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Abstract

Single-layer Mo$ nanoclusters were synthesized on a Au substrate as a model system for the hydrotreating catalyst and studied by
atomically resolved scanning tunneling microscopy (STM) in order to achieve atomic-scale insight into the interactions with hydrogen and
thiophene (GH4S). Surprisingly, STM images show that thiophene molecules can adsorb and react on the fully sulfided edges of triangular
single-layer Mo$ nanoclusters. We associatestbinusual behavior with the presence of spdmiah sites exhibiting a metallic character. The
STM images reveal that these sites exist only at the regions immediately adjacent to the edges obtharMolsisters, and from density-
functional theory such sites are found to be associated with one-dimensional electronic edge states. The fully sulfur-saturated sites are fro
STM images found to be capable of adsorbing thiophene, and when thiophene and hydrogen reactants are coadsorbed here, a reaction p
is revealed which leads to partial hydrogenation of the thiophene followed by C—S bond activation and ring opening of thiophene molecules.
This may be regarded as important first stepthe hydrodesulfurization ohtophene. The metallic brim sites are suggested to be important
for other hydrotreating reactions over Mp8ased catalysts, and the properties of the brim sites directly explain why hydrogenation reactions
of aromatics are not severely inhibited by$l The presence of brim sites in Mp8anoclusters also explains previous structure—activity
relations and observations regarding steric effects and the influence of stacking bNIt® reactivity and selectivity.
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1. Introduction now generally accepted to be present as few nanometer
wide, single-layer, Moglike nanoparticles, usually pro-
Hydrotreating processes are reductive hydrogen treat-moted with Co or Ni. Despite numerous studies of this
ments of fossil fuel applied to upgrade and clean up oil catalyst, it has, however, not been possible to resolve a num-
resources to reduce the emission of environmentally harmful ber of fundamental issues related to the catalyst structure and
compounds and to sustain a better exploitation of low-grade reactivity with the traditional tools for catalyst characteriza-
crude oil. In view of the new demands for ultralow sulfur tion. To improve the hydrotreating catalyst and to reach the
transport fuels, special attgon is being directed toward new tight fuel specifications a more detailed and fundamen-
the catalytic hydrodesulfurization (HDS) process [1-5]. tal understanding of how the catalyst operates in needed.
Alumina-supported molybdenum disulfide (Mg%r tung- Based on studies of structureactivity relationships, the
sten disulfide-based (W% hydrodesulfurization catalysts Hps activity has been attributed to sites located at the edges
have for many years been the most important catalysts forof MoS, nanoclusters (see e.g., [6] and references therein).
this service [6,7], and the active phase in the catalyst is Fyrthermore, it has commonly been suggested that active
sites in the form of sulfur vacancies or so-called coordina-
~ * Corresponding author. tively unsaturated sites (CUS) are created in a reaction with
E-mail address: jvang@phys.au.dk (J.V. Lauritsen). hydrogen which strips off one or more sulfur atoms from
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the MoS nanocluster edges. It is proposed that these low- with the presence of one-dimensional electronic edge states,
coordinated point defects will have a high affinity for bond which give the regions adjacent to the edges of the MoS
formations with the hetero-atom in sulfur-bearing oil mole- nanoclusters a distinct metallic character. We explain the ob-
cules, thereby facilitating the sulfur extraction, but little di- served reaction pattern with the fact that the metallic edges
rect evidence for the existence of vacancies under typical re-(the so-called brim sites), unlike the insulating and inactive
action conditions has been presented, nor has their role in thebasal plane of Mog have the ability to donate and accept
catalytic cycle been clarified. Aurther complication is that  electrons just like ordinary calytically active metals. The
HDS of thiophene-based molecules is believed to proceedreaction leads to the formation of adsorbed thiolate (R-S)
by different pathways—the so-called direct and hydrogena- intermediates which are much more reactive and therefore
tion routes [2,5,6], and kinetic and poisoning studies indi- readily desulfurized, and the observed reaction pattern may
cate that the involved catalytic sites may be different. Again, then be considered as a first step in the hydrodesulfurization
these sites have been suggested to be associated with edge# thiophene. It is furthermore seen that many controversial
vacancies but with different degrees of coordinatively un- results reported in the literature may now be explained by
saturation [8]. Several spectmopic studies have indicated considering reactions involving the brim sites, and we pro-
that S—H groups may form [6,9,10], and some of these stud- pose that the type of adsorption and hydrogenation on the
ies have indicated that such groups may also be located ametallic brim sites may be important for the hydrogenation
the edges of the Maglusters [11]. Consequently, the S—H of aromatic compounds in general.
groups have been proposed to play an important role in the
formation of both vacancies and in hydrogenation reactions
of unsaturated compounds in the oil feed, but again only lit- 2. Methods
tle direct insight exists on the role of S—H groups for the
different reactions. A better description of the active cluster 2.1. Scanning tunneling microscopy
edges and their interactionitiv the reactants seems to be a
prerequisite for a deeper understanding of the catalyst activ- The experiments are performed in a standard ultra-
ity and selectivity. high vacuum (UHV) chamber with a base pressure below
Atom-resolved scanning tunneling microscopy studies 1 x 10~1% mbar. The system is equipped with standard sur-
(STM) studies of catalyst odel systems have recently face science equipment and the high-resolution, variable-
given the first direct insight into the atomic-scale struc- temperature Aarhus STM [16,17], capable of providing
ture of MoS nanoclusters and the promoted CoMoS struc- atom-resolved images on a tme basis at temperatures
tures [12-14]. The model systems consisted of a few downto 140 K.
nanometer wide, gold-supported Mp8nd CoMoS nano- In the industrial-type HDS catalysts, the active nanoclus-
clusters, and with the STM it was possible to characterize ters are typically supported op-Al2>Ogz, but this kind of
their geometrical and electronic structure in great detail. substrate is electrically insulating and is therefore not suit-
On this basis, new important insight was obtained on the able for STM studies. Instead we use the Au(111) surface
nanocluster morphology, on the atomic-scale structure of as a model substrate for the synthesis of Mn&noclusters.
the catalytically important edges, and on the formation of The rather inert nature of gold means that we can study the
sulfur vacancies. It was also shown that the nanocluster mor-intrinsic properties of the MgSnanoclusters. Furthermore,
phology and exact edge structures were sensitive to reactiorthis surface exhibits the so-called herringbone reconstruc-
conditions [14]. Recently, we have taken such studies onetion, which provides an ideal template of nucleation sites
important step further and used the STM on HDS model for deposited metal atoms and thereby supports the disper-
catalysts to study the adsorption and reaction of thiophenesion of submonolayer amounts of Mo into nanoclusters. In
(C4H4S) with atomic resolution. A brief report of some of Fig. 1a the Mo deposited on the gold is seen to be regularly
the results was given in [15] and presently we will discuss distributed into nanoclusters located in the elbow regions of
these results in greater detail. Our choice of model systemthe Au(111) herringbone reconstruction. For the synthesis of
for the HDS catalyst enables us for the first time to pinpoint MoS; nanoclusters, we have developed a scheme where we
with atomic resolution the sites on the Mp8anoclusters  first deposit Mo at a coverage ef 10% of a monolayer in
where thiophene interacts, and to resolve signatures of reacan HS gas environment corresponding toc 10-% mbar,
tion intermediates from the reaction. We observe an unusualand subsequently anneal the sample to 673 K while keeping
chemical activity associated with the regions adjacent to the the sulfiding atmosphere. This procedure results in a highly
edges of Mo$ nanoclusters, which we show to be able to dispersed ensemble of 20-30 A wide single-layer io&h-
hydrogenate and break up thiophene molecule$i¢S) in oclusters. An example of an STM image of the HDS model
the presence of hydrogen. Remarkably, this reaction is foundsystem used for the present studies is given in Fig. 1b. Fur-
to proceed on the fully sulfided MeSanoclusters, which  ther details of the synthesis and characteristics of thedMoS
are normally regarded as cherally inactive. This surpris-  nanoclusters are presented in Refs. [12,14].
ing type of chemistry therefore does not involve interaction  Liquid-phase thiophene (99% Aldrich) is contained at
with sulfur vacancies. Rather, it is shown to be associated room temperature in a glass test tube which is pumped sep-
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thiols, which bind fairly strongly to the Au surface [20-22].
Only by exposing the surface to thiophene at sample tem-
peratures below 180 K did STM images (Fig. 1d) reveal
signatures of thiophene molecules adsorbed at the step edges
of the Au(111) surface. Even at these low temperatures thio-
phene molecules could, however, not be observed on the
terraces, demonstrating the inertness of the model substrate.

2.2. Density-functional theory

The theoretical calculations are based on density-func-
tional theory (DFT) performedvithin the generalized gra-
dient approximation using ultrasoft pseudopotentials to de-
scribe the ion cores [23-25]. The edges of the Ma&n-
oclusters are modeled by a stripe of Mo8Vhen repeated
in a supercell geometry, the MeStripe is terminated by
infinitely long (1010) Mo edges andlQ10) S edges, respec-
tively [26]. For simulations of STM spectra we used a rather
large unit cellwhich is six Mo layers wide acrosg &nd two
Mo broad along the stripex]. The structures and energies
Fig. 1. (a) STM image (57% 590 A%) showing the Mo nanoclusters ~ Were calculated for a smaller unit cell which was 4 Mo wide,
formed on the Au(111) surface by physical vapor deposition of metalic and either 2 or 3 Mo broad. All structures are completely
Mo. (b) STM image (404x 409 A?) of single-layer Mo$ nanoclusters relaxed and transition states are located by constrained relax-
;ynthesized on the Ag(lll) surface asza model system for the hydrotreat-ation’ taking care that the reaction pathways become contin-
ing catalyst. (c) STM image (572 SQQ A?) of the clean Au(111) surface uous as in the nudged elastic band method [27]. The Kohn—
and step edges after exposure to thiophene vapor at room temperature. No . . .
bonding is observed. (d) STM image of the Au(111) surface after expo- Sham orbitals were expanded in plane waves with a cutoff
sure to thiophene at temperaturesobe180 K. Thiophene molecules are ~ €nergy of 25 Ry, and 8 specialpoints in thek, direction.
observed to adsorb near the step edges but not on the Au(111) terraces.  Simulated STM images of the MgS%dges are calculated

on the basis of the Tersoff-Hamann formalism [28] where
arately, and the thiophene vapor is admitted to the UHV the tunneling matrix elements are evaluated using the self-
chamber by means of an all-metal leak valve and a doserconsistent KS wave functions.
tube. Prior to every experiment, the thiophene is purified
by freeze—pump—thaw cyclesxeriments are conducted at
sample temperatures in the range 180 K up to 500 K. Cool- 3. Results
ing is achieved by placing the sample in the STM, which
allows the sample to reach temperatures of approximately The starting point for the experiments reported in this pa-
140 K. Line-of-sight between the thiophene doser and the per is a catalyst model system consisting of highly dispersed
sample placed in the compact STM is, however, not possi- 2- to 3-nm-wide, gold-supported, single-layer Mosno-
ble, and during thiophene dosage the sample is picked upclusters similar to those studied previously [12,14]. These
by a manipulator and moved to the thiophene doser. For studies have shown that the MpSanoclusters deviate con-
the experiments with a cooled sample, the relevant tempera-siderably in geometry and electronic structure from what is
ture is therefore the maximum temperature achieved duringcommonly assumed from the bulk properties of Md® the
this operation before the sample is repositioned in the cold following we will show that such effects, which dominate
STM. Similarly, for the high-temperature experiments the entirely for the smallest MoSclusters, are very important
experimental conditions refer to the lowest sample temper- for the reactivity, and in order to understand the new results
ature registered during thiophene dosage. After the high-it is necessary to highlight some of the structural and elec-
temperature dosages of thiophene, the sample was quicklytronic features of the MoSnhanoclusters in some detail (see
guenched to room temperature and imaged with the STM. also Refs. [12,14,29]).

To test the affinity of the Au(111) model substrate, thio-
phene was initially dosed onto the clean Au(111) surface. As 3.1. One-dimensional metallic edge statesin Mo,
seen in the STM image in Fig. 1c, no bonding of thiophene nanoclusters
could be observed on the terraces of the Au(111) at room
temperature by the exposures applied in this study. Thisisin  Fig. 2 shows an atomically resolved STM image of a
agreement with previous theoretical investigations [18] and single-layer Mo$ nanocluster. Like the cluster in this fig-
arecent XPS study [19]. Additionally, this serves as a purity ure, the vast majority of the MeShanoclusters formed by
check of the thiophene vapor against contamination of, e.g.,the synthesis procedure described above are found in STM
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(b) (c)

Mo Edge (100%)

Fig. 2. (a) Atom-resolved STM imagéi(= —6.1 mV, I; = 1.29 nA) of a triangular single-layer MeShanocluster (6% 69 A2). White dots superimposed
near the edge of the cluster indicate the registry of edge protrusiores inrhe image refer to the line scans marked with triangles in Fig. 3. (bj2aels
in top and side view of the edge structure, the Mo edge Wittimers (S, bright; Mo, d&). (c) Ball model of a Mo$ triangle exposing this type of edge
termination.

images (Fig. 1b) to adopt a triangular shape, reflecting that MoS,, consisting of infinite sheets of S—Mo-S, is semicon-
this is indeed the equilibrium sipe under the present sulfid- ducting with a bandgap ot 1.2 eV [35,36]. According to
ing conditions. The observed triangular shape immediately the Tersoff-Hamann theory [28], low-bias STM images in
implies that the single-layer MeShanoclusters are termi-  the constant-current mode reflect, to a first-order approxima-
nated by only one of two low-indexed edge terminations, tion, contours of constant local density of electronic states
the (10L0) Mo edges or thel010) S edges; see Refs. [26, (LDOS) at the Fermi level of the surface structure projected
30-33]. The question of which type of edge that actually ter- onto the position of the tip apex. The absence of electronic
minates the triangular cluster is complicated by the fact that states at the Fermi level available for tunneling in bulk MoS
each of the edges may have a varying amount of S adsor-thus implies that the clusters should be impossible to im-
bates and exist in several different configurations. By meansage at bias voltages numerically lower than half the value
of STM we can determine directly the type of edges which of the bandgap. This is clearly not the case, as shown in
terminate the triangular M@Snanoclusters formed under Fig. 2a, and it is found experimentally that STM images
the sulfiding conditions used in this study. Other synthesis of the Mo$ clusters are possible at low tunneling bias. In
conditions have been shown to result in different types of particular, a pronounced bright brim of high electron state
edge structures [14,34], but here we exclusively deal with density is seen in the STM image in Fig. 2a to extend all
the structures formed undédra most sulfiding conditions. the way around the cluster edge adjacent to the edge pro-
In the atom-resolved STM image displayed in Fig. 2a, trusions. A line scan across the cluster edge shows that the
the triangular Mo$ nanocluster is seen to display a flat bright brim is imaged approximatety 0.4 A higher than the
basal plane with protrusions arranged in a hexagonal pat-basal plane. A line scan parallel to and directly on top of the
tern and an interatomic distance oftl8+ 0.1 A. This is bright brim reveals no systematic corrugations in this direc-
in perfect agreement with theteratomic distances of the tion. Rather than a geometrical effect, the brim is associated
S atoms on the (0001) basal plane structure of bulk MoS with an electronic effect probed by the STM, reflecting sub-
From atom-resolved STM images, the edge protrusions aretle changes at the edges. The appearance of the bright brim
furthermore found to be imagedt of registry with the basal on the nanoclusters thus suggests that electrons are local-
plane S atoms. In fact, the protrusions are shifted half a lat- ized strongly into one dimension perpendicular to the MoS
tice constant along the edge, but retain the bulk interatomic edges, but delocalized along the direction of the edges.
distance of~ 3.15 A. Intuitively, a simple way of interpret- A detailed theoretical calculation of the electronic struc-
ing the edge structure would be to assign it to a reconstructedture reveals that the MeShanoclusters have so-callede-
Mo edge where the S atoms on the edge have shifted half adimensional edge states with a distinct metallic character,
lattice constant and moved down into the plane of the Mo and that these are responsible for the unusual features
atoms. Geometrically this configuration seems to be con- observed with STM [26,29]. In these studies, density-
sistent with the observed shift of half a lattice constant in functional theory calculations have been performed on both
the STM image. Such a purely geometrical interpretation of unsupported and gold-supported MoSlabs exposing the
the STM images is, however, not generally valid since the Mo edge and S edge, and in terms of STM simulations they
images reflect a rather comgédited convolution of the geo-  have helped identify the exact structure of the edges. The tri-
metric and the electronic structure of the surface, and notangular Mo$ nanoclusters (Fig. 2) were determined to be
only geometrical informationin this respect, the electronic  terminated by Mo edges fully saturated with S dimers. This
structure of the MoBcluster is very interesting, since bulk  configuration is depicted in Fig. 2b, and the model shows
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that the sulfur atoms at the edge laterally coincide with the cluster periphery, and (B) on top of the edges of the MoS
bulk S lattice, but they display a small pairing perpendic- nanoclusters.

ular to the Mo$(0001) surface thus formingzSlimers or A rough estimate of the adsorption strength for the two
disulfide-like species [30,31]. Importantly, the calculations different adsorption modes of thiophene can be found in
furthermore reveal that the electronic band structure for this terms of their apparent desorption temperature by heating
particular type of edge hawo electronic edge states which  the sample slightly in the manipulator, followed by imag-
cross the Fermi level and therefore render the Me&ges  ing of the sample in the still cooled STM. This is illustrated
metallic and conductive, as otiwed with STM. A detailed by the sequence of STM images, Figs. 3a—c, obtained of
analysis reveals that one of the metallic edge states is almosiMoS, clusters at different substrate temperatures. The thio-
completely localized at the S dimers. It is a superposition of phene molecules decorating the periphery of the nanocluster
px orbitals extending in two parallel chains along the edge. (type A) are seen to desorb at temperatures aroundt240
This edge state has a maximum in between the S atoms and g K, indicating that thiophene is weakly bonded in this ad-
a node at the geometrical position of the S atoms. Interest-sorption configuration. From the rather low corrugation of
ingly, the protrusions in the STM images on the edge are |gss than 0.4 A above the Au(111) in the STM image, the
therefore not associated with the position of the S dimers, thiophene appears to be adsorbed in a flat geometry on the
but'rather reflect the electrqnic structure in the intgrstitial Au(111) substrate. Possibly, this adsorption mode of thio-
region between pairs of S dimers. The other metallic edge phene is a result of dipole—dipole interactions with the clus-
state is somewhat more complicated and is primarily con- yo ¢qge, combined with some sort of interaction between the
stituted by two bonds: (i) the—d bond between the first gy stem of thiophene and the Au substrate. Most likely, this
row of Mo atoms, and (ii) the— bond between the second i jing of thiophene is of a noncovalent character and can
row of S atoms and the Mo atom behind. When this iS in- o characterized as a physisorbed state of little relevance to
cluded in the STM simulation, the theoretical model of the o o141 tic properties of the cluster. The weak bonding is
Mo edge with S dimers is seen to fully reproduce the STM further underlined by an apparent large distance-of A

findings, and the_bnght brim obsved in the row gdjacent to rom the molecule to the peripheral edge atoms of the MoS

the edge protrusions is therefore associated with the secon anoclusters

gl]j;?g:g :1?3?e?:r?itr?étggnbcei\Avgee(élone?le\;(\fﬁiir:h;rteﬁ?S?;Ifur On the other hand, the thiophene species adsorbed on top
y 9 y of the edges of the MagSnanoclusters (type B) can be at-

covered. From a coordination-chemistry point of view, such tributed to a direct interaction between thiophene and the
saturated structures are normally not considered to be partic-

) . . clusters. Here, thiophene is, however, also weakly bound and
ularly reactive. As we shall see in the next sections, however, is not imaged at temperatures exceeding 2000 K. In-
the metallic edges give the Mg®anoclusters a completely 9 P 9 '

different chemistry than whéitas ordinarily been assumed. terestlngly, the s@es Wherg thlopheqe mplecules adsprb here
are associated with the bright brim; i.e., it appears to involve

a direct interaction with sites on the metallic edge state of
the Mo edge. In contrast to the common assumption that the

First we have investigated the interaction of thiophene Ully saturated edges generally do notbind thiophene, the re-
with the freshly prepared single-layer triangular Ma@no- sults clearly suggest thgt the special e[ectromc enwronme-nt
clusters. The HDS model system is exposed to thiophene atPréSent here may facilitate the formation of stable chemi-
room temperature and studied with STM. The room tem- cal bonds. Again, a rather low corrugation and the position
perature experiments do not reveal any interaction on the@nd dimension of the protrusions associated with the mole-
(0001) basal plane of the Me®anoclusters, in accordance €ules suggests that the nature of the bonding is associated
with previous TPD studies of thiophene on single crys- With 7-bonding at sites on top of the edge state. In the ter-
tal MoS(0001) [37]. Additionally, the STM images of the ~Minology of organometallic cheistry this corresponds to a
Mo$S, nanoclusters show that the edges, which are fully sul- flat 7> adsorption geometry, which in this case does not re-
fided, appear to be unaffectedtvrespect to adsorption of fer to a coordination to a single metal atom but rather to the
thiophene at room temperature. delocalized metallic edge state. Thiophene adsorbed in an

Even when the temperature of the sample is lowered be-n> configuration was also previously found to be predomi-
low 200 K, we do not see any interaction of thiophene on hant at low temperature in several vibrational spectroscopic
the (0001) basal plane of the Mp®anoclusters. At these  Studies on supported Mg@&lumina samples [38-40]. Since
temperatures, however, individual thiophene molecules areheating the sample slightly above 200 K results in desorp-
observed in the STM images to be adsorbed near the edgegon of the molecules for the on-top site, it is concluded that
of the MoS nanoclusters. The thiophene molecules, which this configuration is also a relatively weakly adsorbed state.
are imaged as large protrusions with a dimension matchingIn the present context it should be noted, however, that thio-
the expected van der Waals radius of thiophend ( 5 A), phene binds considerably stronger to the metallic edge state
are in fact observed in two different adsorption modes, as than to internal regions of the Me®asal plane. The low-
depicted in Fig. 3a: (A) on the Au substrate decorating the temperature results thus provide information on a possible

3.2. Thiophene adsorption on Mo, nanoclusters
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initial adsorption geometry of thiophene on the edges, which lar MoS; nanoclusters are pretreated with atomic hydrogen,

under the right conditions magéd to further reactions. a much stronger chemisorbed state is observed in atom-
resolved STM images (see Fig. 4). The experiments are
3.3. Thiophene on H-activated MoS, nanoclusters performed using a “quench-and-look approach,” where the

model system is first heated to 673 K and exposed to atomic

In view of the results for the adsorption of thiophene hydrogen produced by dissociating Hn a glowing W fila-
above, it is highly interesting thainly when the triangu- ment. The H flux is then terminated and the clusters are ex-

Fig. 3. Three STM images of a triangular single-layer M@@nocluster illustrating the bonding of thiophenédoat temperatures. The images are listed in the
order of increasing substrate temperaturg (a) WhenT is below 200 K thiophene adsorbs molecularlyvimtdifferent configurations. The 3D rendering of
the STM image shows thiophene molecules adsorbed in positions on top ofghelsim associated with an edge state (type B), and additionally taimph
decorates the perimeter of the clustgmpé A). (b) STM image representative for the temperatures in the interval 200°K< 240 K, where thiophene
molecules on top of the brim have desorbed, whereas the perimeter decoration is retained. (c) At temperaf4@% no indication of adsorbed thiophene

was observed with STM.

s 1z 15
Linescan (A)

Fig. 4. Atom-resolved STM imageVf = —331 mV, It = 0.50 nA) of an atomic hydrogen pretreated Mo8uster, which was subsequently exposed to
thiophene. Image dimensions arex664 A2. The individual molecules adsorbed on sites associated with the metallic edge state are identified by the bean-like
features adjacent to the bright brim (see line scan (i)) and the shifted intensity of the outermost edge protrusions relative to the clean ledgefgrmim

the clean edge). These shifts in intensity are shown in line scan (ii) arebaoeiated with changes in the local electronic structure as obsenle® i

upon molecule adsorption.
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posed to thiophene at an elevated sample temperature aroungerature. We therefore conclude that the adsorbed species
500 K. Subsequently the model system was quenched toare coordinated to the fully sulfided Mo edges, and that the
room temperature and imaged with the STM. molecules must be intermedes from a chemical reaction
The atomically resolved STM image in Fig. 4 shows one occurring on the metallic brim sites. Since these reaction in-
of the triangular single-layer MeShanoclusters following  termediates are only observed when the clusters have been
the exposure to first atomic hydrogen and subsequently thio-preexposed to atomic hydrogen, the chemical properties of
phene. Several “bean-like” structures are observed to pro-the Mo$ clusters must have changed substantially upon ex-
trude~ 0.4 A from the basal plane in the row adjacent to posure with atomic H. We therefore propose that S—H groups
the bright brim of the Mog cluster. This is also illustrated  are formed during the H exposure and that these play an es-
in Fig. 4, where two STM line scans performed on the edges sential role in a reaction with thiophene occurring on sites
before and after reaction with thiophene and hydrogen areon the metallic brim.
compared. These bean-likedtures can be associated with
individual molecules bondeatsites on the metallic edge 3.4. Hydrogen activation
state. From line scan (ii) performed along the edge of the
MoS; nanocluster in Fig. 4, it is furthermore concluded that ~ We have investigated the interaction of both molecular
the adsorption of each moldeus always accompanied by and atomic hydrogen with the Mg$ianoclusters in some
a decrease in intensity<(0.4 A) of the edge protrusions lo-  detail with STM and find that most types of reactions with
cated in front of the bean-like structure, and a slight increase molecular hydrogen (}) are inhibited under the conditions
(~ 0.2 A) at the two neighboring protrusions relative to the of the experiments. We associate this with a rather high
Mo edge of the clean MgShanocluster. Additionally, a de-  activation barrier for dissociation of Hand the low pres-
tailed inspection of the close-up in Fig. 7a reveals that the sures used in the experiment. Reactions with predissociated
bean-like features are slightly asymmetric with respect to the (atomic) hydrogen, however, change the appearance of the
corresponding edge depression. cluster edges in STM images significantly. We have pre-
As already pointed out in Section 3.1, STM images viously shown that the use of atomic hydrogen in the ex-
generally reflect a rather complex convolution of the elec- periments can produce smaimounts of sulfur vacancies
tronic and geometric structure, and combined with the highly on the edges of the clusters [12], but in addition to this, a
perturbed electronic structure which already dominates the detailed analysis of the STM images shows that also the ap-
edges of the triangular Melusters, relating the observed pearance of edges with no decreased sulfur content changes.
new structures in Fig. 4 to the molecular structure of reaction After exposure to atomic hydgen, little qualitative change
products or intermediates fmoa HDS reaction is a difficult  is seen on the edges which still have the characteristics of
task. Most likely, the shifted intensity of the protrusions near the fully sulfided Mo edges; i.e., protrusions are still out of
the adsorption site is the result of a slight quenching of the registry and the 0.4 A high bright brim seems unaltered. A
metallic edge state that is associated with the S dimers. Sucldetailed analysis of a large number of atom-resolved STM
a phenomenonis observed in the close vicinity of adsorbatesimages reveal, however, that the fully sulfided edges in the
on substrates with spatially confined states in general, for clusters display a small intensity shift of the outermost edge
example, surface states which are the two-dimensional anafrotrusions after exposure to atomic hydrogen. This is best
logues to edge states [41,42]. The bean-like features can, onllustrated with STM line scans, as shown in Fig. 5a, where
the other hand, be ascribed directly to a part of the structuredata for the edge on the freshly prepared fully sulfided struc-
of the adsorbed molecules, which are placed in a positiontures are compared with a similar line scan for an atomic
astride the bright brim associated with a metallic edge state. hydrogen pretreated cluster. The average height of the edge
Several observations show that the molecules observedprotrusions is seen to shift down relative to the basal plane
with STM cannot in any conceivable way reflect intact thio- by ~ 0.2 A for the H-treated cluster. This downshift occurs
phene molecules coordinated end-on to either one or more Supon atomic hydrogen treatments, and therefore suggests
vacancy sites (i.e., undercoordinated Mo atoms on the clus-that the observations are related to the formation of S—H
ter edge). First of all, the cluster edges in Fig. 4 display groups on the fully sulfided edges. We interpret the inten-
all the characteristics of the fully sulfided Mo edge, i.e., sity reduction in the STM images as a modification of the
the pronounced 0.4 A high bright brim and the edge pro- LDOS at the Fermi level in the interstitial regions between
trusions which are all shifted exactly half a lattice constant S dimers when H species saturate the edges. This is sup-
out of registry. Mo edges which are partially or completely ported by recent DFT-based theoretical studies of different
reduced with respect to sulfur coverage do exist under dif- hydrogen configurations of H on Me&dges [26]. In these
ferent conditions, but they are imaged with a quite different studies, accordance with the STM results is found for a con-
structure in STM images [14]. Secondly, we find that the ad- figuration in which H adsorbs on the S dimer in a position
sorbed molecules are quite mobile; i.e., they can jump from immediately adjacedrto the bright brim, see Fig. 5b. The
one site to the next, as imaged in the consecutive series ofSTM simulation of this configuration in Fig. 5¢ shows only
STM images in Fig. 9. At no instance were vacancies found a slight qualitative change of the edges upon H adsorption;
to exhibit the same mobility in STM images at room tem- i.e., the high intensity of the brim is retained and edge pro-
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Fig. 5. (a) Representative STM line ssadrawn perpendicularly to the fully Bisled Mo edge of the single-layer Mg®anoclusters prior to (squares) and after
(triangles) exposure to atomic hydrogen. The ddviftesd intensity of the outermost edge protarss, corresponding to 0.2 A, is associated witkliogen
atoms adsorbed on the edges. (b) Ball modelseftioposed configuration in which hydrogen adsorbgherfully sulfided Mo edges, shown in a top and side
view representation. (c) STM simulation of the edge with hydrogen atomstatsbased on the Tersoff-Hamann theory. (Reprinted figure with peomissi
from M.V. Bollinger, K.W. Jacobsen, J.K. Ngrskov, Phys. Rev. B 67 (208%¢10. Copyright 2003 by the American Physical Society.) The simulation is i
guantitative and qualitative accordance with the experiment.

trusions primarily reflect the interstitial space between the  On this basis and the fact that hydrogen is necessary for a
S dimers with H adsorbed. Quantitatively, the adsorption of strong interaction in the experiments, the molecular species
H, however, changes the local electronic structure near the Sobserved in Fig. 4 are suggested to be the result of thiophene
dimers and the simulated STM image reproduces the down-molecules which have undergone a hydrogenation reaction
shift of the edge protrusions in agreement with the STM on the brim sites near the edges. Presumably, the combina-
findings, although a slightly smaller value 6f0.1 A is tion of having hydrogen atoms adsorbed at the edges in the
found. form of S—H groups and the unusual sites for thiophene ad-
According to DFT calculations the H atoms adsorbed on sorption on the metallic brim in Fig. 4 presents a favorable
the S dimers (Fig. 5b) are in fact marginally unstable (en- Situation for a hydrogenation reaction. In view of this, mole-
ergy of +0.17 eV) relative to molecular H[26]. Hydrogen cules, in which either one or both of the double bonds of
adsorbed in other geometries on the fully sulfided Mo edges thiophene have become hydrogenated, seem to be the most
has recently been found to be slightly more stable [43], but likely candidates as adsorbed intermediate species, but as
these geometries are, however, not directly relevant to theWill be evident below, the special electronic environment at
present STM experiments, since they most probably would the metallic edges can also faC|I|Fate a destabilization of the
introduce structural features along the edges of the Mos C—S Pond, and therefore other ring-opened molecules have
nanocluster which are not apparent in the atom-resolved been considered as well.
STM images. It is suggested that an energy barrier exists,
which under the conditions of owxperiment prevents the
desorption of hydrogen from the adsorption configuration
in Fig. 5b [44], and since this implies a similar barrier for

3.5. Reaction pathway and energetics

In order to elucidate the identity of the species observed
) L ) . ) in the STM experiments, we have extended the previous
the dissociative adsorption ofzit also explains the need  per cqicylations [15] and considered a number of different
experimentally to predissociate;HAt present no direct ob-  yhigphene-derived molecules adsorbed in a repeated geom-
servations are available, but it is a possibility that an ener- etry along the Mo edge of MaSIn accordance with the
getically favorable dissociation pathway for the formation low-temperature STM experiments and earlier estimates of
of S—H groups exists through interaction of hydrogen mole- thiophene desorption temperatures on supported\as
cules with the metallic brim sites on the Mo edge. We have alyst particles [40], the first DFT results show that pure
undertaken studies to shed more light on this dissociationthiophene indeed interacts only very weakly with the fully
pathway. Under real reaction conditions, however, the high syifided edges of Mo$S The first two steps in the energy
temperatures and high partial pressure of hydrogen gas arejiagram in Fig. 8b demonstrate that adsorption of thiophene
expected to allow for hydrogen dissociation to occur rapidly, from the gas phase on the metallic brim is associated with an
and that the edges will maintain a reasonable coverage ofenergy gain of only 0.2 eV per molecule, which corresponds
S—H groups. The use of atomic hydrogen in this experimentsclosely to the rather low desorption temperature found in the
can therefore be viewed as a simple way of providing hydro- experiments discussed above (Section 3.2).
gen atoms at the high chemical potential found under real We have then investigated adsorption configurations
reaction conditions. of 2,3-dihydrothiophene (§HgS), 2,5-dihydrothiophene
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for what is assumed to be the most difficult step in the re-
action, the G—S bond cleavage. It is interesting to note
that the associated barrier is rather modést=€ 1.07 eV).

At the temperature (500 K) where thiophene reacts on the
Mo$; nanoclusters, this means that the equilibrium between
C4H7S and thiophene in the gas phase is easily achieved.
The same is of course true under industrial hydrotreating
conditions. If we assume a simple Arrhenius behavior, a bar-
rier of E5 = 1.07 eV implies a turn-over-frequency of ap-
proximately 182 exp(—Ea/kpT) ~ 10° reactions per sec-
ond at 673 K; i.e., the reaction into thiolates may proceed
with a significant rate under typical catalytic operating con-
ditions. The barrier for the reverse reaction is, however, large
enough for thiophene not to be desorbed during STM imag-
ing at room temperature, which explains the experimental
observations.

_ o , The final configuration (iii) in Fig. 8b associated with
Fig. 6. Selected examples of STM sifations of different r_nolecules ad- the ring-opened thiolate structure on the cluster edge corre-
sorbed in a repeated geometry on the Mo edge of Md&e images show . . .

() Thiophene (GH4S), (b) 2,5-dihydrdtiophene, and (a)is-but-2-ene- sponds to a simple adsorbed thiol. The observation of these
thiolate (G;H7S), respectively. Atomic balls imbedded in the STM simula-  thiolate intermediates is interesting, since thiols are much
tion indicate the position of Mo (large) and S (small) atoms of the MoS  more reactive that thiophesender real HDS conditions [6].
nanocluster edge. This is, however, fully explained by the conditions of the
STM experiment and the barrier of desorption for the thi-
(C4HeS), tetrahydrothiophene ¢ElgS), butenethiolates olates. After the first C—S bond in thiophene has been bro-
(C4H7S), and butanethiolate §El9S) on the fully sulfided ken, the sulfur is much more reactive. The final C-S bond
Mo edge of Mo$ by density-functional theory calcula- breakage is, however, likely to require a site capable of ac-
tions and simulated their apprance in STM images. The cepting sulfur and may thus take place at another site on the
STM simulations illustrated in Fig. 6 show three exam- cluster. Such sites are presabfy sulfur vacancies located
ples of thiophene, 2,5-dihydrothiophene, aigbut-2-ene- at the edge [6,12,30], and surface diffusion of the thiolates
thiolate, respectively. From these, the STM simulation of along the edge or through the gas phase (after recombination
the ring-opened gH7S compound in Fig. 6¢ is in partic-  with adsorbed H) to vacancids therefore needed for the
ular seen to show good accordance with the experimentalfinal step in the overall reéion process. From the consecu-
STM results, whereas the others show little resemblance.tive series of STM images illustrated in Fig. 9, a mobility
The characteristics associated with eaghl¢S molecule in of the adsorbed thiolate species is indeed observed, sup-
the simulation are shown in greater detail in Fig. 7b, and porting that the reactivity can be explained by a two-step
it indeed reproduces most of the important features found process in which the thiophene is first hydrogenated, the first
in the STM image in Fig. 7a, including the shifted inten- C-S bond is cleaved on the brim sites and subsequently the
sity of the three outermost protrusions near the molecular ring-opened molecule is transported to a sulfur vacancy on
adsorption site and the bean-like structure behind the brim,the cluster edge where the second C-S bond can be bro-
which is seen to be associated with the ring-opened carbonken. The final S extrusion on a vacancy was not observed
chain of the thiolate, the end group of which is imaged with directly in these dynamic STM studies, since the present
a higher intensity. We therefore conclude that the reaction experiments, performed under UHV at room temperature,
intermediates observed in the STM image in Fig. 4cse capture the model catalyst in a fully sulfur-saturated situ-
but-2-ene-thiolates. ation, disabling the continued reaction of thiolates. Unlike
To further resolve the naturd the reaction intermediates  during real continuous HDS conditions, the number of avail-
found in the STM experiments, the DFT calculations were able S vacancies is depletedce the atomic-hydrogen flux
used to elucidate the possible reaction pathways and eneris terminated due to the recombination with S from dosed
getics involved. The reaction scheme and the correspondingmolecules prior to imaging. By quickly cooling the sample
energy diagram in Figs. 8a and b illustrate the proposed reac-n the STM to temperatures below 240 K after the thiophene
tion pathway leading to the adsorbedHGS state. Starting  flux was terminated, it was, however, possible in a very few
from the physisorbed thiophene molecules with adsorption instances to capture speciasached to the edge in a con-
energies AE,g9 of less than 0.2 eV per molecule, one figuration that indicated a direct end-on bonding. This is
of the double bonds in thiophene is hydrogenated causingillustrated in Fig. 10. In view of the spherical appearance
the other double bond to shift; i.e., 2,5-dihydrothiophene of the adsorbate on the cluster edge, we tentatively associate
adsorbed to the cluster edge is formed. In the next step,the species withy;-coordinated thiophene rather than a thi-
a calculation of the activation barrier is included in Fig. 8b olate.
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Fig. 7. (a) Close-up of an STM image showing a singkebut-2-ene-thiolate (gH7S) molecule adsorbed on the metallic brim. (b) STM simulation of the
same part of the MoSnanocluster. Atomic balls imbedded in the STM simulation indicate the position of Mo (large) and S (small) atoms of the MoS
nanocluster edge. The molecular skeleton mokehs the thiolate structure and its most &atpnfiguration found from the DFT calculations.
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Fig. 8. (a) The proposed reaction scheme of thiophene leading to the thitlemmediates observed with STM. All processes occur while the reactant

are adsorbed on the fully sulfided Mo edge of the Ma@noclusters. For clarity, only thiophene andéd#ctants are shown. (b) The calculated energies
associated with the individual steps in the reaction path (abovejigihene species adsorbed on sites on the metallic edge state ¢f MiwSenergies

are in eV and are calculated relative to gas-phasmltene and H adsorbed on the fully sulfided Mo edgé& g ~ +0.17 eV). The diagram displays the

most relevant intermediate steps in thyrogenation of thiophene and subsequeg#&bond cleavage. Labels refer to tlvhamatic representation above.

The ball-and-stick models illustrate the geometric configurations associated with adsorbed species before, during aneéditemdCcleavage. The final
configuration is GH7S (cis-but-2-ene-thiolate). The position and geometry of the molecule adsorbed on the cluster are also illustrated in Fig. 5. Note the
modest activation barrier associated with the last step, (i) to fii)= 1.07 eV.

4. Discussion nanoclusters. It is observed that thiophene HDS may pro-
ceed by a mechanism very different from that advocated in
The STM results demonstrate the first direct atomic-scale earlier proposals [45-49]. In particular, by identifying reac-
information of thiophene HDS reaction pathways on MoS tion intermediates a new route identified for activating a
nanoclusters and the findings have several important im- sulfur-containing molecule like thiophene, which takes place
plications in terms of explning the reactivity of Mo% by hydrogenation of the double bonds followed by a C-S
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chemical activity is found experimentally or theoretically at
the interior S atoms on the Mg®asal plane. The metal-
lic states associated with the brim sites, on the other hand,
have the ability to donate and accept electrons and thus act
as catalytic sites very much likedinary catalytically active
metal surfaces. Whereas many catalytically active metal sur-
faces (Fe, Ni, Mo to mention a few [50-54]) are poisoned
by H,S and strongly bonded sulfur residues, the fully sulfur-
coordinated brim sites of the Me®anoclusters are clearly
not. Compared to the reactivmetals on one hand and the
inert basal plane of the MeSanoclusters on the other, the
metallic brim sites seem to offer a more optimum bonding
strength for the adsorption of thiophene. This kind of in-
teraction is a compromise with an intermediate adsorption
strength of the reactant whigenerally characterizes a good
catalyst [55,56].

The existence of brim sites and their role in hydro-
Fig. 9. Sequence of STM images of the same Mafngle showing sev-  genation reactions as inferred directly from the present
eral adsorbed §H7S species (each indicated with a black ellipse). The atomic-scale studies explain the results of many other stud-
time lapse between images is on the order of 1 min. In this time inter- jag treating the kinetics and mechanisms of HDS catalysis.
val, ind_ividual specigS have moved to other sjtes on the cluster, ‘indica‘ting Furthermore, the present results are consistent with many
a considerable mobility of the adsorbed species along the one-dimensional . A . .
metallic edge state. previous structure—activity correlations (see e.qg., [6]), which

have concluded that the activity is related to the Me8ges.

This is linked to the fact that the number of brim sites is
roughly proportional to the number of edge sites. Valuable
information on the selectivity of the catalyst has been ob-
tained in other studies by selectively poisoning the active
sites in the catalyst with different molecules while simul-
taneously monitoring the reaction rates. In such inhibition
studies, HS is in general found to severely inhibit the HDS
reaction of thiophene and other S-containing compounds,
most likely due to vacancy reotbination, whereas the HYD
reaction of aromatic-like compounds is found to be only
slightly influenced [6,48,57]. This simple observation can
readily be explained by considering the metallic brim sites,
since atom-resolved in situ STM imaging of the triangu-
lar MoS nanoclusters in a ¢ mbar HS atmosphere did
not reveal any sign of ;6 adsorption on the brim sites;

_ _ _ _ i.e., HbS does not compete with the suggested HYD active
Fig. 10. STM image of a triangular MgShanocluster exposed first o gjtag \yhereas a strong affinity vacancies exists [30,31].
atomic hydrogen, then thiophene, dirthlly quenched to an imaging tem- . .
perature of 250 K in the cold STM. The large protrusion near the edge On the other hand, the HYD activity of the real CatalySt IS
(indicated by a circle) possibly idéfies with either anintact thiophene generally observed to be severely inhibited during simul-
molecule coordinated end-on to a vacgior a hydrogenated derivative co- taneous reaction with more electronegative, N-Containing,
ordinated through the terminal S atom. aromatic compounds like pyridine §85N) or quinoline

(CgH7N) [57-59], implying that these molecules adsorb ini-
bond breaking. Remarkably, the brim sites adjacent to thetially on similar sites as thiophene on the brim sites of
completely sulfur-saturated Mo edge are able to not only the MoS nanoclusters. Since the hydrogenation of such
catalyze the hydrogenation of the carbon double bonds in nitrogen-containing aromatics is also an integral part of the
the presence of neighboring S—H groups but also to acti- hydrodenitrogenation (HDN) process by MeBased cata-
vate and break up the first C—S bond of the hydrogenatedlysts [6,60-62], we therefore suggest that the chemical activ-
thiophene. All the processes take place on top of specific ity associated with sites on the metallic edge states ofMoS
sulfur atoms of the MoBnanoclusters with no direct in-  may be of general importance for hydrogenation reactions of
teraction with the Mo atoms. The interesting chemistry is the wealth of other unsaturated molecules present in crude
clearly associated with the metallic character of the brim oil. In future experiments it will be interesting to test this
sites located adjacent to the Mp8dges. No indication of by exposing the clusters to N-containing molecules and to
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investigate the exact interaction of these with the Mo&n- The results of a previous catalysts model study on
oclusters with STM. structure—activity relationships also support the proposed
Based on our findings, we propose an HDS mechanismmodel. In the “rim-edge” model proposed by Daage and Chi-
in which both the brim sites and neighboring S—H groups anelli [67], unsupported catalysts were described as stacked
are involved in the first hydrogenation (HYD) reaction and Mo$; crystallites. Based on steric considerations, the top
subsequent C-S cleavage of one of the bonds in thiophene(and bottom) layers of unsupged crystallites were sug-
This reaction in presumably followed by S extrusion from gested to have sterically hindered edge sites which are active
the formed thiolate interntéate on a sulfur vacancy. The in both the HYD and the HDS reactions, whereas the edges
brim sites associated with metallic edge states of the MoS in the intermediate layers were suggested to be reactive in
nanoclusters are responsible for binding thiophene to the HDS reactivity only. The resultsave a clear interpretation
clusters, and the hydrogenation reaction is driven by the in terms of the new mechanism presented presently. Pre-
nearby S—H groups which pr(ue a source of h|gh|y reactive ”minary STM results show that stacked N@Sﬂnocmsters
H atoms. In this way, an alternatiteo-step reaction path is also exhibit the bright brim associated with the metallic edge
offered by the clusters in parallel with the direct extrusion State [68], and evidently only the top layer of such stacked
path of S from thiophene on vacancies. This “traditional” M0, clust'ers.will contain accgssible brim sites and her]ce
way of considering the HDS reaction of thiophene by direct will be' active in HYD. Vacancies, on the other hand, will
coordination of the S to one or more undercoordinated Mo Most likely be created both on the top but also on lower
atoms is thus not excluded from the present studies. In fact,Ying layers in such stacked structures, thus exposing sites
the spherically shaped features observed at low temperaturdVhich are primarily active in direct HDS.
in Fig. 10 may represent an binding of thiophene to a va- The concept of chemically active brim sites on MoS
cancy. Both the direct extrusion pathway of S in thiophene Nanoclusters may also be extended to the variety of other
and the more elaborate mechgm involving the brim sites MoS,-like structures that form under different conditions.

suggested here from the STM findings are therefore likely to Vr\]/e ga\,/\j rgcently presented thg fi(r:st atomic-sgalebi gsa%es of
prevail for thiophene undeperating conditions. :_”gs 0 tOI sttruit?l’Jres p()jref]ent mth ct)-tp?]romote W ¢ teh c
A discussion of whether the proposed two-step HDS re- catalysts [13], and shown that the presence of the Co

action process of thiophene is also relevant for reactions of Promoter atoms causes the shape of the Mosnoclus-
. ; . ters to change from a triangular to a hexagonally truncated
other and more complicated molecules present in the oil

feed. Thiophene was chosen for this study as it representsShape' We have also shown that hexagonally shgpecb MO.S
nanoclusters may form under more hydrogen-rich condi-

a standard test molecule, but it does in fact not represent the,.
major obstacle in achieving deep HDS. Dibenzothiophenestlons [14]. Both the CoMosS clusters and the Md@xagons

) . - . formed under more reducing conditions are found to be ter-
and especially the substituted derivatives, e.g., 4,6-dimeth- g

yldibenzothiophene, preseatmuch bigger problem due to minated by different edge structures than those presented
: : ! for the present Mogtriangles. Nevertheless, atom-resolved
sterical hindrance [2,6,63,64]. For such molecules, the re- P B g

STMi how that th hibit similar bright brims i
action pathway proceeding by prehydrogenation and bond Images show tha' they exniblt Simpar brignt brims in

| . : h ) ) his . the rows adjacent to the cles edges. Although no direct
cleavage is more important than direct S extrusion. This fact o, e riments are available at this stage, some of the same
has been attributed to steric hindrance of the end-on coor-

as k s processes involving reactions on metallic brim sites are pro-
dination of S in the larger molecules. The lower steric sen- posed to occur also on these other types of MoSCoMoS

sitivity toward the prehydrogenation pathway has, however, ¢qges. This could be an important part of Cobalt's promoting
remained controversial. In one study, Ma and Schobert [65] gje, since the CoMoS nanoclusters with Co incorporated at

suggested that hydrogenation could occur on multiple va- {he g edges display bright brims in the STM images with a
cancy sites, and other studies have suggested that such sitggsry high intensity ¢ 1.0 A) [13].

could be formed, for example, on the Mo edge. Density-

functional calculations have, however, shown that such sites

are energetically very unfavorable and one would expect ans. conclusion

extreme sensitivity toward poisoning by,8. The present

suggestion that the hydrogenation path involves the brim  |n conclusion, new detailed insight based on atom-
sites allows these observations to be reconsidered. Indeedsesolved STM images suggests that two types of sites may be
adsorption of the large molecules on the brim sites can beinvolved in the hydrotreating reactions on MoSanoclus-
achieved through a good overlap with theelectron sys-  ters. Of special interest is the observation of a new kind of
tem. This prehydrogenation route could then lead to bond active sites associated with one-dimensional metallic brim
cleavage in the more complicated structures and thus lowersites of Mo$ nanoclusters. These are quite unusual com-
the sterically hindered access to the S heteroatom for the fi-pared to the undercoordinat®o edge atoms traditionally
nal S extrusion. In view of this proposal, the fact that the used to explain the reactivity of Mg®anoclusters. The new
tendency to formr-bonds correlates with the hydrogenation insight is obtained by resolving both the electronic and the
rate of aromatics is highly interesting [66]. atomic-scale geometric structure of nanosized Mad8sters
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synthesized on a gold substrate as a suitable model systenp7] H. Jonsson, G. Mills, K.W. Jacobsen, in: B.J. Berne, G. Ciccotti, D.F.

for the hydrotreating catalyst. Exactly this choice of model Coker (Eds.), Classical and Quantum Dynamics in Condensed Phase
system allows us to probe the catalytically active sites on
the atomic scale by carefully monitoring the response of the
MoS, nanoclusters to hydrogen and thiophengHgS) in
atom-resolved STM images.
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