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Abstract: Supported MoS; nanoparticles constitute the active component of the important hydrotreating
catalysts used for industrial upgrading and purification of the oil feedstock for the production of fossil fuels
with a low environmental load. We have synthesized and studied a model system of the hydrotreating
catalyst consisting of MoS; nanoclusters supported on a graphite surface in order to resolve a number of
very fundamental questions related to the atomic-scale structure and morphology of the active clusters
and in particular the effect of a substrate used in some types of hydrotreating catalysts. Scanning tunneling
microscopy (STM) is used to image the atomic-scale structure of graphite-supported MoS; nanoclusters in
real space. It is found that the pristine graphite (0001) surface does not support a high dispersion of MoS;,
but by introducing a small density of defects in the surface, highly dispersed MoS, nanoclusters could be
synthesized on the graphite. From high-resolution STM images it is found that MoS, nanoclusters
synthesized at low temperature in a sulfiding atmosphere preferentially grow as single-layer clusters, whereas
clusters synthesized at 1200 K grow as multilayer slabs oriented with the MoS,(0001) basal plane parallel
to the graphite surface. The morphology of both single-layer and multilayer MoS, nanoclusters is found to
be preferentially hexagonal, and atom-resolved images of the top facet of the clusters provide new atomic-
scale information on the MoS,—HOPG bonding. The structure of the two types of catalytically interesting
edges terminating the hexagonal MoS;, nanoclusters is also resolved in atomic detail in STM images, and
from these images it is possible to reveal the atomic structure of both edges and the location and coverage
of sulfur and hydrogen adsorbates.

1. Introduction acterization techniqués; 1% and consequently basic insight into
the morphology and atomic-scale structure of the active MoS
like nanoclusters has been lacking. In recent studies, it was
possible for the first time to directly address the important
guestions related to the morphology and atomic-scale structures
of both unpromoted and cobalt-promoted Ma®noclusters

The study of supported MeShanoclusters is of particular
interest, since it has been established that the activity of the
industrial-type hydrotreating catalyst used for upgrading and
cleaning up oil feedstocks is related to Mo$anoclusters as
the active component, typically promoted with Ni or Co ) - ) . - >
atoms!—3 Currently, an intense interest in improving such metal °Y imaging them with highly resolved scanning tunneling
sulfide-based hydrotreating catalysts is driven by new legislation Microscopy (STM)2% In these studies, single-layer MpS
regarding fuel specifications, especially with respect to the level Nanoclusters were grown on a gold single-crystal substrate to
of sulfur-containing hydrocarbons in fuets® However, due to synthesize a well-characterized model system for the hydrotreat-

the high structural complexity of the Me®ased catalyst, it ing catalyst, Which had a minim.um of support interactions, as
has been difficult to extract detailed atomic-scale information the gold is rather inert. The studies resolved the morphology of

on the real catalyst structure from traditional averaging char-

(7) Hayden, T. F.; Dumesic, J. Al. Catal.1987 103 366—384.
(8) Shido, T.; Prins, RJ. Phys. Chem. B998 102 8426-8435.

TUniversity of Aarhus. (9) Kooyman, P. J.; Hensen, E. J. M.; de Jong, A. M.; Niemantsverdriet, J.
*Haldor Topsge A/S. W.; van Veen, J. A. RCatal. Lett.2001, 74, 49—53.
(1) Topsee, H.; Clausen, B. S.; Massoth, F.Hydrotreating Catalysis (10) de Jong, A. M.; de Beer, V. H. J.; van Veen, J. A. R.; Niemantsverdriet,
Catalysis-Science and Technology, Vol. 11; Springer-Verlag: Berlin- J. W.J. Vac. Sci. Technol. A997, 15, 1592-1596.
Heidelberg, 1996. (11) Helveg, S.; Lauritsen, J. V.; Leegsgaard, E.; Stensgaard, |.; Narskov, J.
(2) Prins, R.; de Beer, V. H. J.; Somorjai, G. Batal. Re’.-Sci. Eng.1989 K.; Clausen, B. S.; Topsge, H.; BesenbacheRltys. Re. Lett.2000 84,
31, 1-41. 951-954.
(3) Prins, R.AAdv. Catal. 2002 46, 399-464. (12) Lauritsen, J. V.; Helveg, S.; Leegsgaard, E.; Stensgaard, I.; Clausen, B.
(4) Whitehurst, D. D.; Isoda, T.; Mochida,Adv. Catal. 1998 42, 345-471. S.; Topsge, H.; Besenbacher,F .Catal. 2001, 197, 1-5.
(5) Knudsen, K. G.; Cooper, B. H.; Topsge, Appl. Catal. A1999 189, (13) Lauritsen, J. V.; Bollinger, M. V.; Laegsgaard, E.; Jacobsen, K. W.;
205-215. Ngrskov, J. K.; Clausen, B. S.; Topsge, H.; Besenbachdr,Gatal.2004
(6) Song, C.Catal. Today2003 86 (1—4), 211-263. 221, 510-522.

13950 = J. AM. CHEM. SOC. 2006, 128, 13950—13958 10.1021/ja0651106 CCC: $33.50 © 2006 American Chemical Society



MoS. Nanoclusters in a Hydrotreating Catalyst

ARTICLES

individual single-layer Mognanoclusters in detail and allowed
the first direct mapping of the MeSdge sites responsible for
the hydrodesulfurization (HDS) activiy. These studies con-

to prevent this problem, including the use of chelating agénts,

but also the choice of substrate can be used as a means of
optimizing the formation of type Il structures. In this regard,

firmed that sulfur vacancies, which are assumed to be the graphite as a substrate is indeed very interesting since carbon-

reactive sites for the extrusion of sulfur in the HDS process,
preferentially form at the edge of Me$ayers and not on the
inactive (0001) basal plane of the MpSanoclusters. Further-

supported Mogbased hydrotreating catalysts are found to
exhibit a very high HDS reactivit§?-2> For these reasons we
have undertaken a study of the nature of the bonding of MoS

more, the STM studies revealed the existence of an interestingto a graphite model substrate. In previous studies, the level of
type of active sites associated with one-dimensional, metallic graphitization seems to vary for the carbon support, and

edge states at the brim of the Mp8anocluster3*1®> The

therefore we also study the support effect on defective graphite

metallic brim sites were subsequently shown to be preferential surfaces. The atom-resolved STM images provide information
adsorption sites for S-containing molecules (such as thiophene),on the atomic-scale structure and morphology of Mo&no-

which can facilitate hydrogenation and partial hydrogenolysis
of the sulfur-containing molecules in the presence of hydro-

clusters supported on graphite, and it is shown that STM is
sensitive to the Moggraphite interface, thus allowing the first

genl415 Theoretical studies concluded that the gold substrate detailed investigation of the bonding of Mp® graphite.
did not perturb the metallic edge states significantly, and the 2. Experimental Section

model system consisting of gold-supported Mo@noclusters
is therefore considered to reflect MpSvith a very weak
cluster-support interaction strength. However, the strength an

nature of the support interactions are parameters known to be

important for the reactivity of MoSin the real catalyst, and

The experiments are performed in an ultrahigh-vacuum (UHV)

g chamber with a base pressure below 1L0~*° mbar. The chamber is

equipped with standard equipment for surface preparation and analysis
and a home-built high-resolution scanning tunneling microscope. A
graphite sample [highly oriented pyrolytic graphite (HOPG), Structure

we therefore investigate the morph°|09y and atcfm'c'scale Probe, Inc., grade SPI-2] was used as a support for the growth of MoS
structure of Mognanoclusters synthesized on a graphite surface nanoclusters. Prior to the experiments, the HOPG crystal, used as a
to study the effect of a more realistic model support. substrate for the synthesis of MpBanoclusters, was cleaved in air

The most widely used support for the MeiSased hydrotreat- ~ With adhesive tape to expose the atomically flat (0001) basal plane.
ing catalysts isy-alumina, since the porous structure and the After transfer to the UHV chamber, the sample was thoroughly degassed
bonding properties of this metal oxide favor the synthesis of at 1200 K to p_rowde a clegn and adsorbate-free substrate. Wher_1 the
small MoS clusters with a high edge dispersion, a high promoter substrate was imaged at this stage, STM revealed clean and atomically

. . s ' flat terraces extending typically over several hundred nanometers. For

loading, and consequently a high reactivity. However, the exact

- . the synthesis of MoSsupported on the graphite surface, metallic
nature of the bonding of the active Mp8anoclusters to the 4 yhdenum (99.9% nominal purity) was evaporated onto the substrate

support and its influence on the activity is still a matter of ysing an e-beam evaporator (Oxford Applied Research, EGCO-4). The
extensive debate. In the literature, an increased activity has beerjeposition rate was calibrated prior to the synthesis-167 x 10
correlated with the existence of so-called type Il CoMoS monolayer/s by monitoring, in high-resolution STM images, the
structures;®which are assumed to be cobalt-promoted MoS  coverage of Mo on a Au(111) surface, which forms a well-characterized
like clusters having a weak support interaction, as opposed toreferencé! The chemical purity of the deposited Mo was checked with
the less-active type | CoMoS structures that interact strongly Auger electron spectroscopy. For the subsequent sulfidation, gaseous

with the support’~1° The lower activity of the type | phase is
normally attributed to the formation of strong M@—AI
linkages to the support, which modifies the coordination and

hydrogen sulfide (b5) was dosed to the vacuum system from a lecture
bottle (99.8% nominal purity), with hydrogen accounting for the major
part of the 0.2% impurities, as confirmed by rest gas analysis during
synthesis.

bonding of the reactive edge sites at the cluster edges. It was "5 1 Synthesis of the Model System: MoSNanoclusters on

recently shown by Hinnemann et#lin a theoretical study that

HOPG(0001).An atomically resolved STM image of the clean HOPG

both the electronic edge structure and the sulfur bonding strengthsurface is shown in Figure 1a. The graphite(0001) surface exposes a

(i.e., the tendency to form sulfur vacancies) were much

honeycomb structure consisting ofdpybridized carbon atoms, which

influenced by the presence of oxygen linkages to the support, occupy nonequivalent sites within the two-dimensional surface unit

thus supporting this explanation. The more active type Il
structures typically form at higher sulfiding temperatdfdsy
breaking the Me-O—Al linkages, but the higher temperatures

also lower the degree of edge dispersion due to sintering and
lead to a loss of activity. Different methods have been developed

cell: a carbon atoms, which have neighbors in the underlying layer,

andp carbon atoms, which have none, as shown in the ball model in
Figure 2. It has previously been shown in detail that constant-current
STM resolves only th@-sites of the graphite surfaée:?® This is due

to the fact that STM images in general reflect a convolution of the

geometric and the electronic structures of the surf&édt is thus not
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(a) (b)
Figure 1. (a) STM image (80 Ax 80 A, I; = 0.44 nA andV; = —9.8 mV) of thep-site atoms in the clean and flat HOPG surface. The inset shows a

close-up (30 Ax 30 A, I; = 0.24 nA andV; = —7.9 mV). (b) STM image (400 A« 400 A) of a defect-covered HOPG surface after thé ian sputtering.
(c) STM image (35 Ax 35 A, I; = 0.44 nA andV; = —9.8 mV) of two types of defects on the HOPG surface.

Top view Side view

Figure 2. Ball model (top and side views, respectively) of the HOPG(0001) surface with two different carbon atams/ sites. Only thes sites are
visible in the STM images. The parallelepiped shows the unit cell.

valid in general to assume that maxima of the surface topography atoms, either Ar or G132 This type of defect is not observed very
coincide with maxima observed in STM images, and this effect becomes often after the annealing to 900 K due to the desorption/mobility of
especially important for band gap materials like Mao& surfaces with the interstitials’® To a large degree, the much more abundant distorted
directional bonding like graphite. Thzatoms of the graphite surface  type of defect appears unaffected by the annealing. The origin of this
are indeed associated with a higher local density of states (LDOS) attype of defect is associated with a distortion of the lattice atoms due to
the Fermi level compared to theatoms, and consequently tiesites the formation of vacancies, since the'Aons are above the threshold
are imaged as protrusions by the STM, although they do not physically (33.6+ 1 eV) for creating vacanciéé The seemingly counterintuitive
protrude from the surface. The distance between protrusions is measuregbrotruding imaging of defects associated with vacancies is explained
to be 2.46 A in STM images like Figure 1a, which is in accordance by a vacancy-induced enhancement of the LIS These vacancy
with the interatomic distance between thesites. defects are typically also associated with a long-range electronic
Images of metallic Mo evaporated onto HOPG revealed that the perturbation on the HOPG surface, leading to w3 +/3)R30°
nucleation density of Mo on pristine HOPG was quite low, and Mo  superstructure in the images, which is in good agreement with previous
has a tendency to agglomerate at the step edges at the synthesistudies of superstructures on HOPG caused by defects in the topmost
temperatures. It was not possible to synthesize highly dispersed MoS |ayer36-38
nanoclusters on the as-cleaved HOPG, and we attribute this to a weak kg the synthesis of nanocrystalline MaSusters, Mo 10% of a

bonding to the (0001) graphite planes. Instead, we introduced a monojayer) was first deposited onto the defective HOPG substrate at
procedure involving a slight ion bombardment of the graphite prior to 400 K by physical vapor deposition in a sulfiding$i atmosphere

the Mo deposition, which resulted in a well-dispersed system. Figure corresponding to 5x 10°° mbar. Subsequently, the sample was
1b shows a large-scale STM image of the HOPG surface after ion '

bombardment with low-energetic Afons (20 s at 150 eV acceleration

(31) Kang, H.; Park, K. H.; Kim, C.; Shim, B. S.; Kim, S.; Moon, D. Wucl.

voltage), followed by a flash annealing to 900 K. The ion bombardment Instrum. Methods Phys. Res. Sectl#2 67, 312—315.
is observed to introduce a low density of defects on the HOPG surface (32) Marton, D.; Bu, H.; Boyd, K. J.; Todorov, S. S.; Albayati, A. H.; Rabalais,
(~4 x 104—10 x 104 defects/l‘%). J. W. Surf. Sci.1995 326, L489—-1493.

o X o ) . (33) Hahn, J. R.; Kang, H?hys. Re. B 1999 60, 6007-6017.
The defects can be divided into two distinctive types, as depicted in (34) Marton, D.; Boyd, K. J.; Lytle, T.; Rabalais, J. \Rhys. Re. B 1993 48,

Figure 1c. One type (black arrow) has as an almost circular dome-like 6757-6766.

structure showing the undisturbed lateral atomic arrangement of the (35) é%%_l R.;Kang, H.; Song, S.; Jeon, IRBys. Re. B1996 53, R1725-

(0001) HOPG surface, while the other (white arrow) exhibits a distorted (36) An, B.; Fukuyama, S.; Yokogawa, K.; Yoshimura, MAppl. Phys2002

; i ; ; - 92, 2317-2322.
atomic structure. The dome-like defects are attributed to interstitial (37) Mizes, H. A.; Foster, J. Sciencel989 244 559-562.
(38) Ruffieux, P.; Groning, O.; Schwaller, P.; Schlapbach, L.; Groninghlys.
(30) Besenbacher, Rep. Prog. Phys1996 59, 1737-1802. Rev. Lett. 200Q 84, 4910-4913.

13952 J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006



MoS. Nanoclusters in a Hydrotreating Catalyst ARTICLES

(a) (b) representnultilayer MoS, nanoclusters (i.e., consisting of two

or more S-Mo—S layers). The height distribution of the
synthesized clusters represents a measure of the stacking. It is
found that the height of the predominant part of the clusters
has values that fall in the range of18—36 A. When this is
compared to the nominal step height of ME®01) of 6.15 A,

it is concluded that these values reflect cluster stacking-¢g§ 2
layers and in rare cases even up to 6MH—S layers. As
expected, the cluster coverage at 1200 K is lower than the
coverage of clusters synthesized at 1000 K due to the stacking
r since the total amount of Mo was kept fixed. Taking the height
into consideration, the total M@$overage is, for both systems,

Figure 3. (a) STM image (430 A< 430 A, I; = 0.23 nA andV; = —1250 0
mV) of single-layer Mo$ nanoclusters on HOPG. (b) STM image (150 A  found to be~12-16% of a monolayer on average.

x 150 A, I = 0.35 nA andVi = —743 mV) of a single-layer MoS It is clearly observed in the STM images in Figures 3a and

nanocluster. 4a that both the single-layer and the multilayer clusters

annealed in a b§ background pressure to facilitate full sulfidation and  Preferentially adopt a hexagonal morphology. The exact shape
crystallization. The sample was then allowed to cool to 400 K in the Of @ M0S nanocluster is determined in a simple model by the
H.S atmosphere and transferred to the scanning tunneling microscoperelative edge free energies of two different low-index edge
This procedure is observed to result in crystalline Mo8noclusters terminations of the Mo&0001) basal plane, the (10}l Mo-
dispersed on the terraces of the HOPG surface. edge and the (10) S-edge, respectively. Under equilibrium
In accord with previous findings for the gold-supported sys®ms  conditions, a single-layer cluster will prefer to expose a larger

and other studies of high surface area catafffstayas found thatthe  fraction of the more stable edge, and if the relative stability of
crystallinity, morphology, and stacking of the MoS&nostructures were one edge exceeds a factor of 2, a triangular shape will be the

dependent on the subsequent annealing temperature. As will becomeresult as was the case for our brevious studies of sinale-laver
clear in the following section, the clusters synthesized at 1000 K consist ' P 9 y

predominantly of a single -SMo—S layer, whereas the clusters MoS, nanocluste_r_s on a Au(111) substrat_e. Qn the _Other ha_nd,
synthesized at 1200 K reflect multilayer clusters of typically€2 comparable stability of the two edge terminations will result in
S—Mo-S layers. Clusters synthesized at lower temperatures, but atNexagonally truncated shape, as observed in the experiments
the same b5 pressures used for the sulfidation step, showed a relatively (Figures 3a and 4a), and in the limit where the two edges are
poor crystalline order. equally stable, the shape of the nanoclusters will be perfectly
hexagonal. In the 2H-MoSunit cell, the two S-Mo—S layers
are translated and rotated°6@bout thec axis, so that S atoms
Figures 3a and 4a show large-scale STM images of thein one layer are placed on top of Mo atoms in the next layer.
surface following the syntheses at 1000 and 1200 K, respec-The edges of a multilayer cluster will thus expose both the Mo-
tively. In both cases it is seen that the synthesis produces well-and S-edge termination in an alternate fashion (see Figure 4c)
dispersed, nanocrystalline clusters on the HOPG surface. Theand thus tend to cancel out any difference in edge free energies.
atomically resolved STM images in Figure 3b and Figure 6a of Multilayer MoS; nanoclusters are consequently expected to form
the top facet of the nanoclusters synthesized at 1000 and 120Gwith hexagonal shapes. This observation is in good agreement
K, respectively, reveal a crystalline MgpBasal plane consisting  with the STM observations of multilayer nanoclusters as
of hexagonally arranged protrusions with an average interatomicdepicted in Figure 4b.
spacing of 3.15 A. This observation agrees perfectly with the |t js however, more surprising that the single-layer clusters
interatomic .sp'acing of S atoms in the (0001) basal plane of display a hexagonally truncated shape, as opposed to the
MoS,, and it is thus concluded that the clusters are MoS riangylar shape found for the single-layer Magnoclusters
nanoclusters aligned with the Mg®001) face in parallel with on a Au(11l) substra®. This change may, however, be
the graphite substrate. explained by a change in synthesis parameters. The shape of
The most striking difference between clusters prepared at the\1os, clusters is known both experimentdfy3 and theoreti-
two different postannealing temperatures is the apparent.clusterca||y41,42»[o be influenced by different synthesis parameters, such
height. In the most common 2H-MeStacking of molybdenite, 5 the chemical potential of both hydrogen and sulfur (pressure,
the unit cell consists of two-SMo—S layers separated by 6.15  temperature) and the presence of promoter atoms. The increase
A, as shown in Figure 4. The basal plane of the MolBsters i, postannealing temperature in the present experiments from
synthesaed at 1000 K has an apparent height o4@3 A 673 to 1000 K, compared to the synthesis on Au(1jas
relative to the HOPG measured from the basal plane of the necessary to achieve full crystallinity of the clusters at the
cluster, and we therefore conclude that the clusters refiegle-  a5pjied HS pressures. The increase in temperature leads to a
layer MoS, nanoclusters (i.e., only one of the two building |gwer chemical potential of sulfur, which may change the
blocks of the unit cell is present in these clusters). The apparente|aiive stability of the two types of edges, shifting the
height of the clusters synthesized at 1200 K is measured t0 begqjjibrium shape from triangular, exposing only (0)Mo-

significantly higher than the expected interlayer distance. It is edges, toward hexagonally truncated, exposing both types of
therefore concluded that the clusters prepared at 1200 Kedges“.l A similar effect is observed when a mixture of$i

3. Results and Discussion

(39) Lauritsen, J. V. Atomic-scale study of a hydrodesulfurization model

catalyst. Ph.D. Thesis, University of Aarhus, 2002. (41) Schweiger, H.; Raybaud, P.; Kresse, G.; Toulhoaf].iZatal.2002 207,
(40) Chianelli, R. R.; Prestbridge, E. B.; Pecoraro, T. A.; DeNeufville, J. P. 76—-87.
Sciencel979 203 1105-1107. (42) Schweiger, H.; Raybaud, P.; Toulhoat, H.Catal.2002 212, 33—38.
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(c)

2H-MoS, stacking

MosS,(0001)

Top view Side view
O s @wmo

Figure 4. (a) STM image (1000 A< 1000 A, Iy = 0.19 nA andV; = —1250 mV) of multilayer Mo$ nanoclusters on HOPG synthesized at 1200 K. (b)
STM image (69 Ax 70 A, Iy = 0.15 nA andV; = —8.2 mV) of a multilayer Mo$% nanocluster. (c) Left: Ball model (top view) of a bulk truncated MoS
hexagon with Mo- and S-edges being exposed. Right: Ball model of the butkV&¥$, stacking, where alternating layers exposes Mo- and S-edges
successively.

8,0,0,0.9,V,6,0000
0.0,9,6,0408,0,0:0-9
0504 8, R0 A,.»,0.0,0

= & eA .

qogooﬁa 2030,9,0,¢C
a0:0,9,4,820)
GLOED (R, (5 920¢9,.0
Accﬂ°i§020°1°_--°o°
A r&oooe A A
0:9,.8,0,9,6, ‘355){ o€
09,8, 40N F,0
oL@ DO o site |

L+ ]
e os Sad s © psite
. Y N e e S layer

| I

Figure 5. (a) STM image (35 Ax 33 A, I; = 0.24 nA andV; = —1250 mV) showing the moirsuperstructure on the basal plane of a single-layer MoS
nanocluster. (b) Ball model showing the HOPG lattice and a MaSice rotated % with respect to each other. The triangles show that the resulting
superimposed cluster/HOPG lattice structure explains the observed structure in the STM image nicely, with the dark regions (dark triariglesgdirect
the voids in the HOPG lattice. (c) STM images showing different msingerstructures on the basal plane of single-layer Ma®oclusters. The rotation
angles between the moistructure and the MoSattice are approximately, from the left, 2, 6, and 22 A, respectively. In the last image, no clear moire
pattern is observed.

and H is used for the synthesl3.Furthermore, hydrogen temperature, furthermore experience an additional stabilization
adsorbs quite strongly on the fully sulfided S-edge and stabilizes of hydrogen, which makes the stability of the S-edges compa-
the S-edge compared to the Mo-ed§€* 4> Hydrogen is always  rable to that of the Mo-edges, resulting in a hexagonally
present during the synthesis in this experiment due to decom-truncated cluster shape, as observed in the experiment.
position of BS in the vacuum system and gas inlet, and to the
fact that commercially available 43 gas with the highest
nominal purity always contains about 0.2% hydrogen. It is
therefore plausible that S-edges on single-layer Me@the-
sized on HOPG, apart from a stabilizing effect of the increase

3.1. Single-Layer Mo$ on Graphite. In atom-resolved STM
images of the single-layer Mg8lusters, a moirsuperstructure
is clearly observed to be superimposed on the hexagonal lattice
g Of sulfur atoms on the basal plane (see Figure 5a). The’moire
pattern arises from rotation and lattice mismatch between,MoS

(43) Raybaud, P.; Hafner, J.; Kresse, G.; Kasztelan, S.; Toulhodt, Eatal. and HOPG. This pattern thus reveals information on the structure
200Q 189 129-146. L . o

(44) Bollinger, M. V.; Jacobsen, K. W.; Ngrskov, J. Rhys. Re. B 2003 67, of the MoS—graphite interface. According to the principle of
085410. Hayi i ; i ;

(45) Cristol, S.; Paul, J. F.; Payen, E.; Bougeard, D.n@ledot, S.; Hutschka, epitaxial r_(?tatlon’ the rela_tlonShlp between_ the rotation angle
F.J. Phys. Chem. R002 106, 5659-5667. of the moirestructure relative to the MgSattice, ya, and the
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angle between the MeSind substrate latticé), is given a&® In the atom-resolved images, the interior basal planes of the
single-layer Mo$% nanoclusters mostly appear with a perfect
_ . [1 . 2.2 crystalline order with the moir@attern superimposed. Since
COSY = n SIIT 15 + COSYAY L~ Tsa"SIT Y (1) the moirepattern is very sensitive to the MpSHOPG interface,
the undistorted appearance also reflects that the topmost layer
of graphite underneath is also perfectly crystalline. Occasionally,
we do observe a distortion in the Mglattice on the basal plane
of the clusters, but a simple comparison of the defect density
and the average area of each cluster shows that the number of
defects located underneath the MdBsal plane is lower (62
defects per cluster) than the expected average number®f 5
defects per cluster. It is therefore concluded that no substantial
bonding of basal plane sites underneath the Md8sters to
sites associated with defects in the graphite surface occurs.

In contrast, the appearance of the edges of the single-layer
MoS, clusters indicates that defects are present in this region.
The edges appear much brighter in the atom-resolved STM
images, indicating that the LDOS is higher here, but the

rystalline ordering is clearly perturbed in several regions at
?he edges. Both the size and interspacing between the perturbed
edge regions suggest that defects are present in the graphite
support directly under the edges. The observations suggest that
the bonding of the cluster to the substrate forms predominantly
through the edge sites of the Mp@anocluster. This conclusion
is also consistent with the notion that edge sites typically have
a higher interaction strength than the rather inert basal planes
of MoS,.!

The observation that defects control the anchoring of the
MoS, was investigated further by controlling the cluster size.

In separate experiments, the duration of the 1000 K postan-

reflect only a geometrical relaxation of the 2.39 AM8 bonds ~ ne€aling step was increased from 15 min to a total of 60 min,
in MoS, over such short distances. The migitern is therefore ~ Which led to the formation of-3 times larger single-layer MeS
also considered to be related to an electronic effect of the;,MoS nanoclusters. Again, none of the larger clusters show a

adlayer on HOPG, which is also commonly observed on other significant concentration of defects under the Mb&sal plane
transition metatdichalgonide surface®. despite the larger size, confirming the observation above.

A moiré pattern dominated by electronic effects is also Although the longer annealing time principally should favor the

consistent with the fact that the voids in the honeycomb structure formlatlon of a mot:e homogenelous enser:n?le thCIUStErS’ the
of HOPG, which are associated with a low tunnel probability, result \{vas- a much more COT"P ex morp ology than t g one
seem to decide the structure of the mqattern rather than shown in Figure 3a, now consisting of irregularly shaped single-

the geometrical structure of both types of carbon sites. The ball layer cIuster; and clusters partly merged from thg simpler
model in Figure 5b for the specific cluster in Figure 5a shows shapes. The irregular cluster shapes cannot be explained by the
the HOPG lattice and a hexagonal lattice with an interatomic SimPle Wulff-type arguments for a free MpSluster, but are
spacing of 3.15 A, corresponding to the interatomic distance in "ather attributed to defects controlling the morphology during
MoS,, where the latter is rotatec® Sompared to the HOPG growth. Presumably, j[he'defects act as pinning sites during
lattice. As seen from the triangles, the resulting superimposed 9°Wth. and their distribution thus forces the clusters to adopt
cluster/HOPG lattice structure explains the structure observedTegular shapes that deviate from the expectation of an

in the STM images very well, if the dark regions (dark triangles) Unsupported cluster in thermodynamic equilibrium. Thus, two
are positioned directly over the voids in the HOPG lattice. different driving forces seem to control the morphology during

The necessity of introducing defects in the surface region to growth, namely the minimization of edge free energy of the

stabilize a high dispersion of Me®n the plane HOPG(0001) clusters and the position of the adhesion points during growth.
surface clearly shows that defects play an important role in the  3-2. Atomic-Scale Structure of Multilayer MoS, Edges.
bonding of Mo$ to graphite at elevated temperatures. The atom- At the synthesis temperature of 1200 K, all Ma&noclusters
resolved STM images provide information on the nature of the @Ppear as multilayer clusters. The absence of single-layer

where rga is the ratio of the substrate and Mo$attice
parameter. For the specific cluster in Figure 5a, the afigte
found to be 22+ 1°, which givesf a value of B if the lattice
parameter for HOPG is taken to be the distance between voids
of the honeycomb structure on the HOPG surface. The angle
between the MoSattice and the voids in the HOPG could also
be measured directly in images with atomic resolution on both
the MoS and the HOPG and was found to bet51° for this
particular cluster, in good agreement with the above.

We observe, however, a number of different periodicities of
the moirepatterns on other clusters, as shown in Figure 5c,
indicating that the rotatiofl of the Mo$ relative to the HOPG
varies from cluster to cluster. This rotation is also directly
observed when comparing the relative orientation of MoS
clusters located on the same HOPG terrace in large-scale image
(e.g., Figure 3a). The variation of the rotation of the clusters
indicates that the interaction between the Mb&sal plane and
the HOPG lattice is indeed rather weak, since a stronger bonding
presumably would favor a particular orientation.

The vertical corrugation in the mdirsuperstructures is
measured in STM linescans to be 87 A over the lateral
distance of the specific mdigattern (typically 9-12 A). It is
well known that Mo$ is indeed very flexible perpendicular to
the basal plane, which is exemplified by the formation of
nanotubes and rag-like MgStructures’?47-4% The magnitude
of the corrugation in, e.g., Figure 5a is, however, unlikely to

anchoring of the MoSnanoclusters to the defects. clusters is explained by a preferential three-dimensional growth
of stacked Mognanoclusters at 1200 K. Although the sputter-
(46) Grey, F.; Bohr, JEurophys. Lett1992 18, 717-722. induced defects remain on the HOPG substrate after preparation
(47) Feldman, ¥.. Wasserman, E.; Srolovitz, D. J.; Tennes@tencel995 at 1200 K, it is clearly not favorable enough to support two-
(48) Seifert, G.; Terrones, H.; Terrones, M.; Jungnickel, G.; Frauenheim, T. dimensional growth of single-layer Mg®anostructures. This
(49) ngﬁistg-r‘Lﬁt/&ng,aa?g_12‘5%;1;‘3 14971504, finding reflects that the adhesion of the topmost layers of the
(50) Kobayashi, K.; Yamauchi, Phys. Re. B 1995 51, 17085-17095. MoS, nanoclusters on lower layers is larger than that on the
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Figure 6. Atom-resolved STM image (36 A 35 A, I; = 0.23 nA andV; = —7.9 mV) showing the atomic-scale structure of the (I0Mo-edge on

multilayer MoS nanoclusters supported on HOPG. The superimposed grid on the basal plane sulfur atoms shows that protrusions at the edge are out of
registry. (b) A linescan across the brim region of the Mo-edge. (c) A ball model (top and side view, respectively) of the Mo-edge fully saturatiéarwith su
dimers corresponding to the experiment (Mo, blue; S, yellow).
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Figure 7. (a) Atom-resolved STM image (41 & 37 A, 1;=0.19 nA andv; = 0.6 mV) of the (D10) S-edge. The grid shows that protrusions on the S-edge
are imaged in registry. (b) A linescan along the bright brim on the S-edge. Regions with lower intensity are associated with #tsgiroySs. (c) A ball
model of the fully sulfided S-edge and with a fractional coverage-eHSjroups representing the experimental image of the S-edge (Mo, blue; S, yellow;
H, gray).

graphite(0001) plane or on defects on the substrate. It is unlikely of the edge types on a three-layer-high hexagonal MoS
that the ordinary interlayer van der Waals bonding of the MoS nanocluster. This edge is characterized by two predominant
nanocluster basal planes is responsible for the preferentialfeatures: (i) protrusions at the edge are observed to be shifted
stacking. Instead, it is more likely that the stacking of the relative to the registry of the S atoms on the basal plane, and
multilayer MoS nanoclusters is facilitated by interlayer bonding (i) a narrow bright brim exists, aligned in the direction parallel
at sites near the cluster perimenter due to the presence ofio the cluster edge just behind the outermost row of edge
electronic edge states localized at the two outermost atomic protrusions (see Figure 6b). These two observations are very
rows, which were previously shown to facilitate a strong bonding similar to the signatures which unambiguously identified the
compared to basal plane sitéhe complete absence of stacked  fylly sulfided Mo-edge in atom-resolved STM images of single-
structures at lower temperature is then explained by a lower jayer clusters grown on a gold substrété! The qualitative
mobility of the surface species. accordance with previous observations therefore suggests that

In atom-resolved STM images (Figures 6 and 7), the edge the edge analyzed in Figure 6a reflects a fully sulfided Mo-
structure of the multilayer MoSnanoclusters is resolved, and  gqge on the multilayer, graphite-supported clusters (see ball

since the edge structure does not appear to be perturbed by théyogel in Figure 6c). For the multilayer clusters, the height of
HOPG defects several layers underneath, their structure can bne prim above the basal plane is measured to-Bet A. It is
analyzed in detail. As expected from the hexagonal morphology 4nnealing that the brim height of the clusters synthesized on

of the multilayer clusters, two different types of edges aligned ¢ as also found to be 0.4 A, although one should be cautious
with a 120 angle between them are found in the atom-resolved

Images, 'r_"p'X'”g that one is a (10)lMo-type edge’ whereas (51) Bollinger, M. V.; Lauritsen, J. V.; Jacobsen, K. W.; Ngrskov, J. K.; Helveg,
the other is a (@10) S-edge. Figure 6a shows a close-up of one S.; Besenbacher, Phys. Re. Lett. 2001, 87, 196803.
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when making quantitative comparisons between the STM and hydrogen sulfide (sulfo-reductive conditiofsh that case,
images of Mo$ clusters synthesized on HOPG and gold. a brim imaged with a height of 0.5 A above the basal plane

The fact that the protrusions on the fully sulfided Mo-edges Was observed, together with edge protrusions placed in registry
are imagedut of registry with the basal plane S atoms and the With the S atoms on the basal plane, and the edges with this
appearance of the narrow bnght brim cannot be exp|ained by asignature were identified with a combination of DFT studies
simple geometric model of the edges. Instead, the appearance@nd STM as fully sulfided S-edges with hydrogen adsorbed to
of the edges reflect a convolution of electronic and geometric form S—H groups. For comparison, the brim protrusions in
features of the Mo$ edge. As already mentioned in the Figure 7aare 0.3 and 0.5 A above the basal plane, respectively.
Introduction, it was recently shown by detailed DFT calcula- The similarities suggest that the S-edges of the multilayerMoS
tions*51that the Mo-edges of a free (or gold-supported) MoS ~ clusters also expose this kind of termination, despite the fact
slab are metallic as opposed to the interior of the Meich that they are synthesized under more sulfiding conditions. As
is characterized as a semiconductor. Both the shifting of edgementioned before, hydrogen is always present during the
protrusions out of registry and the pronounced bright brim of synthesis and in the background gas of the vacuum, and
the Mo_edge with sulfur dimers in Figure 6a can be reproduced furthermore, it is found in theoretical DFT studies that hydrogen
qualitatively and quantitatively in STM simulaticht$ and is adsorbs quite strongly on the fully sulfided S-edgé**° Itis
traced back to two metallic edge states of this particular edge therefore plausible that a fractional population eft$ groups
termination of Mo$. One of the edge states originates from forms even at the low hydrogen pressures present in this
the overlap of porbitals between the S dimers terminating the €xperiment. Hydrogen adsorption on the S-edge with a less than
Mo-edges, and its structure implies that the STM primarily 100% coverage may also explain the observation of the different

images the interstitial region between the S dimer pairs as bright,brim heights along the edge, since the bonding of H on the S
as also observed in Figure 6a. adjacent to the brim will most likely change the characteristics

of the electronic states associated with the brim, which in this

The second edge state, pertaining to the fully sulfided Mo- ¢ : X ) k
edge, is associated with a hybridization of the 3d Mo states case seems to lead to a lowering of the intensity at sites which
have no H attached. This configuration is shown in the ball

and the 2p S states and has a quite complicated structure, .
extending in the first few rows counted from the edge and M°del of Figure 7c.

inward, and is primarily responsible for the bright brim on the ~ The observation of H adsorbates even at the very low
clusters in the STM image. Thus, the Mo-edge appears in STM hydrogen background pressures used in the present experiments
images in a very similar way to the gold-supported system of on the S-edge MaSs very interesting in terms of understanding
MoS,, and it is concluded that the same structure with the same the catalytic role of these edges. To facilitate the HDS reaction,

catalytic properties is present in the graphite-supported multi- Poth the adsorption of the reacting S-containing molecule and
layer structures. the dissociation of Hinto more reactive, loosely bound atomic

H species is required. In particular, the fractional occupation

be of the (D10) S-edge type, which is shown in Figure 7a. of hydrogen on the S-edge is interesting in this respect, since
' free sites thus are available for vacancy formation or direct

The primary indicator for the S-edge in atom-resolved STM q i t molecules in the bri ’ hich "
images of Mo$g nanoclusters is again the location of the brim adsorption of molecules in the brim region, which can reac
with the adjacent atomic H species.

and the registry of the protrusions at the edge. On the S-edge,
the outermost row of_protrusions_ appears with a quite wgak 4. Conclusions

contrast, and a superimposed grid shows that the protrusions

are placedn registry with the basal plane S atoms. The STM In conclusion, scanning tunneling microscopy is applied to
images clearly show the existence of a brim located adjacentinvestigate the atomic-scale structure and morphology of single-
to the outermost row of protrusions. This brim is more intense layer and multilayer Mo nanoclusters synthesized on a
than that of the corresponding Mo-edge also shown in the top graphite substrate. These studies include for the first time the
part of the image. In contrast to the brim of the Mo-edge, which effects of a realistic support material in hydrotreating model
shows no systematic corrugation along the brim, the position studies.

of individual protrusions along the brim region of the S-edge  The interaction between M@@nd the pristine HOPG(0001)

is clearly resolved, with the regular interatomic spacing of 3.15 surface is observed to be too weak to support a high dispersion
A of MoS,. However, it is also apparent from the images that of MoS, nanoclusters on the substrate. Instead, a HOPG
the protrusions in the brim region show a systematic variation substrate, pretreated by ion bombardment to create a low density
in height. This is depicted more clearly in the scan line of Figure of surface defects, was used. The synthesizedviaBoclusters

7b, where the height of the individual protrusions is shown are observed to display a very temperature-dependent morphol-
relative to the basal plane. Two types of brim protrusions are ogy, since clusters prepared at 1000 K grow as single-layer
present, with a difference in height of 0.2 A, measured from clusters, whereas clusters prepared at 1200 K exclusively grow
peak to peak. as stacked multilayer clusters.

S-edges formed under highly sulfiding conditions were not  For single-layer structures synthesized at 1000 K, the interface
observed previously with STM, since only Mo-edges are structure between the-310—S layer and the HOPG is reflected
exposed for triangular single-layer structures formed under in the atomic details of STM images, and we pinpoint the
sulfiding conditions on Au(1113! It should, however, be noted  anchoring sites of the MgShanoclusters as surface defects
that the appearance of the S-edge in the graphite case is similapreferentially located directly underneath the nanoclusters edges
to the sulfur edges imaged for hexagonally truncated, single- and not the basal plane. The preferential morphology of single-
layer MoS nanoclusters synthesized in a mixture of hydrogen layer MoS nanoclusters is observed to be hexagonal, indicating

The symmetry of the crystal implies that the other edge must
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that this is the equilibrium shape under the conditions of the hydrogen adsorbates at the clusters edges is highly interesting,
experiment, but for larger clusters the morphology was observedsince both adsorption of the S-containing molecule and dis-
to be significantly more complex due to pinning of the cluster sociation of H are required to facilitate the HDS reaction.

edges to defects. . In future experiments, it would be interesting to study the
The multilayer clusters are predominantly shaped as hexagonsgg|ective adsorption of S-containing probe molecules like

and exhibit a stacking of typically 210 5°8/lo—S layers. The  yiqnhene (GH,S). Such a study has previously been carried
catalytlca!ly Important edges of the M@$1an_oclusters ar€  out for the Au-supported model systéfnand similar atom-
characterized in terms of atom-resolved STM images of the top resolved STM studies of the model system described in this

facet of the Mo% nanoclusters, and it is found that two types iaht ai insight i he fund | . f
of low-index Mo$S edges are present. One type is identified as repprt might give NEew Insig tinto the fun a”.’e”ta quespon °
which type of low-index edge structure of MgiS more active,

the (1010) Mo-edge fully saturated with sulfur, whereas the other " . . . .
is characterized as the fully sulfided (1)1S-edge with or if both edges are involved in HDS reactions.
approximately 50% coverage of hydrogen.

Importantly, the atom-resolved STM images provide solid
evidence for one-dimensional metallic brim sites on the graphite-
supported Mog& which were previously shown to play an
important role in the catalytic properties of single-layer M&3°
Finally, from a catalytic point of view, the observation of JA0651106
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