two edge-localize
electronic states are found to cross the Fermi level in
DFT-derived electronic band structure of the fully sulfu
saturated Mo edge (100% S), thereby rendering the e
metallic in contrast to the semiconducting basal plane. F
shows a simulated STM image of the Mo edge fully sa
rated with S2 dimers (100%) and supported on a Au(11
substrate. The simulation of this edge type is seen to re
duce all of the prominent features along the cluster ed
l

Fig. 4. (A) Ball models of the Mo edge with S2 dimers (100% S) in top
and side view. (B) A simulated STM image of a two-atom wide part of
Mo edge (100% S). For clarity the Au atoms are omitted in the graph
representation.

in the STM image. It is interesting that the edge prot
sions in the STM image are found not to coincide with
positions of the S2 dimers, but rather to reflect the inters
tial region between neighboring S2 dimers. The bright brim
which is also associated with a metallic edge state, is
thermore fully reproduced in the simulation and is loca
in the row adjacent to the edge protrusions. Hence, it is c
cluded that triangular MoS2 clusters are terminated by M
edges fully covered with S2 dimers [20,37] and that thes
edges are metallic [52].

One may not anticipate such fully sulfided MoS2 struc-
tures to be very reactive, since it is generally believed
sulfur anion vacancies or coordinatively unsaturated site
cated near the edge must be created in order for the cl
to be active in hydrodesulfurization. Although such vaca
sites may be important in HDS, it is interesting that a rec
STM study found that the metallic edge states associ
with the brim on the fully sulfided MoS2 triangles contain
unusual sites that are involved in adsorption and reaction
reactants [22]. As will be evident below, similar electron
states are observed in the present study to exist on se
other types of MoS2 edge structures, which suggests t
such unusual metallic sites may also play a more gen
catalytic role, also for the MoS2 hexagons.

3.2.2. MoS2 hexagons
An atom-resolved STM image of a typical hexag

nally truncated MoS2 nanocluster synthesized under sul
reductive conditions is shown in Fig. 2B. The hexago
shape immediately implies that both S edges and Mo e
terminate the clusters in this case. In view of this, a deta
analysis interestingly reveals that neither of the two type
edges in the hexagonal single-layer MoS2 structures display
the characteristics of the fully S2 dimer-covered Mo edge
found in the MoS2 triangles. In addition to the large chan
in morphology, the detailed structure of the Mo edges
thus changed under the more reducing conditions. As
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cussed in Section 3.1, the presence of truncated hexa
indicates that the free energy Mo and S edges now are
parable. In the MoS2 hexagons, both of the new edges app
electronically perturbed relative to the bulk and the STM
ages reveal “brims” near the edge with high electron s
densities, which suggest that metallic one-dimensional e
states exist on these edges. One of the two edge typ
furthermore observed to be characterized by a very low
tensity at the outermost row. For this edge type, the heig
the brim above the basal plane is found to be 0.25± 0.10 Å,
i.e., a little smaller than the brim for the Mo edge with2
dimers in the MoS2 triangles which is 0.30± 0.10 Å. In
Fig. 2C, the graph shows an STM line scan perpendic
to this type of edge in the hexagon-shaped cluster and
equivalent scans for a triangular cluster terminated with2
dimers on the Mo edge. The line scan for the former sh
that the STM contrast near the edge falls off rapidly as
brim is crossed. This lack of corrugation in the STM imag
implies that the LDOS at the Fermi level at these edge
vanishingly small.

To identify the origin of the experimentally observed ed
structure, we have performed DFT calculations and used
calculated electron densities to simulate STM images o
MoS2 edges. In these calculations, edges with a lower c
erage of sulfur than the fully saturated dimer-covered ed
have also been considered, since they may be favore
the absence of a high chemical potential of sulfur dur
synthesis. In particular, Mo edges with monomers (50%
have been considered since such structures are quite
(Fig. 3) [25,26,28,49]. In Fig. 5B a simulated STM ima
of this edge is shown. The S monomer configuration is s
to fully reproduces the details of the one type of edge
scribed above for the MoS2 hexagons. Interestingly, the ou
ermost S atoms are not imaged at all; i.e., the LDOS a
Fermi level is zero here [53]. The simulated image also
produces the bright brim extending along the row behind
S monomers, and we thus propose that the Mo edges o
MoS2 hexagons synthesized under the reducing condit
of the experiment are terminated by S monomers. In a
tion to the changed morphology imposed by the chang
synthesis conditions, the results thus show that the stab
between the monomer and the dimer coverage on the
edge has shifted in favor of the monomers as more redu
conditions are introduced in the experiment. Later we
investigate this transition in further detail.

The other, more intense edges of the MoS2 hexagon in
Fig. 2B are from the symmetry of the MoS2 crystal structure
associated with S edges. Here, the protrusions at the e
are clearly imaged, and by superimposing a grid on the b
plane S atoms, the edge protrusions are observed toin
registry with the sulfur atoms on the basal plane. The S
images also reveal a rather intense brim adjacent to the o
most row of protrusions on the S edges, which indicates
presence of metallic one-dimensional states, also on this
of edge. The corrugation of this brim above the basal p
is found to be 0.50± 0.10 Å. This is significantly highe
s
-

s

le

s
l

-

than the corresponding value for the corrugation on th
monomer-covered Mo edges on the hexagons (see abo
on the dimer-covered Mo edges found in the MoS2 trian-
gles. Unlike the brim on the Mo edge where the corruga
is very low in the direction along the edge, the corruga
along the S edge brim is pronounced with protrusions em
ing with the characteristic 3.15 Å periodicity of MoS2. If we
tentatively assume that the brim and edge protrusions re
the position of S atoms at the S edge, the in-registry p
tion then suggests that the S edges adopt a structure
similar to the simple continuation of the bulk MoS2 lattice
(see Fig. 3). Recent STM simulations of such simple S e
terminations are, however, not in accordance with the
periments, since they display a periodic superstructure a
the edge [31] or a brim that extends all the way to the c
ter edge [30]. Alternatively, one could expect structures w
a reduced coverage of S to form under the reducing
ditions, but these structures would break the symmetr
the lattice, and since we find, without exceptions, a p
odicity of one lattice constant along the S edge (up t
atoms wide was observed), edge structures with a reduc
coverage therefore cannot account for the experimenta
servations.

If instead we include in the model the possibility of h
drogen atoms being adsorbed on the S edges other
stable structures will result, which can account for the
perimental observations. Indeed, a fully covered S edge
hydrogen atoms adsorbed is found to match the STM im
closely, and this configuration also turns out to be energ
cally very stable. A large number of possible adsorption s
for H on the S edge have recently been investigated, an
contrast to the Mo edge, H is found to bind strongly to th
edge [31,34,36]. A ball model of the most favorable adso
tion site is illustrated in Fig. 5D. The hydrogen atoms
seen to adsorb on one side of the S edge atoms in a po
slightly behind the outermost sulfur row, pointing toward
basal plane. The associated hydrogen-binding energy at
temperature is rather large,�EH 
 −1.26 eV/H2 molecule.
The presence of hydrogen is seen to result in an upper
group and a lower S atom, see Fig. 5D. A simulated S
image of this configuration can be seen in Fig. 5C,
indeed all the experimentally observed features are re
duced: (i) the outermost protrusions are associated prim
with the S–H groups, and (ii) in the row behind, a p
nounced bright brim is also seen. Several other slightly
stable configurations exist for hydrogen on the S edge
34,36], and a random distribution of H between these co
in principle be possible at higher temperatures. At room t
perature, we can, however, rule this out since a random
tribution would most certainly be visible in the STM imag
by periodicities of edge protrusion larger than one, wh
is the only periodicity we observe. Hence, we conclude
the S edges terminating the hexagonal MoS2 nanoclusters
are fully covered with S and adsorbed hydrogen species

These results represent the first direct evidence of th
cation of S–H groups at the MoS2 edges. Previous spectro
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Fig. 5. (A) Ball model (top and side view) of the Mo edge with monomers (50% S). (B) A simulated STM image of the Mo edge S monomers (50%
simulated STM image of the S edge (100%) with hydrogen adsorbed. (D) A corresponding ball model (top and side view) of the S edge with hydr
adsorbed on the upper S atoms. For both simulated images the contour value is 8.3 × 10−6(eVÅ3)−1 and the color scale corresponds to a corrugation
1.5 Å. For clarity, the Au substrate is omitted in the graphical representations.
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copy-based measurements [13] have indicated that
groups are present at the edges of the MoS2 phase, but thes
studies have given little direct insight into the exact locat
and coordination of such species. Given the fact that H
sorbs strongly on the S edge of MoS2 under the conditions
of our experiment (Fig. 5D), we suggest that the previou
observed S–H groups are identical to these. This insig
important since hydrogen species preadsorbed on the
ter edges are believed to play a central role in the cata
reactions, i.e., in the hydrogenation and hydrogenolysi
the sulfur containing molecules in the oil feed. A detai
analysis [31] of the electronic band structure reveals tha
S edge configuration with hydrogen adsorbed (Fig. 5D)
deed has a single, localized metallic edge state, which g
rise to the characteristic bright brim near the cluster e
in the STM image. In view of recent STM experiments a
DFT calculations [22], where the one-dimensional meta
edge states on the fully sulfided Mo edges of the MoS2 trian-
gles were found to contain favorable adsorption and reac
sites for S-bearing molecules, it is suggested that the s
lar metallic brims on the S edges of the MoS2 hexagons may
also play an important role in the catalysis. It is likely th
the close vicinity of coadsorbed H atoms on the edges
then facilitate an immediate hydrogenation reaction. Si
the hydrogen atoms furthermore adsorb more readily on
S edges than on the Mo edges, this may favor such react
Additional experiments with probe molecules like thiophe
are planned in order to investigate this.

In summary, we conclude that the single-layer MoS2 nan-
oclusters synthesized under the sulfo-reductive condition
our experiment adopt a hexagonally truncated shape, te
nated by Mo edges with S monomers (50%) and hydrog
covered, fully sulfur-saturated S edges. In the next sec
the thermodynamic stability of the different structures w
be investigated and the results will be extrapolated to
process conditions involving high pressures and temp
tures.
-

.

3.3. Thermodynamic stability of the MoS2 edges

In the STM experiments presented above it was dem
strated how the relative stability of the two types of Mo2
edges changes as a function of the gas-phase compo
resulting in a change in the cluster shape. These result
very interesting from a catalysis point of view since they w
allow one for the first time to base HDS models on dir
atomic-resolved insights into the structural properties of
catalytically relevant MoS2 nanoclusters. Previous observ
tions have only in a qualitative way allowed one to conclu
that the activity resides at the edge regions of MoS2 (see, for
example [11,12,54–57]). An important conclusion from
STM findings is that dynamical structural and morphologi
changes appear to be essential to include into the des
tion of the catalysis. Under catalytic process conditions
is likely that single S atoms are removed from the edge
reaction with hydrogen, thus leading to the formation of
called sulfur vacancies or coordinatively unsaturated s
which is believed to be an important step in HDS. A mapp
of phase diagrams for the thermodynamically most sta
edge structures is therefore of high interest to study the r
tion energies involved in the formation of vacancies on th
edges. Under the sulfo-reductive conditions of the Mo2
synthesis we find experimentally that the S coverage on
Mo edges has already decreased (Fig. 5D) relative to a 1
S coverage. In contrast, the S edges are not observed to
a lower sulfur coverage under the conditions of our exp
ment. Instead, the response of the S edges to a higher p
pressure of H2 during synthesis is to adsorb H species
the fully saturated edge (Fig. 5D). In the following, we w
relate the STM experiments to the theoretically predic
stabilities of the different edge configurations established
use of a thermodynamic model, where the zero-tempera
zero-pressure DFT energies are extended to the finite
sures and temperature of the experiments by consider
of the chemical potential of reaction gasses.
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Fig. 6. Phase diagrams for (A) the Mo edge and (B) the S edge with re
indicating the stable configurations for realistic values of�µS and�µH.
For the Mo edge the presence of Au is taken into account. The che
potentials have been normalized with respect to the energy of bulk s
and half the energy of a single, isolated H2 molecule. The labels refer to th
experimental conditions (see text) and typical HDS conditions.

We use a general methodology that has previously b
applied in Refs. [28,30,32,58,59]. Further details on the
cific thermodynamic scheme are given in Ref. [31], wh
similar calculations are presented for the MoS2 edges with-
out the influence of the gold substrate. In Fig. 6 the ph
diagrams constructed from the DFT energies are directly
playing the expected stability regions for adsorbates on t
edges and Mo edges as a function of the chemical poten
of sulfur and hydrogen.

The synthesis parameters used for the experimen
this paper represent single points corresponding to spe
values ofµS and µH in the phase space of possible ed
structures of MoS2, and we can therefore compare direc
the predicted and observed edge stoichiometries in Figs
and B, respectively. The chemical potentials of S and
are calculated from standard thermodynamic tables [60
the partial pressures of H2S and H2 and the given temper
ature of the sample. Due to the “quench-and-look” na
of the experiments it is, however, necessary to consid
range of parameters in this phase space, instead of jus
point for each experiment. The synthesis and subseq
STM imaging were done under different conditions, an
is not a priori clear to which extent the edge stoichiome
changes as the conditions are gradually shifted from syn
sis to imaging conditions. If there is a change of stabi
when imaging conditions are approached, one of two
e
t

-

treme situations should be considered: Either some deg
of freedom are frozen out and the clusters are imaged
the synthesized state, or the reaction kinetics favor a p
transition, and in this case the edge structure is determ
by the imaging conditions. This could, for example, h
pen through desorption/adsorption processes as the sa
cools and the low base pressure of the vacuum syste
achieved. Since neither of these possibilities can imm
ately be ruled out, both the extreme points correspon
to imaging and sulfidation will be indicated in the followin
analysis. It is assumed that the kinetic barriers for substa
morphology changes are too large for it to take place as
cool the sample and remove the synthesis gas. We ther
expect that the observed morphologies closely reflect t
existing under synthesis conditions, and that the chang
imaging conditions has only a potential effect on the deta
edge structure. The chemical potentials under synthesis
ditions were estimated from the values quoted in the ex
imental section. At the other extreme during STM imagi
µS andµH were estimated at 300 K and with (low) part
pressures (3× 10−10 mbar range) of H2S and H2 registered
from the background composition after the synthesis.
note that the rest gas composition under imaging condit
typically differed between the two types of experiments.

3.3.1. Thermodynamic stability of the Mo edges
Fig. 6A shows the phase diagram indicating the sta

structures at the Mo edges for different values ofµH andµS.
It is seen that three different edge configurations may be
ble depending on the thermodynamic conditions. Focu
first on low values ofµH, either S monomers (50% S) or S2
dimers (100% S) are expected to be present at the Mo e
and there is a transition between the two configuration
�µS ∼ −0.43 eV. For high values ofµH another structure i
stable which involves coadsorption of hydrogen [31]. In t
regime hydrogen is expected to be present at the Mo
forming an S–H group with every second S monomer [6

For the STM experiments performed under sulfiding c
ditions, the values of the chemical potentials under both
thesis (S) and subsequent UHV imaging (I) correspondin
the MoS2 triangles (Fig. 2A) are indicated in Fig. 6A by th
points labeled Tri S and Tri I, respectively. In both situatio
the S2 dimer configuration is expected to be the prefer
structure, which is in excellent agreement with the S
analysis. Under the synthesis conditions (Tri S) the che
cal potential, however, comes close to the transition line (
mainly to the higher temperature) and in fact if we omit
influence of the Au substrate and calculate it for a uns
ported MoS2 slab, the stability is shifted and the monom
now become stable even under sulfiding conditions.

By increasing the partial pressure of H2 during synthesis
going to the sulfo-reductive conditions, the main respons
a reduction of the chemical potential of sulfurµS. The point
(Hex S) shown in the phase diagram corresponds to th
ducing conditions during synthesis of the MoS2 hexagons
It is seen to be positioned well inside the region where
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monomers are stable. Under the imaging conditions (He
the phase diagram shows that the chemical potential of
fur moves closer to the transition line between dimers
monomers, but does not cross it. Hence, the imaging
sulfidation environments are not expected to be separate
a structural transition, and these findings are in good ag
ment with the analysis of the experimental STM image
Fig. 2, where we observe the sulfur monomers to be the
ble edge structure.

To conclude, the thermodynamic model presented h
predicts correctly how the Mo edges of the single-la
MoS2 nanoclusters adopt either a fully saturated S2 dimer
coverage or a half-saturated S monomer as a function o
conditions under which the cluster is synthesized. In Fig
the geometric structure of both edges is shown, and it is
that any transition between them must be associated
a rather large geometrical reconstruction. Whereas th2
dimers arein registry with the positions of the basal plane
atoms, the S monomers are locatedout of registry and have
moved down into the plane of Mo atoms. We therefore
pect that the transition between the two is associated w
significant activation barrier. Evidence of such a barrier
sociated with the edge restructuring is provided by furt
experiments, where the hexagonally shaped MoS2 clusters
are resulfided with H2S and imaged with the STM. Sim
ply exposing the clusters to gaseous H2S corresponding to
a background pressure of 2× 10−6 mbar did not result in
the formation of dimers, despite the fact that dimers sho
be favored at the large chemical potential of S (�µS > −0.4
in Fig. 6A) corresponding to sulfiding conditions. Only
activating the process by heating above 573 K could the2
dimers be formed on the Mo edges of the hexagonal M2
clusters, indicating that a substantial energy barrier is ass
ated with the structural transition from monomers to dime
An example of a resulfided hexagonally shaped cluster is
picted in the STM image in Fig. 7, where the signatures
the Mo edge with dimers are evident on the longer ed
i.e., clearly visible edge protrusions imaged out of regis
and a bright brim. Since this only occurs above 573 K,
conclude that the transition between monomers and dim
is an activated process, meaning that the opposite pro
(i.e., vacancy formation from the dimers) is activated as w
This is in agreement with previous STM results, where la
exposures of highly reactive atomic hydrogen to the fu
saturated Mo edges led to the formation of only a few
cancies [20].

Furthermore, we note that large-scale STM images f
the resulfidation experiments showed that the overall m
phology does not immediately transform back to the
angular shape which is very predominant when the M2
nanoclusters are synthesized directly under the more su
ing environment (Fig. 2A). Likewise, when the triangu
MoS2 nanoclusters (Fig. 2A) are exposed to large dosage
atomic or molecular hydrogen at high temperatures (see
example, [20]), the STM images did not show any subs
tial tendency for shape transformation either. This indica
s

Fig. 7. An atom-resolved STM image of a typical single-layer Mo2
hexagon exposed to H2S gas at 573 K. The white dots indicate the re
istry at the longer (Mo) edges. The registry of edge protrusions and
bright brim reveals that the Mo edges have become resulfided to the
saturated S2 dimer configuration (compare with Fig. 2A).

that large activations barriers are associated with such
namic transformation processes, and this is very interes
in relation to previous measurements of catalytic activity t
have shown large irreversibilities depending on the sulfid
conditions [24]. We will treat this issue in detail in a fort
coming paper [62].

When the chemical potentials are calculated with typ
values found during HDS conditions (in terms ofT = 650 K,
PH2 
 10 bar, andPH2S 
 0.1 bar) one can estimate from th
phase diagram which edge structures are expected to b
ble. This is shown by the point indicated by HDS in Fig. 6
It is found that the S coverage is expected to be the sam
for the MoS2 hexagons, i.e., S monomers. The higher che
ical potential of H, however, means that stable S–H gro
will begin to form at the S monomers.

3.3.2. Thermodynamic stability of the S edges
In Fig. 6B the corresponding phase diagram for th

edges is shown, indicating the predicted edge configura
in terms of the S and H coverage. Again points with value
µS andµH are plotted referring to the synthesis parame
used for the sulfo-reductive conditions (Hex S) and typ
conditions for STM imaging (Hex I). In agreement with t
STM analysis, the thermodynamic model correctly pred
that the fully S covered edge with hydrogen adsorbed is
pected to be stable under imaging conditions (Hex I). T
diagram, however, predicts that a different structure, a
duced S edge (from 50 to 75%), is stable during synth
(Hex S), and, hence, that the two points are separated
phase transition. The fact that fully sulfided S edges (w
H coadsorbed) is the only type observed with STM imp
that this transition from the defected 50–75% covered S e
to a fully sulfided S edge is not hindered by kinetic effec
This may be explained by the less severe geometrica
structuring associated with the transitions, which basic
only involves S adsorption (e.g., from H2S in the rest gas
on a vacancy site on the reduced edge. The present dia
does not include the presence of an Au surface, and it
at present not be entirely ruled out that the substrate g
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rise to changes in the energetics of the S edge, as desc
above for the Mo. Preliminary results, however, suggest
the changes due to Au are small and that they do not ch
the qualitative conclusions concerning the stability of th
edge.

The large energy associated with hydrogen adsorp
(�EH 
 −1.26 eV/H2 molecule) means that hydroge
atoms will saturate the S edge at a rather low chemica
tential, and the thermodynamic model also predicts tha
isolated S edge has hydrogen adsorbed, in full accord
with the experimental observations; see Fig. 5D. Inter
ingly, this configuration is also the one that is predic
to be stable under reaction conditions (see point HDS
Fig. 6B), and this supports our conclusion that the obse
S–H groups are identical to the species believed to be pre
during HDS.

The increased stability gained by adsorbing hydroge
the S edges is also important in relation to the formatio
sulfur vacancies. In STM experiments, no indications w
seen that vacancies could be formed on the S edge, ev
rather large exposures of atomic hydrogen (10−6 mbar H2
gas dissociated on a glowing W filament [63]). Hence, i
concluded that the selectivity of the S edge with respec
formation of vacancies or S–H groups is in favor of the
ter under the conditions of the experiment. This is also c
from the phase diagram since the starting point in the ex
iment is the stable S edge with S–H groups. Dosing ato
hydrogen only increasesµH and will merely tend to stabiliz
the hydrogen already adsorbed on the fully covered S e
even further.

4. Conclusions

In conclusion, atom-resolved STM images of go
supported MoS2 clusters are used to obtain new morphol
ical and structural insight into the type of MoS2 structures
present after different synthesis conditions relevant to s
dation and operation of HDS catalysts. The present re
show that the morphology of MoS2 nanoclusters in the ca
alyst may in fact be very complex, since the MoS2 clusters
do not seem to have a fixed shape. Rather, the clusters
their shape according to the conditions under which they
synthesized, e.g., triangles under heavy sulfiding condit
(catalyst activation) or truncated hexagons under more s
reductive conditions resembling HDS conditions. These
sults are remarkable since in the absence of direct ins
most past models have assumed a hexagonal MoS2 mor-
phology irrespective of the type of conditions that were us
The observed morphology changes are, however, expec
have a strong impact on the catalysis. In fact, it is found
the basis of atom-resolved STM images and image sim
tions that truncated hexagons have an edge termination
S edge), which is completely absent in the triangular M2
structures. This means that large changes in both the abs
and relative concentration of different types of edge s
d

e

t

y

t

o

e

(sulfur monomers, dimers, S–H groups, vacancies, met
brim sites, etc.) exist. Such differences are expected to
a profound influence on catalyst activities and selectiviti

The detailed atomic-scale structure of the catalytic
important edges in MoS2 was solved by combining the e
perimental STM images and simulations from theoret
DFT calculations, which included the effect of hydrogen
sorption on the edges and the potential influence of the
model substrate. Whereas the triangular MoS2 nanoclusters
synthesized under sulfiding conditions were found to be
minated by fully saturated Mo edges, the hexagonal clus
are exposing two different types of edges, Mo edges
ered with S monomers and fully sulfur-saturated S ed
with H atoms adsorbed (i.e., S–H groups). This means
we have obtained the first direct evidence for the exac
cation of S–H groups, which are believed to be impor
in HDS as a source of hydrogen atoms. For all the ty
of MoS2 edges observed in the present experiments,
found that the electronic structure is dominated by meta
one-dimensional edge states. In view of recent studies,
speculated that these may play an important role in the c
ysis [22]. In these studies performed on the triangular M2
nanoclusters, it was surprisingly observed that the fully
fided Mo edges (i.e., Mo edges containing no CUS si
are quite reactive. The activity could be associated with
electronic brim which is able to adsorb thiophene (C4H4S)
and facilitate a subsequent hydrogenation and C–S clea
This is an interesting observation since reactivity of Mo2
structures has typically in the past been attributed to
presence of vacancies (see, e.g., [7]). The new insigh
dicates that the electronic edge states may play an eq
important role, since they can donate or accept electrons
like ordinary catalytically active metal surfaces. The fact t
the present results show that similar edge states exis
the hexagonal-like MoS2 structures prevailing under sulfo
reductive conditions provides a new basis for addres
many questions in HDS. Further experiments with thioph
or other relevant probe molecules on the hexagon-like M2
structures may give new insight on the metallic edges as
tive sites for hydrogenation and C–S bond cleavage.

The range of stability of the observed edge structure
evaluated in a thermodynamic model predicting the e
stoichiometries for the S edges and Mo edges, respect
An important feature of the model is that it can be used
predict the state under real industrial HDS conditions. In
estingly, it is found that the S edge is expected to exis
the same configuration as found in the STM experime
whereas for the Mo edge additional H atoms will satur
the monomer-covered edges under high-pressure and
temperature conditions representative of HDS. It is there
concluded that the MoS2 clusters formed under the sulf
reductive conditions of the STM experiment in many rega
represent well the state of such clusters under real HDS
ditions, and the model system is an excellent starting p
for further studies of the many central questions that nee
be solved in order to obtain a deeper understanding of H
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Finally, the present results also indicate that chang
from one set of sulfiding environment does not readily
sult in structural interconversion once the MoS2 clusters
have been synthesized. Apparently, quite large activa
barriers are involved in the structural transformations. C
sequently, one may expect irreversible structural and m
phological changes for industrial HDS catalyst activiti
Activity measurements have provided support for such
fects for promoted catalysts [7,64], and it is desirable
extend the present type of studies to the similar promo
HDS model catalyst [21] and investigate to which ext
structural changes may also occur in the Co–Mo–S st
tures. It should be noted, however, that the present sulfi
conditions are quite different from the ones in industr
type alumina-supported catalysts, where oxidic molyb
num structures are typically being sulfided [65,66]. In
future, the STM studies could also be extended to such
of model systems.
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