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Abstract

The scanning tunneling microscope (STM) is today established as a unique tool for resolving the atomic-scale structure of surfaces. STM

studies of model systems relevant to heterogeneous catalysis have made it possible to address and resolve many important, fundamental questions

related to catalytic processes by imaging, in direct space, the atomic-scale structure of catalytically relevant model systems, e.g. adsorbate-covered

single crystal surfaces or nanoclusters supported either on metals or oxide surfaces. These studies are normally carried out under well-controlled

vacuum or pressure conditions. Here we discuss three recent STM studies of model catalyst systems, all illustrating how the insight gained from

fundamental studies of idealized model systems has been successfully linked to studies on real catalyst systems operating under realistic

conditions, and how this interplay has facilitated the development of new and superior high surface area catalysts.
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1. Introduction

The need for a better understanding of heterogeneous

catalysis has led to the development of a number of specialized

experimental techniques, that provide detailed structural and

chemical insight into either complex catalysts or simpler model

systems. The multitude of techniques used in catalysis research

today [1–4] are nearly all developed as general solid-state or

surface science techniques with limited direct application for

the study of complex catalysts. Major developments and

refinements of techniques like X-ray absorption spectroscopy,

X-ray diffraction, infrared spectroscopy and high-resolution

electron spectroscopy have made it possible today to achieve a

relatively good understanding of a number of different catalyst

systems. However, traditional diffraction and spectroscopic

methods are, generally, averaging techniques where the

information about individual atoms and particles is difficult

to extract, and although these techniques have given

unprecedented new insight into both model catalysts of, e.g.

supported nanoclusters and technical catalysts, they are thus not
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able to resolve the detailed atomic-scale structure of

catalytically active sites such as atomic defects or edge sites,

which often determine the catalytic activity.

The scanning tunneling microscope (STM) technique, on the

contrary, is a direct real-space, local probe technique that is

capable of resolving the atomic-scale structure of surfaces with

atomic resolution. What has fascinated many scientists, and

what sets the STM apart from most other surface science

techniques, is its ability to investigate, atom-by-atom, the

electronic and geometric structure of surface structures. STM

therefore stands out as a unique and versatile tool for exploring

the direct-space structure of conducting surfaces, supported

nanoclusters and adsorbates on these. Since the development of

the STM 25 years ago [5], it has matured tremendously and

from being a complicated, highly specialized physics instru-

ment, sensitive to vibrations and drift, the STM has developed

into a compact and stable analytical tool, which now finds

widespread application in a number of disciplines. The

confidence gained in the operation and interpretation of

STM results has led to a situation where we can now apply STM

to solve various problems related to the structure and reactivity

of surfaces relevant for heterogeneous catalysis [6–8]. Since it

also resolves signatures of adsorbed particles (sometimes even

with high temporal resolution), it has become an outstanding
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tool for monitoring atomic and molecular dynamics and

chemical reactions on surfaces with direct relevance to catalysis

[9,10]. The ability of the STM to achieve atom-resolved real-

space images of localized regions of the surface has thus often

revealed unprecedented new insight on catalytically active sites

and, in particular, emphasized the catalytic importance of

edges, kinks, atom vacancies or other defects, which are often

difficult or impossible to detect when using other techniques

[10–12].

The STM technique, as such, is conceptually very simple

and relies on the measurement of a small tunneling current

floating between an atomically sharp metal tip, which is raster-

scanned at a sub-nanometer distance to the surface to be imaged

(see Refs. [6,8] for a detailed description). In the so-called

constant current mode of the STM, the sharp tip traces the

surface structure in a way that keeps the detected tunnel current

at a constant value (around 1 nA), and the movement of the tip

is recorded to produce a map of the underlying structures thus

revealing atomic steps, clusters and, ultimately, the position of

single atoms and molecules. Since STM is based on the

tunneling of electron from tip to surface and vice versa, the

electronic structure plays a role in the contrast formation in

atom-resolved images and great care must be taken in order to

interpret STM images. Specifically, the STM images reflect to a

first approximation contours of surface local density of

electronic states (LDOS), and in the cases where the electronic

structure exhibits marked variations as compared to the

geometrical structure, it is not straightforward to interpret

the STM images. It is thus generally not correct to assume that

STM images reflect a purely geometrical representation of the

surface atomic structure, and in general STM images show a

rather complicated variation of geometrical and electronic

surface structure. Preferably the STM observations should be

combined with theoretical simulations of STM images, and

thus very detailed information on the atomic-scale surface

structure can indeed be obtained.

Since utmost stability is required for the successful

operation of STM and the fact that a tip has to sweep a

surface at sub-nanometer distance, it is evident that STM

cannot be used to image catalyst nanoparticles supported on a

real, porous and often insulating carrier. The STM requires flat

and conductive samples, and, like in most surface science

techniques, the complexity of a catalyst is therefore stepwise

broken down into simplified problems, that can be dealt with in

detail in STM model studies. Typically the unsupported

material is investigated in the form of single crystal surfaces, or,

more elaborate model systems consisting of nano-particles

deposited on a substrate may be synthesized, when there is a

distinct relation between the catalytic properties and the size of

the clusters. The STM thus offers a unique view of such

structures on the atomic-scale, and it can undoubtedly give

unprecedented new fundamental insight, which subsequently

can trigger new ideas for the development of new and better

catalysts. Here we discuss three such examples, where the full

route is taken from STM studies of idealized model system to

the synthesis of high surface area catalysts; an STM study of

supported MoS2 nanoclusters as a model catalyst for
hydrodesulfurization/hydrotreating and two studies on the role

of Ag and Au modifiers on Ni(1 1 1) as a model system for

steam reforming catalysis.

2. Hydrodesulphurization model catalyst studied with

STM

The MoS2-based hydrodesulphurization (HDS) catalyst has

been the subject of extensive studies using a large variety of

different tools, and several extensive reviews on the subject

exist [13–17]. A considerable effort has been aimed at relating

fundamental characteristics such as catalyst activity and

selectivity to microscopic properties, e.g. catalyst composition,

electronic structure and geometric structure. In particular, in

situ EXAFS studies and Mössbauer spectroscopy studies have

provided information on the structure, and today the ‘‘CoMoS’’

model of Topsøe, Clausen and co-workers is widely accepted to

describe the active structures in the catalysts. In the model, it is

suggested that the active phase is present as supported single-

layer MoS2-like nano-clusters with a size of 10–20 Å under

operating conditions, and that the promoting effect of Co in the

CoMoS structures is caused by Co promoter atoms replacing

Mo at positions near the edges of the MoS2 clusters [18–21].

Despite the impressive number of studies of HDS catalysts, a

series of fundamental questions remained, however, unan-

swered. Much of the controversy is directly related to the fact

that the traditional spectroscopy-based techniques are not able

to unequivocally map the real-space atomic structure of the few

nanometer wide CoMoS nanoclusters. It was recognized early

that only the edges of the S-Mo-S layers in MoS2 are

catalytically active [13,22], but in order to pinpoint and

understand more precisely the active sites, it is necessary to

obtain more detailed information on the atomic-scale structure

of MoS2 nanoclusters. For instance, what is the preferential

morphology of the MoS2 nanoclusters, which are the active

edge structures, and what is the role of the promoters in

CoMoS? To investigate these and a number of other issues

related to the structure of the HDS catalyst, we have recently

synthesized nanometer-sized MoS2 nanoclusters and success-

fully used the STM to study directly the atomic-scale structure

of individual MoS2 and CoMoS nanoclusters.

The ability of the STM to achieve atom-resolved real-space

images of the nanoclusters has made it possible, for the first

time, to directly address the MoS2 morphology and the

structure of the catalytically important edges experimentally by

synthesizing ensembles of single-layer MoS2 or CoMoS

nanoclusters on a flat Au(1 1 1) single crystal substrate as a

realistic model system of the catalyst. Normally, oxide carriers

are used in the industrial catalysts, but these are generally non-

conducting and therefore unsuitable as supports for STM

studies. The gold support is chosen since the close-packed

Au(1 1 1) is rather inert, and we can therefore study the intrinsic

properties of MoS2, i.e. the MoS2 nanoclusters are studied with

a weak support-interaction. Furthermore, the Au(1 1 1)

reconstructs in the characteristic herringbone pattern, which

is used as a template for the synthesis of a highly dispersed

ensemble of nanoclusters [23]. The detailed preparation
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Fig. 1. STM image of MoS2 nanoclusters synthesized on the Au(1 1 1) surface

at 673 K in a sulfiding atmosphere. The size is 744 Å � 721 Å. Reproduced

from [24].
method for the synthesis of MoS2 and CoMoS nanoclusters

supported on Au(1 1 1) is reported in [24,25]. As illustrated in

Fig. 1, in the case of MoS2, the clusters synthesized by this

method are characterized by a high degree of dispersion and a

fairly narrow size-distribution. The average size of the clusters

is approximately 500 Å2. This corresponds to a side length of

�30 Å, which matches well with the spatial extension of the

active particles in typical HDS catalysts. A detailed analysis of

STM images reveals that the morphology of the nanoclusters is

also remarkably uniform with respect to shape, and as shown in

the figure, we find that the triangular shape of MoS2 clusters is

strongly favoured under the conditions of the experiment. As a

model system for the HDS catalyst, the MoS2 clusters

synthesized in this study therefore form a well-characterized
Fig. 2. (a) Atomically resolved STM image (Vt = 5.2 mV, It = 1.28 nA) of triang

41 Å � 42 Å. Adapted from [24]. (b) Side view and front view of the Mo edge fully s

the Mo edge with S dimers. The simulation is based on DFT calculations including th

the simulated image are represented by shadowed atom balls (small: S, big: Mo).
reference for experiments elucidating details on the atomic

structure of the catalytically active MoS2 edge structures and

their reactivity with adsorbed molecules.

An atomically resolved STM image of a triangular MoS2

nanocluster consisting of a single S-Mo-S layer is illustrated in

Fig. 2. The cluster is observed to be oriented with the (0 0 0 1)

basal plane in parallel to the Au substrate and with the

protrusions reflecting the hexagonally arranged S atoms in the

topmost layer. At the edges, however, the protrusions are seen

to be imaged out of registry with the basal plane S atoms. In

fact, the protrusions are shifted exactly half a lattice constant

along the edge, but retain their interatomic distance of 3.15 Å.

The atomically resolved image thus provides the first direct

information on the atomic-scale structure of the MoS2 edges.

The shifted registry along the edge could indicate that the

catalytically active edges are severely reconstructed compared

to a model based on bulk properties of MoS2, but this is in fact

not the case. As discussed briefly in Section 1, it is important to

point out that STM images obtained in the constant current

mode reflect contours of constant local density of states at the

Fermi level measured at the position of the STM tip [26]. This

implies that the contrast in STM images, in general, reflect a

rather complicated convolution of geometric and electronic

features of the surface/nanoclusters. This is in particular the

case for materials that exhibit a band gap, e.g. metal oxides or

sulfides. MoS2 is a semiconductor with a band gap �1.2 eV in

the bulk form [27], and for the MoS2 nanoclusters in the present

study we indeed find that a purely geometrical model is not

adequate to account for the STM images. Especially a

pronounced bright brim of high electron state density is

observed to extend all the way around the cluster edge adjacent

to the edge protrusions in Fig. 2a. Furthermore, it is also seen

from the atom-resolved images that the protrusions at the

nanocluster edges are shifted exactly half a lattice constant

along the edge. Rather than geometrical effects, these two

signatures are attributed to an electronic effect probed by the
ular, single-layer MoS2 nanoclusters on Au(1 1 1). The size of the image is

aturated with S dimers. (c) Simulated STM image of a two-atom-wide section of

e effect of the Au substrate (from [28]). The positions of the individual atoms in

For clarity, the Au atoms of the support are omitted.
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STM, reflecting the existence of localized electron states at the

cluster perimeter, so-called edge states. In a successful

collaboration with density functional theory (DFT) calculations

by Bollinger et al. [28], it was possible to identify unambiguously

these signatures in STM simulations, and we concluded that the

MoS2 nanoclusters expose the (1 0 1̄ 0) Mo edges fully saturated

with S2 dimers (Fig. 2b). The calculations also directly show that

the electronic structure near the Mo edges of the triangular MoS2

nanoclusters is indeed significantly perturbed relative to the bulk,

and they reveal that the edges are in fact metallic due to the

existence of two distinct electronic edge states [28,29]. An STM

simulation based on the Tersoff–Hamann model [26] (i.e. a

contour map of the constant surface LDOS) shows that both the

bright brim and the apparent shifted registry of the edge

protrusions (Fig. 2c) can be traced back to the existence of the

two edge states on the fully sulfided Mo edges, and the theory

thus fully reproduces the experimentally observed features.

Under the sulfiding conditions in the experiment, it is therefore

concluded that triangular single-layer MoS2 nanoclusters are

terminated with the Mo edge fully covered with S dimers, and

that the electronic structure of these edges is dominated by one-

dimensional electronic ‘‘brim’’ states which give the edges a

metallic character.

From a coordination chemistry point-of-view, fully sulfur-

saturated edges, like the one in Fig. 2b, are not normally

considered particularly reactive, but due to the metallic

character of the edges we find evidence of a rather different

chemistry than what has ordinarily been assumed. We

investigate this by selectively adsorbing thiophene (C4H4S)

molecules under ultra-high vacuum conditions on the MoS2

clusters at different temperatures, and in this way we can mark

the adsorption sites and map out the interaction strength.
Fig. 3. (a) Atom-resolved STM image (Vt = �331 mV, It = 0.50 nA) of an atomic

dimensions are 50 Å � 54 Å. The dashed circle indicates the features, which are asso

detail the features associated with the adsorption of individual thiolate species at the

cluster (black) corresponding to the line in (b). Line scan of an equal section of a
Specifically, we find that thiophene adsorbs non-dissociatively

onto sites near the bright brims associated with a metallic one-

dimensional edge state of MoS2 at temperatures below 200 K,

whereas we do not see thiophene adsorption on the inert

(0 0 0 1) basal plane of the MoS2 clusters [30]. The thiophene

molecules thus seem to bind considerably stronger near the

metallic edge state of the fully sulfided Mo edges than to

internal regions of the MoS2 basal plane, although the edges are

still fully sulfur-saturated.

When the MoS2 nanoclusters are treated with pre-

dissociated hydrogen atoms, we observe an even stronger

chemisorbed state of thiophene [31]. Fig. 3 shows an atom-

resolved STM image of a triangular MoS2 nanoclusters first

exposed to atomic hydrogen and subsequently to thiophene.

Adjacent to the edges, bean-like features that mark the position

of thiophene related species are now visible. STM movies show

that these molecules are mobile and diffuse along the cluster

edges and that they therefore do not reflect molecules bound

rigidly to a vacancy [31]. The molecules are identified as

reaction intermediates resulting from a partial hydrogenation

reaction occurring on the metallic brim states. The hydrogen

that drives this reaction derives from H atoms adsorbed on the

terminal S atoms on the edges from S–H groups [30], which are

also observed under reaction conditions in the real catalyst. The

combination of having hydrogen atoms adsorbed on the edges

in the form of S–H groups and the unusual sites for thiophene

adsorption on the metallic brim presents a favorable situation

for a hydrogenation reaction. Comparing the experimental

observed STM images with simulated STM images from

extensive density functional theory (DFT) calculations, we

conclude that the observed reaction intermediates are cis-but-2-

ene-thiolates (C4H7S–) coordinated through the terminal sulfur
hydrogen pretreated MoS2 cluster subsequently exposed to thiophene. Image

ciated with individual, adsorbed molecules. (b) A close-up, which illustrates in

edge of a MoS2 nanocluster. (c) STM line scans along the edge protrusions of a

n unreacted, fully sulfided edge (gray dashed) is also shown. From Ref. [31].
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atom to sites near the metallic brim. These species are formed by

a sequential hydrogenation of one of the double bonds in

thiophene by hydrogen adsorbed on the edges (from the S–H

groups) followed by C–S bond cleavage. DFT calculations show

that the reaction barrier associated with the rate-limiting step, the

C–S bond-breaking, is actually quite modest �100 kJ/mol. The

configuration observed in the STM image associated with a ring-

opened structure is simply an ordinary thiol in which the S is

much more reactive. The final extrusion of this S may proceed on

sulfur vacancies. We have thus identified a route for an initial

activation of a relatively inert S-bearing molecule like thiophene,

and the reaction intermediates observed in the STM image may

therefore be the result of an important first step of hydro-

desulfurization. Interestingly, these processes take place on the

metallic brim states of the fully saturated Mo edges, which have

the ability to accept or donate electrons and thus act as catalytic

sites just like ordinary metal surfaces.

Cobalt acts as a promoter for the catalysts, and also the edges

of promoted CoMoS nanoclusters seem to possess metallic edge

states. We therefore propose that metallic brim states may play a

role also for the catalytic properties of the promoted phase. Fig. 4

shows an atomically resolved STM image of a single-layer

CoMoS cluster formed by co-deposition of Mo and Co onto the

Au substrate during exposure to an H2S atmosphere and

subsequent annealing. The main new finding is that the CoMoS

nanoclusters adopt a hexagonal shape as opposed to the

triangular morphology of unpromoted MoS2. This change in

the equilibrium shape is therefore attributed to the incorporation

of cobalt into the MoS2 structure, i.e. the formation of the CoMoS

phase. The predominant hexagonal morphology implies that

both fundamental types of low-indexed edge terminations of

MoS2 must be present, i.e. the Mo edge and the S edge. One edge

type in the CoMoS is found to be similar to that observed for the

MoS2 triangles, with the edge protrusions clearly imaged out of

registry with the lattice of S atoms on the basal plane and a bright

brim along the edge. These edges are therefore identified as Mo

edges, fully sulfided with two S dimers per Mo edge atom like in

the triangles in Fig. 2a. From the symmetry of MoS2, the other
Fig. 4. (a) Atom-resolved STM image of a CoMoS nanocluster. Size is 51 Å � 52 Å

associated with the Co-substituted S edge (shorter edges). (b) Ball model of the pro

unpromoted Mo edge and a Co-promoted S edge (Mo: dark, S: bright, Co: dark wi

appears to be unaffected by Co and is shown in a side view ball model. The Co sub
shorter edges are consequently attributed to S-type edges. On the

basis of the detailed atomic-scale information provided by the

STM images, a structural model of the CoMoS nanoclusters is

proposed in which Co atoms have substituted Mo atoms along the

S edges of hexagonally truncated nanoclusters. As depicted in the

ball model in Fig. 4, a tetrahedral environment of the Co atoms is

produced if the outermost protrusions are assumed to be S

monomers, which agrees well with previously published EXAFS

results on supported CoMoS catalysts [19,32–34] and previous

DFT studies [35,36]. Interestingly, the promoted edges are in the

STM images seen to exhibit an even brighter brim. This suggests

that metallic brim states also exist in the promoted CoMoS

structures, and in view of the result on the unpromoted clusters it

is tentatively proposed that the promoted brim states may be

connected to the higher catalytic activity of the Co-promoted

phase.

Based on the new fundamental insight obtained and in

particular the fact that the existence of reactive metallic sites near

the edges was revealed, it was recently possible by the Haldor

Topsøe company to synthesize and manufacture a novel

generation of hydrotreating catalysts. The improved catalyst,

which optimizes the number of brim sites and enhance the

hydrogenation properties, was called the BRIMTM catalysts

inspired by the finding of electronic brim states in the STM

images [37–39]. This shows that information gained in

fundamental STM studies of idealized systems can generate

the knowledge that may help to develop new and better industrial

catalysts in the industry. It is doubtful whether any experimental

technique other than STM could unequivocally point to the

presence of electronic states on the edge of highly dispersed

MoS2 nanoclusters of this size and furthermore directly identify

their role in the adsorption of relevant molecules.

3. Au/Ni surface alloy catalyst for steam reforming

Nickel is widely used as the active material in the

industrially important steam reforming reaction. In the steam

reforming process, natural gas (mainly CH4) is reacted with
and Vt = �95.2 mV, It = 0.81 nA (From Ref. [25]). Notice the very intense brim

posed CoMoS structure. The CoMoS cluster is shown in top view exposing the

th spot). Also shown on the basal plane is a single Co inclusion. The Mo edge

stituted S edge with a tetrahedral coordination of each edge Co is also shown.



J.V. Lauritsen et al. / Catalysis Today 111 (2006) 34–43 39
steam (H2O) to form synthesis gas, a mixture of H2 and CO, and

many of the challenges within the area of steam reforming have

been discussed by Rostrup-Nielsen and co-workers [40–42]. A

major technological challenge in the use of nickel catalysts in

the steam reforming process, is that Ni is very active and also

catalyzes the formation of graphite. This may lead to the growth

of carbon filaments (so-called coking) and subsequently an

accelerated deactivation and eventually complete breakdown of

the catalyst [43,44]. Rostrup-Nielsen found that one possible

way of circumventing the problem of graphite formation is to

add minute amounts of H2S to the feed gas [45]. The adsorbed S

acts as a poison of the Ni catalyst, which, on one hand, inhibits

the reforming process, but, on the other hand poisons the

graphite formation even more, so that the overall gain is a

improved selectivity and thus an extended life-cycle of the

catalyst. This method was developed by Rostrup-Nielsen et al.

into the so-called sulfur passivated reforming (SPARG) process

[45]. It is, however, not an ultimate solution to the problem

since sulfur is also a strong poison for most other transition-

metal based catalysts used downstream to catalyze the

formation of products. The presence of sulfur in the catalytic

stream is therefore generally unwanted.

Another way of addressing the problem of graphite

formation on nickel during the steam reforming reaction

would be to alter the chemical properties of the nickel surface

by, e.g., forming an alloy with another metal. It is well known

that alloys in certain cases have superior catalytic properties

compared to elementary metals [46,47], but typically focus has

been on the class of binary metal systems that form ordered or

random bulk alloys. However, another class of two-dimensional

surface alloys has been revealed to exist for two-component

metal systems that do not mix in the bulk, but which do form

stable alloys in the outermost surface [48–50].

From STM studies [50] we have shown that the Au/Ni

system belongs to this family of bulk-immiscible metals that

form stable surface alloys. When Au is deposited on a Ni(1 1 1)

surface, a surface alloy is formed: the Au atoms squeeze out Ni

atoms and are substituted into Ni atom lattice positions as
Fig. 5. Two STM images of the Ni(1 1 1) surface with 2% and 7% Au coverage,

surrounding the Au appear brighter due to a local modification of the electronic stru

from [51].
depicted in Fig. 5 in the atom-resolved STM images obtained

after depositing Au atoms at 700 K [51]. By correlating the

number of atoms imaged as depressions to the amount of

evaporated Au, one sees that the Au atoms are imaged as

depressions in the STM, although one would expect the Au

atoms to protrude from the surface based on purely geometric

arguments. This reflects the fact that STM images are, in

general, a convolution of the geometric and the electronic

structure, i.e. the LDOS at the positions of the Au atoms is

lower than on the Ni sites.

The fact that a Au/Ni surface alloy is formed whereas no

bulk 3D Au/Ni alloy exists (reflecting that the heat of solution

of Au and Ni is large and positive, 27 kJ/mol) can be explained

as follows. The Ni atoms in the surface layer are under-

coordinated compared to the Ni atoms in the bulk. The Au

atoms have a higher electron density than that of the Ni atoms,

and when the Au atoms are alloyed into the surface layer, the

neighboring Ni atoms will feel a higher electron density or,

equivalently, a higher effective coordination number. The Au

atoms that are alloyed into the surface layer thus help lowering

the Ni surface energy. This simple reasoning is confirmed by

extensive theoretical calculations [51].

Three fundamental findings originated the idea that the Au/

Ni surface could have interesting catalytic properties for the

steam reforming process. First, it was observed in the high-

resolution STM images that the Au atoms alloyed into the Ni

surface layer perturb the electronic structure of the nearby Ni

atoms. Ni atoms with a neighboring Au atom are imaged

brighter in the STM, and this effect is even more pronounced

for those Ni atoms having two Au neighbors. DFT calculations

confirm [52] that this effect cannot be explained by an outwards

relaxation of the Ni atoms. Instead it reflects that the Au atoms

perturbs the electronic structure of the neighboring Ni atoms,

and thus we have basically three types of Ni atoms, Ni with

atoms no Au nearest neighbors (nn), Ni atoms with one Au nn,

and Au atoms with 2 Au nn. Second, DFT calculations showed

that the Ni atoms with Au nearest neighbors have a higher

activation barrier for hydrocarbon molecules such as CH4.
respectively. Au is imaged as dark depressions in the surface. The Ni atoms

cture, indicating a changed chemical activity of these. Adapted with permission
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Finally, the DFT calculations (Fig. 6a) reveal that the tendency

of the surface to bind carbon and form graphite is strongly

impeded by the presence of the substituted Au in the topmost

layer of the Ni(1 1 1) surface, and in particular this effect was

found to be much more pronounced than the lowering of the

activity towards activation of hydrocarbons [51].

These fundamental findings inspired the synthesis of a high

surface area, MgAl2O4-supported Ni catalyst (with 16.5 wt.%

Ni) which was modified with 0.3 wt.% Au [51]. By means of

extended X-ray absorption fine structure spectroscopy

(EXAFS) we verified that the Au is indeed alloyed into the

first layer of the Ni catalyst. This high surface area Ni catalyst

was then tested by measuring the activity for steam reforming

of n-butane and comparing this to a similar measurement on a

pure Ni catalyst; the results are shown in Fig. 6b. n-Butane was

used to test the activity since it is known to give rise to the most

severe graphite formation problems. Whereas the conventional

Ni catalyst is deactivated rapidly due to the formation of

graphite filaments, as confirmed by, e.g. electron microscopy, it

was found that the conversion for the new catalyst with the Au/

Ni nanoclusters is almost constant, i.e. for this new catalyst the
Fig. 6. (a) The probability of nucleation of graphite is determined by the

stability of the adsorbed C atoms. The less stable the adsorbed C, the larger the

tendency to react with adsorbed O to form CO and the lower the coverage. On

the pure Ni(1 1 1) surface, the most stable adsorption site is the three-fold (hcp)

site. The figure shows that three-fold sites next to a Au atom are seen to be

completely unstable, and even the three-fold sites that are next-nearest neigh-

bors to the Au atoms are substantially destabilized. (b) Conversion of n-butane

as a function during steam reforming. The bright curve shows the conversion of

the pure Ni catalyst, whereas the dark curve is for the Au/Ni catalyst. Adapted

with permission from [51].
graphite formation is significantly reduced. The results thus

illustrate nicely that we also in this case, have reached a

situation where fundamental insight into surface structure and

reactivity has led to the design of a new steam reforming

catalyst operating under technically relevant conditions.

4. Selective site blocking by Ag atoms on Ni(1 1 1)

Whereas the activity often is the key parameter for the

development of new catalysts, the selectivity is another and

equally important factor for reactions with several possible

reaction pathways. Very little information exists, however, on

the ways in which the selectivity is controlled by special active

sites, such as step edges or kinks [53–59]. To gain further

insight and generate ideas of how to design new catalysts with

improved selectivity, we recently investigated the initial steps

of the decomposition of ethylene on Ni(1 1 1) surfaces. In the

combined STM and DFT study, we have revealed interesting

information on the role of the step edges for the rate of C–H and

C–C bond-breaking. The results give important insight into the

bond-breaking selectivity of the Ni catalyst between dissocia-

tion and primary dehydrogenation. This bond-breaking

selectivity will eventually show up in the selectivity between

the final products in, e.g., hydrogenolysis or dehydrogenation

of hydrocarbons.

The most reactive sites on Ni(1 1 1) can be probed by dosing

ethylene at the lowest temperature for which a reaction occurs.

For room temperature exposure of ethylene we observed the

formation of a brim of reaction products along the upper step

edges of the Ni(1 1 1) surface, as can be seen in the STM image

of Fig. 7a. The formation of this brim of ethylene decomposi-

tion products was found to be self-poisoning, i.e. the width of

the brim did not increase with increasing ethylene dosing. This

shows that the active sites for decomposing ethylene are

blocked by the reaction products found at the brim, and we thus

concluded that only the sites at the step edges of Ni(1 1 1) are

active for ethylene decomposition at room temperature [60].

The STM data were complemented by DFT calculations in

which the activation barriers were calculated for the two

possible initial steps of the decomposition of ethylene:

dissociation (C–C bond-breaking) and dehydrogenation (C–

H bond-breaking). Step edges were introduced by performing

the calculations both for the flat Ni(1 1 1) surface and for the

stepped Ni(2 1 1) surface. The calculations showed that both

energy barriers (dehydrogenation and dissociation) on the

stepped surface were significantly lower than the lowest barrier

(dehydrogenation) on the flat surface, consistent with the high

reactivity of the step sites observed in the STM study. By

comparing the step sites to terrace sites, the DFT calculations

furthermore showed that the reduction in height of the

activation barrier was much more pronounced for dissociation

than for dehydrogenation, indicating that the selectivity of the

Ni(1 1 1) surface towards ethylene dissociation/dehydrogena-

tion, to a large extent, is determined by the ratio of step sites to

terrace sites.

The selectivity of the Ni(1 1 1) may thus be controlled by

modifying the number of free step sites. We therefore initiated
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Fig. 7. (a) STM image (200 Å � 200 Å) of a Ni(1 1 1) surface after exposure

to ethylene (10�8 Torr; 100 s) at room temperature. (b) STM image

(400 Å � 400 Å) of a Ni(1 1 1) surface with the step edges blocked by Ag

atoms. The small insert shows a ball model of a row of Ag atoms decorating a

step edge on Ni(1 1 1). (c) Arrhenius plot of the rate constant for hydro-

genolysis over Ni/MgAl2O4 and Ag/Ni/MgAl2O4. The rate (k) of ethane

hydrogenolysis is one order of magnitude lower on the Ag/Ni catalyst as

compared with the Ni catalyst, whereas the activation energy (slope of the

Arrhenius curve) is similar.
STM experiments, in which the step edges were blocked by the

addition of small amounts of Ag [60]. In previous STM studies

we have found that when Ag is deposited on Ni(1 1 1) at room

temperature, Ag preferentially nucleates and grows as islands at

the step edges [49]. When these Ag islands on Ni(1 1 1) are

post-annealed at 800 K, the Ag atoms become highly mobile

and decorate all of the step edges of Ni(1 1 1), as seen in the

STM image of Fig. 7b and illustrated by the inserted ball model.

To test that the Ag atoms block the step edges, we subsequently

exposed this Ag/Ni(1 1 1) surface to ethylene at room

temperature and found by STM in this case no ethylene

induced brim structure, neither at the step edges nor on the

terraces. This clearly indicates that the step edge sites are

indeed the active sites for the decomposition of ethylene at

room temperature, and the experiments showed that the

addition of silver effectively blocks these sites and changes the

overall selectivity of the stepped Ni(1 1 1) surface.

To bridge the gap from the fundamental studies on model

systems and exploit the new knowledge in a real catalyst, we

have synthesized a new high surface area oxide-supported Ag/

Ni catalyst [60]. The Ag-doped catalyst was tested for

hydrogenolysis of ethane, which is the simplest possible

reaction to probe the activity for C–C bond-breaking. The

results are depicted in Fig. 7c, and it is seen that the design of

the new Ag-modified catalyst has led to a decrease in the rate

constant for ethane hydrogenolysis by approximately an order

of magnitude. It is also seen that the activation energy (slope of

the Arrhenius plots) is similar for the two catalysts, indicating

that they have the same active sites. This was interpreted in the

way that not all the step edges were blocked on the Ag/Ni

catalysts, which is due to the complex structure of the highly

dispersed and supported catalyst. The blocking of the

dissociation pathway was attributed to the addition of silver

to the Ni catalyst, and here the fundamental studies by STM

have played a vital role in determining the role of step edges and

providing clues on how to change the nature of these sites.

The very reactive step sites on Ni surfaces are also strongly

involved in the formation of graphite during the steam

reforming process as shown in recent STEM studies by Helveg

et al. [43]. The poisoning effect of S utilized in the SPARG

process may therefore also be speculated to relate to the step

edges. We performed experiments with S on Ni(1 1 1) and

especially studied its effect on the dissociation of CO. CO was

used as the test molecule since it dissociates exclusively at the

step edges and forms carbon structures, which are readily

observed by STM (see Fig. 8a). When the Ni(1 1 1) surface was

exposed to H2S at 400 K we found that the sulfur atoms adsorbs

preferentially along the step edges (Fig. 8b), and furthermore

we found that CO did not dissociate on the Ni(1 1 1) surface

when the step edges were decorated with S atoms. These

observations are in agreement with the work of Goodman, who

found that sulphur blocks the CO methanation reaction on

Ni(1 0 0) [61]. Although these data are for CO dissociation, we

expect that S will block the step edges for activation of any

hydrocarbon molecule, and the step edges may thus play an

important role in explaining the effect of S in the SPARG

process. We have also shown that Au atoms block the step edges
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Fig. 8. (a) STM image (500 Å � 500 Å) of a Ni(1 1 1) surface showing the nucleation of carbon islands along the step edges after exposure to CO at 400 K. (b) STM

image (100 Å � 100 Å) of single S atoms adsorbed at the step edge of a Ni(1 1 1) surface.
on the Au/Ni(1 1 1) surface alloy, and this may be part of the

explanation of the improved carbon resistance of the Au/Ni

alloy catalyst in the steam reforming process as discussed in the

previous section.

5. Outlook and perspectives

In this article we have presented in a few examples on how

studies of catalyst model systems have provided new insight

that could be transferred to a real system and facilitate the

synthesis of a new and better catalyst. This so-called surface

science approach, where detailed investigations are made by

applying sophisticated surface science techniques to single

crystal surfaces, often under well-controlled, high vacuum

conditions as well-defined models of catalysts, can provide

fundamental microscopic insight into the principles underlying

the elementary steps of heterogeneous catalysis. As a fairly new

technique used in catalysis, the STM enables a direct atomic-

scale view of active sites with a low density such as edges, kinks

or atomic defects, which in many cases turn out to dominate the

catalytic properties. Atomic-scale insight is essential, and the

STM is an excellent tool to resolve such issues on nanoclusters

deposited on conducting substrates. However, one should be

aware that catalyst model systems may differ significantly from

the real high surface area catalysts, both with regards to the

nature of the surface morphology and to the applied pressure

range. Today different routes are being developed to overcome

both the material and pressure gaps, and it is very likely that the

STM will play a central part in this progress. The STM is

limited to the study of conducting surfaces and can, e.g., not be

used for the study of poorly conducting or insulating materials

such as the oxide-supports widely used in catalysis. For this

purpose the atomic force microscope (AFM) is a well-suited

instrument, capable of probing, conducting as well as insulating

surfaces, with a high degree of detail similar to STM [62,63]. In

addition, a great number of new developments of the STM and

related techniques are under way operating at high pressures or

with high scanning speeds [64–69], and they have already

shown promising results with clear significance for the

fundamental studies of catalysis.
Acknowledgements

This paper is dedicated to Jens Rostrup Nielsen and Henrik

Topsøe in connection with the Symposium ‘‘Frontiers in

Catalysis’’ to celebrate 40 years in catalysis (JRN) and 60 years

birthday (HET). We and in particular FB thank them both for a

very fruitful and stimulating collaboration and for their year-

long support of the STM activities at the University of Aarhus.

We also gratefully acknowledge the large number of colleagues

who, at different stages, have been involved in the presented

work: M. Bollinger, I. Chorkendorff, B.S. Clausen, S. Dahl, B.

Hammer, K. Honkala, S. Helveg, E. Lægsgaard, M. Nyberg,

J.K. Nørskov, J. Schnadt, I. Stensgaard, H. Topsøe, and E.K.

Vestergaard. Finally J.V.L acknowledges the financial support

from the Carlsberg Foundation.

References

[1] J.W. Niemantsverdriet, Spectroscopy in Catalysis, second ed., Wiley-

VCH Verlag GmbH, Weinheim, 2000.

[2] G.A. Somorjai, Surface Chemistry and Catalysis, Wiley, New York, 1994.
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