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INTRODUCTION
Eighty to ninety percent of heterogeneous catalysts in use are either
oxides or metals dispersed onto oxide supports [1]. Therefore, models must
reflect this constitution. Our group has been active in preparing model
systems for heterogeneous catalysts, including clean oxide surfaces [2] as
well as deposited metal aggregate systems [3, 4]. We are using thin oxide
films on metal substrates as samples to be able to apply the full scope of
surface science methods to the study of model systems. Methods include
those which are based on the analysis of charge carriers, as for example
photoelectron spectroscopy, electron energy loss spectroscopy or scanning
tunneling microscopy. However, also in connection with optical
spectroscopy thin film systems are advantageous due to the high reflectance
of the supporting metal. We restrict ourselves here to the discussion of
results from our own laboratory and refer for a more complete overview of
this field to review articles, which appeared in the literature recently [3-9].
We will cover a variety of different subjects including structural and
morphological determinations in model catalyst systems as well as
investigations of electronic properties, adsorption of molecules and reactivity
studies.
While most of these results have been obtained under ultrahigh vacuum
(UHV) conditions, we have recently made an attempt to extend these studies
to higher pressures [10]. Thus, we are trying to close both the so called
„materials gap“ by preparing model systems capturing essential features of
real catalysts and the „pressure gap“ by moving from UHV to ambient
conditions. Nevertheless, our basis are well defined UHV studies, and most
of our conclusions heavily depend on a clear understanding of processes at
clean surfaces.

One important aspect in using thin oxide film systems is the formation of
the oxide overlayer on the metal substrate. Oxide formation and growth is a
subject by itself, and not the central theme of this chapter. However, Wyn
Roberts, to whom this chapter is dedicated, and his group have been
interested in the initial stages of oxidation and oxygen induced chemistry on
metal surfaces [11, 12], long before we became involved [13, 14]. Two
quotations from one of his papers [15] document this: ”Interest in metal
oxidation has led us to explore in 1963 how studies of the energy
distributions of photoelectrons might provide definitive information on the
transition of chemisorbed oxygen to an oxide overlayer with a discrete band
structure.”, and then he goes on in the conclusions of the same paper: ”The
significance of oxygen transients in providing low energy pathways in
surface oxygenation reactions was first established using surface sensitive
spectroscopies in conjunction with the probe-molecule approach.“
Roberts and his group have investigated a series of oxide overlayers with
photoelectron spectroscopy, a technique that has been pioneered in its
applications to surface studies in Cardiff [16-18]. NiO [19-21] is a prominent
example for studies on oxides from the Roberts group. We will come back to
other activities of this group concerning the chemistry of carbon dioxide in
the course of the paper.
The present paper is organized as follows: We first present some results
on clean oxide surfaces, and then proceed to deposited metal aggregates,
discussing various specific aspects of nucleation and growth, diffusion,
magnetic and electronic properties, adsorption and reactivity.

OXIDE SURFACES
The preparation of a clean oxide surface in ultrahigh vacuum is a rather
difficult task. Strictly speaking, a certain oxygen activity is necessary in the
gas phase to establish true equilibrium and then the stoichiometry is defined
according to the chosen conditions [22]. In this respect, the oxide
stoichiometry is not well-defined under dynamical UHV conditions, and the
system is only kinetically stabilized. It is therefore believed that defects
determine the physical and chemical properties of oxide surfaces.
Particularly interesting are vanadium oxides and vanadylpyrophosphate
compounds [23, 24]. Activation of hydrocarbons is thought to take place
through abstraction of hydrogen atoms and the formation of surface
hydroxyl groups involving defects and isolated transition metal oxide cluster
sites [25].
We have started to study various vanadium oxide surfaces, V2O5,
VO2 [26] and V2O3 [27]. Figure 1 shows a photoemission spectrum of
V2O5(001) at the top which may be interpreted on the basis of calculations
by Klaus Hermann and his group [28]. Briefly, the spectrum is dominated by
O2p/O2s emissions and there is a minor admixture of the V3d wave
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Figure 1. Photoelectron spectra and schematic representations of structures of various
vanadium oxides [26, 27]. For comparison a computed density of states [28] is shown.

functions as indicated in the panel showing the results of the calculations.
There are no features near the Fermi energy which would, if they were
present, be characteristic for defects leaving V atoms in lower oxidation
states. The oxygen derived part of the valence band can be separated into
contributions from the various types of oxygens constituting the structure as
shown in the right part of Fig. 1. The terminal vanadyl oxygen [O(1)] gives
rise to the central features whereas the bridging oxygens [O(2) and O(3)]
connecting the vanadyl groups are contributing to the wings of the valence
band. We will use this fact to identify oxygen specific reactivity. The
spectrum in the panel below V2O5 is that of VO2. VO2(110) has been grown
as a thin film on the isostructural rutile(110) surface. The oxygen derived
valence band is slightly different from that of V2O5. A characteristic
difference is the appearance of a feature close to the Fermi edge in VO2
indicating the presence of vanadium 3d electrons. Its intensity represents to
some extent the population of the V3d orbitals. When we turn from VO2 to
V2O3 an even stronger increase in the V3d intensity is observed. In Fig. 1, in
the lower panel, the valence band photoemission spectrum of
V2O3(0001)/Au(111) is shown. The V2O3 film shows a sharp hexagonal
LEED pattern representing the corundum type structure similar to Al2O3,
Cr2O3 and Fe2O3 (see below). Again, the V2O3 oxygen valence band emission
is not very characteristic, as compared with VO2 and V2O5. It is only the
change in the near Fermi edge structures that show a characteristic variation
from V5+ to V3+.
Vanadium pentoxide is rather inactive with respect to adsorbates. For
example, molecular hydrogen only leads to observable effects in the
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Figure 2. Photoelectron spectra of V2O5(001) and VO2(110)/TiO2(110) in comparison with a
photoelectron spectrum obtained after dosing atomic hydrogen to a V2O5(001) surface.

photoelectron spectrum after 104 L exposure. On the other hand, atomic
hydrogen leads already at low exposure to recognizable changes in the
photoelectron spectrum. The spectrum shown in Fig. 2 in the middle has
been obtained after exposing the surface to atomic hydrogen. Opposite to the
finding with molecular hydrogen the surface is chemically corroded. Defects
form, as we also know from electron energy loss spectroscopy, and
concomitantly reduced metal centers show up near the Fermi edge. In fact,
the spectrum looks very similar to the one of VO2 which we show for
comparison. We have investigated the surface with vibrational spectroscopy
and found no indication for the formation of hydroxyls. It is very likely, that
during exposure water evolves from the surface. Still the complete absence
of OH on the surface is surprising and might point to the formation of
hydrogen vanadium oxide bronzes which are well-known to exist and which
also have been used as precursors in the preparation of catalysts [29]. We are
now starting to investigate reactivity of these surfaces to more complex
molecules.
The best studied oxide surfaces are those of TiO2, the rocksalt structures
MgO and NiO as well as the corundum structured Al2O3, Cr2O3 and Fe2O3.
Figure 3 shows the results of structural determinations for the three related
systems Al2O3(0001) [30], Cr2O3(0001) [31, 32] and Fe2O3(0001) [33]. In all
cases a stable structure in UHV is the metal ion terminated surface retaining
only half of the number of metal ions in the surface as compared to a full
buckled layer of metal ions within the bulk [34]. The interlayer distances are
very strongly relaxed down to several layers below the surface [2]. The
perturbation of the structure of oxides due to the presence of the surface is
considerably more pronounced than in metals, where the interlayer
relaxations are typically of the order of a few percent. The absence of the
screening charge in a dielectric material such as an oxide contributes to this
effect considerably. It has recently been pointed out that oxide structures
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Figure 3. Experimental data on the structure of corundum-type depolarized (0001) surfaces
(side and top views). Adapted from b) ref. [30], c) ref. [31, 32], d) ref. [33].

may not be as rigid as one might think judged on the relatively stiff phonon
spectrum in the bulk [35, 36]. In fact, at the surface the phonon spectrum
may become soft so that the geometric structure becomes rather flexible, and
thus also very much dependent on the presence of adsorbed species [36].
The vibrational modes of a clean Cr2O3(0001) surface have been studied
under ultra high vacuum conditions with high resolution electron energy loss
spectroscopy [36]. Figure 4 shows the spectrum of the clean surface at the
bottom. A mode at 21.4 meV, which is confined to the first few atomic
layers of the oxide, was detected, in addition to the Fuchs-Kliewer phonons.
This mode shows only a very small isotopic shift when the Cr2O3(0001) film
is prepared from 18O2 instead of 16O2. In contrast to the Fuchs-Kliewer
phonons which extend deeply into the bulk the 21.4 meV mode is very
sensitive towards the presence of adsorbates, as is shown in Fig. 4. This can
be seen by its attenuation upon exposure of the surface to CO, which in this
case is only weakly adsorbed. Full-potential linearized augmented plane
wave calculations [36] show that this mode is an in-phase oscillation of the
second-layer oxygen atoms and the Cr atoms of the two layers below. A
schematic representation of the mode is shown in the inset of Fig. 4.
Bulk oxide stoichiometries depend strongly on oxygen pressure, a fact
that has been recognized for a long time and we have alluded to above [2].
So do oxide surfaces, structures and stoichiometries, a fact that has been
shown again in a recent study on the Fe2O3(0001) surface by the Scheffler
and Schlögl groups [34]. In fact, if a Fe2O3 single crystalline film is grown in
low oxygen pressure, the surface is metal terminated while growth under
higher oxygen pressures leads to oxygen termination. This surface would be
formally unstable on the basis of electrostatic arguments [2]. However,
calculations by the Scheffler group have shown that a strong rearrangement
of the electron distribution as well as relaxation between the layers leads to a
stabilization of the system. STM images by Weiss and co-workers

HREELS

Cr2O3(0001)/Cr(110) at 90 K
Ep=7.5 eV, FWHM=2.3 meV

Intensity [arb. units]

Cr
O
Cr
O

CO
exposure

1.2 L

0.6 L

×50

0

50

100

clean Cr2O3

150

Figure 4. Electron energy loss spectra in the vibrational regime of clean and CO-covered
Cr2O3(0001)/Cr(110) surface. [Ep: 7.5 eV, specular scattering] The inset shows a schematic
representation of the calculated normal mode of a Cr2O3(0001) surface at 21.4 meV,
according to ref. [36].

corroborate the coexistence of oxygen and iron terminated layers and thus
indicate that stabilization must occur. Of course, there is need for further
structural characterization. For the surface of Cr2O3(0001) infrared
spectroscopic data suggest a different termination when the clean surface is
exposed to oxygen [37]. Figure 5 shows the appearance of a sharp line which
develops out of a broad feature after heating the surface to room
temperature. As has been discussed earlier and also supported by isotopic
labeling experiments by Dillmann et al. [37] chromyl groups are formed on
the surface and it was suggested that the chromium ions in the surface layer
of the clean surface bind oxygen to form such chromium-oxygen double
bonds. As is obvious from Fig. 5, there are adsorbed oxygen precursors to
the chromyl formation. The width as well as frequency is indicative of an O2species being adsorbed on the surface in a more or less upright position [37].
The chemistry of this species has yet to be investigated.
CO adsorption on corundum type (0001) surfaces is interesting because,
opposite to checker board rocksalt type surfaces, on the (0001) surface of
Cr2O3 CO has been shown to assume a strongly inclined almost flat
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Figure 5. IRAS spectra after adsorption of a saturation coverage of O2 on
Cr2O3(0001)/Cr(110). The spectra are taken at the temperatures indicated.

adsorption geometry [38]. Recent cluster calculations by Staemmler’s group
have revealed the reason for this [39]. The CO molecule is situated between
two adjacent Cr ions. This allows the carbon lone pair to interact with the
positively charged Cr ions and to reduce, simultaneously, the Pauli repulsion
between the CO 1π electrons and the oxygen ions by placing the molecules
atop an open oxygen triangle. This leads to a more stable adsorption than by
placing the molecule vertically atop a chromium ion. However, the energy
differences are only of the order of a few kJ so that it is fair to assume that
the molecule is rather dynamic on the surface. It is very interesting to note
that CO adsorption on V2O3(0001) seems to show very much related
behavior although the study of orientation of the molecule is not complete
yet [27].
Another interesting case is CO2 adsorption on solid surfaces. Wyn
Roberts and his group have pioneered this field on metal surfaces [18, 40,
41]. Together with one of the authors he reviewed the field recently [42].
Here we report on the interesting case of CO2 adsorption on
Cr2O3(0001) [43]. The adsorption can be almost completely suppressed
when the Cr2O3(0001) surface is oxygen terminated with chromyl groups.
On the metal terminated surface, on the other hand, CO2 is relatively
strongly chemisorbed. The CO2 molecule forms a carboxyl species bound
through the carbon atom to a chromium ion. Interestingly, carbonates are
only easily formed when promoters such as alkali metals are present.

METAL AGGREGATES ON OXIDE SURFACES:
MORPHOLOGY,
GROWTH
AND
ELECTRONIC
STRUCTURE
So far, we have considered the clean oxide surface and its reactivity. In
the following we will discuss the modification of the oxide surface by
deposition of metal [3, 4]. The systems prepared in this way can be regarded
as model systems in heterogeneous catalysis [4, 9]. They aim at bridging the
so-called materials gap. Several groups have started to prepare such systems
including Goodman [5], Henry [6], Madey [7], Møller [44] and our own
group [2-4, 9]. The pioneer in this field was Helmut Poppa [45] who
undertook the first systematic study applying transmission electron
microscopy.
Figure 6 shows STM topographs of a clean alumina film (left), after
deposition of Pd at room temperature on the clean film (middle) and onto a
chemically modified film which is terminated by hydroxyl groups (right) [4]
which can be identified via vibrational spectroscopy [46].
The surface of the clean film (left) is well ordered and there are several
kinds of defects present: The lines represent line defects due to anti-phase
domain boundaries [47]. We know from nucleation studies that there are
about 1×1013 point defects per cm2 present as well [3]. Pd deposited at room
temperature leads to aggregates residing on the domain boundaries and steps
(middle). The surface of these aggregates can be imaged with atomic
resolution, showing that the aggregates are crystalline and terminated by
(111) and much smaller (100) facets [48, 49]. The mobility of Pd under these
conditions is high enough to allow nucleation at the stronger interacting line
defects, whereas at 90 K the point defects determine the growth behavior. At
this temperature we find aggregates statistically distributed across the entire
surface of the sample.
If we deposit the same amount of Pd at room temperature onto the
hydroxylated film as onto the pristine film, the dispersion of aggregates is by
about an order of magnitude higher as shown in the right panel of Fig.
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Figure 6. Scanning tunneling images (1000 × 1000 Å). a) Clean Al2O3/NiAl(100) film, U =
4.2 V, I = 0.5 nA. b) After deposition of Pd(0.2 Å) at 300 K, U = 3.1 V, I = 0.5 nA. c) After
deposition of Pd (0.2 Å) at 300 K on a hydroxylated alumina film, U = 3.1 V, I = 0.4 nA.

6 [46]. This is due to stronger interaction with the substrate which also leads
to higher thermal stability before agglomeration starts.
Studying this agglomeration process is an interesting subject in itself and
research in this direction is only starting. A more basic aspect, of course,
would be a study of metal atom diffusion on oxide surfaces. The obvious
method to perform such a study is scanning tunneling microscopy. However,
in contrast to diffusion studies on metal surfaces, similar studies on oxide
surfaces have not been reported. On the other hand, field ion microscopy is
being used in our group to study such processes. Applying neon-FIM at 79 K
the feasibility to image platinum adatoms, supported on a thin alumina film
grown on a [110]-oriented NiAl tip, had been demonstrated in our
group [48]. At these conditions, the imaging of an ensemble of Pt adatoms is

Figure 7. Surface diffusion of Pt/Al2O3/NiAl(110). The polygon curves had been drawn in the
circular sections of the FIM-pattern to indicate the boundary of the topmost Al2O3 layer: a)
before deposition; b) After deposition, an individual Pt adatom was imaged at 35 K using
neon-FIM at 7.7 kV (black dots: positions of defects); c) After heating the surface to 170 K
during 20 s at zero field.
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characterized by strong fluctuations and non-optimum contrast, partly
compensated by computer aided image processing. Intending to observe
cluster formation, the oxide surface had been exposed to a relative high
platinum dose followed by several heating cycles. As a result, a local
ordering of platinum adatoms was obtained in the vicinity of a point defect;
the arrangement of adatoms was compatible with the surface unit cell [48].
From a displacement analysis of the platinum adatom ensemble only a
rough estimation of the diffusion activation energy was obtained. Recently,
we have prepared an individual Pt adatom on the apex plane of an oxidized
[110]-oriented NiAl tip using neon FIM at 35 K [50]. A sequence of FIM
patterns obtained in a first, exploratory experiment is shown in Fig. 7.
Circular sections of FIM images show the specimen surface after oxidation.
Before deposition of platinum the Al2O3 film was imaged allowing to
visualize sites at the boundary and point defects as in Fig. 7(a). After
exposing the surface (at 35 K) to a platinum beam, a new emission site
appeared which was interpreted as the image spot of a single platinum
adatom.
Figure 8 gives a survey of exploratory examinations of the surface
diffusion behavior for alumina-supported, individual platinum adatoms,
based on FIM patterns such as in Fig. 7(b) and (c). At 160 K the Pt adatom is
in fact more mobile on the well ordered oxide film than on NiAl(110) [50].
The onset temperature for surface diffusion was especially examined in
another experiment (Fig. 9), allowing to estimate a value for the activation
energy [51]. The identity of the adatom, prepared in the center of the plane
was ascertained before and after the diffusion steps. In particular, upon the
first heating step to 100 K for 15 s, the adatom changed its position slightly,
but noticeably. In this case, our analysis of the jump direction is compatible
with the model visualized in Fig. 10 [52].
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Figure 8. Positions of image spots of Pt adatoms diffusing on Al2O3/NiAl(110): Between the
imaging cycles the temperature was varied from 170 K (Fig. 7c) to 100 K.
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Figure 9. Onset of surface diffusion of a Pt adatom adsorbed in the center of an alumina film
on NiAl(110): To improve the visibility, the intensity around the image spot of the adatom
was multiplied by a factor 9.4 (a) and 12.5 (b). Image b) was taken after 15 s heating at 100 K
without applied field. The circle at eleven o’clock marks the position of a step site serving as
a reference at the boundary.
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Figure 10. Onset of surface diffusion: a) experiment and b) model. Upper two enlarged FIM
images in a) show positions of Pt adsorbed in the center of the alumina film prepared on
NiAl(110) (Fig. 9). The lower two patterns display step sites whose image positions do not
change upon heating. The model b) shows a simplified, hexagonal arrangement of the top
layer of oxygen ions and the surface unit cell. The thick, red dot marks the position of the Pt
adatom prior to heating. The yellow dots show possible positions after the diffusion event.
The maximum displacement is estimated to approximately 0.5 nm considered though
decreasing diameter of yellow dots.

In Table 1, we have compiled experimental and theoretical results of
surface diffusion parameter for individual Pt adatoms. Those deposited on a
thin alumina film supported on NiAl(110) showed an onset temperature for
approaching 100 K. We note that our experimental estimate is probably
close to 0.3 eV and thus significantly smaller than the calculated value, 0.7
eV obtained for Pt/Al2O3/Al(111) [53]. Though further experiments are still
required, we conclude that the activation energy of Pt on a defect free
surface area of Al2O3 is comparable with results of Pt surface diffusion on
closely packed metal surfaces such as Ni(111) and Pt(111) [51]. The
relatively high mobility at temperatures approaching 100 K is also in general
agreement with previous STM investigations on Pt cluster formation
occurring at low temperatures on alumina [3]. It is clear, however, that the
characterization of the surface diffusion behavior of alumina-supported
platinum requires more displacement observations.

Table 1. Surface diffusion parameter for individual Pt adatoms [50].

System
Pt/NiAl(110)
Pt/Ni(111)
Pt/Al2O3/NiAl(110)

Onset Temperature (K)
165
>100
<160

Pt/Al2O3/Al(111)

Activation Energy (eV)
0.48
<0.22 [51]
>0.29
<0.47
0.7 [53]

It is obvious that the area of diffusion studies will considerably profit
from atomic resolution, once it is obtained routinely for deposited aggregates
on oxide surfaces. While for TiO2 and very few other oxide substrates
atomic resolution may be obtained routinely, there are very few studies on
deposited metal particles where atomic resolution has been reported
[49], [54]. The first report for an atomically resolved image of a Pd metal
cluster on MoS2 was reported by Claude Henry and his group [54]. A joint
effort between Fleming Besenbacher and our group [49] has led to
atomically resolved images of Pd aggregates deposited on a thin alumina
film. Figure 11 shows such an image of an aggregate of about 80 Å in width.
The particle is obviously crystalline and exposes on its top facet the (111) Pd
surface. Also, the (111) facets on the side, typical for a cuboctahedral
particle, can be discerned. The small (100) facets predicted via equilibrium
shape considerations on the basis of the Wulff-construction could not be
atomically resolved. If we, however, apply the concept of the Wulffconstruction, we may deduce the metal surface interaction energy [49]. The
basic equation is
eq. (1)

Wadh = γoxide + γmetal - γinterface

Provided the surface energies (γmetal) of the various crystallographic
planes of the metal are known [55], a relative work of adhesion (Wadh) may

Figure 11. Scanning tunneling images at atomic resolution of Pd aggregates grown on an
alumina film (left 500 × 500 Å, right 50 × 50 Å) [49].

be defined [49]. We find 2.9 + 0.2 J/m2 which is still rather different with
respect to recent calculations by Jennison et al. [53] where metal adsorption
energies (1.05 J/m2) have been calculated on a defect free thin alumina film.
It is not unlikely that this discrepancy is connected with the rather
complicated nucleation and growth behavior of the aggregates involving
defects in the substrate [56].
It is clear that these studies only represent a beginning, but we think they
are promising. Parallel to studying morphology, structure and processes of
cluster formation, we have investigated the electronic structure of deposited
metal aggregates. In earlier studies we have used photoelectron spectroscopy
and X-ray absorption to investigate deposits with finite but narrow size
distributions to probe the size dependent electronic structure of these
systems [56]. With the advent of scanning tunneling microscopy it has
become possible to investigate individual objects, and therefore the
spectroscopy of optical and electronic properties of single, selected objects
on a surface has been in the focus of interest in recent years. It opens the
unique possibility to detect local variations in the electronic structure which
are normally hidden in the inhomogeneous broadening of the spectra due to
statistical disorder on the surface. A local measurement allows the direct
connection between a distinct geometric structure and its optical, electronic
or chemical properties. In this way, the opening of a size dependent band gap
has been observed in small Pt clusters with scanning tunneling
spectroscopy [57]. The catalytic activity of small Au clusters has been
correlated with the appearance of the metal non-metal transition as cluster
sizes decrease [58]. Spectroscopy of single molecules in the STM has
demonstrated the great potential of investigating molecular vibrations as a
function of adsorption site [59]. With the first observation of light emission
from the tunnel junction of a STM, the detection of optical properties of a
surface with nanometer resolution has become feasible [60]. The method has
been employed to measure photon maps of metal and semiconductor
surfaces, nanocrystals and individual molecules [61]. The spectroscopy of
emitted photons provides an insight in the underlying elementary processes,
whereby tip-induced plasmon resonances have been identified as the source
of the observed photon emission [61]. These special interfacial modes are
connected with the strong electromagnetic interaction between the tip and
the sample in a STM and are not visible in conventional optical
spectroscopy. On the other side, typical features accessible to classical
absorption spectroscopy, like Mie resonances in small metal particles or
electronic transitions in molecules, have not been observed in the photon
emission spectra from a tunnel junction of a STM. Therefore, there is still a
gap to be bridged between conventional optical spectroscopy averaging over
a macroscopic area of the surface and the emission spectroscopy in the STM
at high spatial resolution. Here we report on photon emission from
individual, alumina-supported Ag clusters [62]. The emission can clearly be
distinguished from tip-induced plasmon modes and is interpreted as a decay

of Mie-plasmon excitations in small metal particles, well known from
absorption spectroscopy [63]. We have determined the Mie-plasmon energy
and its homogeneous line width for single Ag particles as a function of
cluster diameter between 1.5-12 nm.
In the experiment the tunnel tip of a beetle type STM, mounted in an
UHV chamber, has been used as a local electron emitter. The electron
energy could be adjusted in a wide range between 1-100 eV, the typical
electron current was set to 1-10 nA. The electron injection from the tip
caused electronic excitations in the sample followed by optical de-excitation
processes. The emitted photons have been collected by a parabolic mirror
surrounding the STM. Outside the vacuum chamber the light was focused
onto the entrance slit of a grating spectrograph and detected with a liquidnitrogen cooled CCD-camera. The spatial resolution of the emission
spectroscopy depends on the tip-sample separation and therefore on the bias
voltage applied. For tunnel voltages below 15 V the exciting electron current
is restricted to an area smaller than 1.5 nm in diameter. Ag clusters were
grown by vapor deposition at 300 K onto a thin, well-ordered alumina film
prepared on a NiAl(110) single crystal [3]. The density of nucleation centers
for the particles was controlled in a sputter-assisted deposition process.
Depending on the amount of evaporated material the mean cluster size could
be adjusted between 1-12 nm. The cluster diameter was determined after
separating the effect of tip convolution. This was achieved by extracting a
mean tip radius from the apparent broadening of step edges of the substrate.
The photon emission characteristics of a cluster-covered alumina film on
NiAl(110) can be divided in two different excitation regimes depending on
the tip voltage:
(1) Spectra measured at low tunnel voltages (Utip ≤ 5 V) are dominated by
two emission peaks at 1.3 eV and 2.4 eV, which are almost independent of
polarity (Fig.12, curve (i)). The emission is caused by collective electron
oscillations in the coupled electron gases of tip and sample induced by a
strong dynamic electromagnetic field in the tunnel cavity. Inelastically
tunneling electrons are the driving force for these tip-induced plasmons [61].
The shape of the spectra is mainly determined by the dielectric function of
NiAl. It can be reproduced within a theoretical model, which allows to
calculate the electromagnetic response function of a simplified tip-sample
geometry, using the dielectric function of the W tip and the NiAl sample as
material properties [64]. The thin alumina film and the presence of small
metal clusters below the tunnel tip slightly modify the shape and intensity of
the spectra emitted from the clean NiAl/W tunnel junction.
(2) An increasing tunnel bias gradually decreases the tip-sample
interaction and consequently the photon yield due to inelastic tunneling
processes. At voltages above 10 V the characteristic lines of the tip-induced
plasmon vanish. In contrast to the clean alumina surface, a new, intense
emission line appears in the spectra taken on top of an Ag cluster (Fig.12,
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Figure 12. Photon emission spectra at different tip voltages and STM image of
Ag/Al2O3/NiAl(110).

curve (ii)). The peak is centered around 3.7 eV and visible only for the
injection of electrons from the tip into the cluster (see curve (iii) for
comparison). The energetic position of the emission line corresponds to the
1,0-mode of the Mie plasmon, well known from extinction cross section
measurements on Ag cluster ensembles [63]. The resonance is interpreted as
an oscillation of the free silver electron-gas perpendicular to the substrate
plane. The corresponding in plane oscillation (1,1-mode) is not accessible to
the experiment because the incoming electrons from the tip induce
preferentially a dipole or impact excitation along the surface normal.
Additionally, the 1,1-mode is strongly damped by its image dipole induced
in the NiAl substrate. For a detailed discussion see ref. [62].
The energy position and the line width of the Mie plasmon show a
characteristic dependence on cluster size [62](see Fig.13). For decreasing
cluster diameter from 12.0 to 1.5 nm a blue shift of the plasmon energy from
3.6 eV to almost 4.0 eV is observed. In the same size range the
homogeneous line width of the emission increases from 160 meV to
300 meV. Both size dependencies show an 1/d (d = cluster diameter)
behavior reflecting the growing surface contribution with respect to bulk
effects in small particles. For the blue shift of the peak position changes of
the intrinsic electronic properties in a spatially confined system are
considered. In the case of Ag particles the plasmon energy is determined by
the classical Drude frequency of the free 5s electrons drastically reduced by
a strong screening effect of the 4d electrons [65]. The 4d depolarization field
vanishes at the cluster surface because the 4d electrons are more localized at
the Ag atoms and have a low residence probability outside the classical
cluster volume. In contrast, a fraction of the Ag 5s electrons spills out into
the vacuum, where they are unaffected by the 4d screening and increase their
plasmon frequency. With decreasing cluster size this fraction of free
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Figure 13. Energetic position and line width of the Mie resonance as a function of cluster
diameter.

electrons residing outside the classical cluster volume increases with respect
to the total electron number and the Mie plasmon energy shifts to higher
energies. This effect is partly cancelled, because a considerable electron spill
out results also in a reduction of the electron density inside the cluster
volume and thus a red shift of the plasmon energy with decreasing cluster
size ( ω2plas ~ n electron ). However, in the present experiment the electron spill

out is strongly quenched at the cluster-alumina interface and the blue shift
dominates the size dependence of the Mie plasmon. A quantitative
description of the experimental results has to treat the 5s-4d interaction on a
fully quantum-mechanical level and has to include the restructuring of the
bulk electronic structure in small Ag particles.
For the increase of the homogeneous line width of the Mie resonance
with decreasing cluster size, only an empirical model can be presented as
well. The behavior reflects the reduced lifetime of the collective electron
oscillation in small particles due to an enhanced electron-surface scattering
rate. This additional decay mechanism (apart from electron-electron,
electron-phonon scattering and Landau damping) becomes highly efficient,
when the electron mean free path exceeds the cluster diameter and causes a
dephasing process of the collective oscillation [63]. The surface mediated
character of the damping with respect to the cluster volume can explain the
observed 1/d behavior of the line width with decreasing cluster size.

MAGNETIC PROPERTIES
In addition to investigations on electronic properties it is interesting to
develop tools which allow us to study magnetic properties. Based upon the
experience we have developed using electron spin resonance (ESR) on
radicals adsorbed on single crystal surfaces [66-68] we have started
measurements of the ferromagnetic resonance (FMR) [69, 70] of deposited
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(B) deposited at room temperature on an Al2O3(0001)-single crystal surface. θ denotes the
angle between the crystal surface and the static magnetic field. The deposited amounts are
given in terms of the effective layer thickness.

aggregates. To this end we prepare either a bulk single crystal oxide surface
or an epitaxial thin oxide film under ultrahigh vacuum conditions and grow
the metal aggregates on it. Such a sample is brought into a microwave cavity
and the FMR is recorded. The sample, which is attached to a manipulator
may be oriented with respect to the external field, and therefore the
orientation of the direction of the magnetization is accessible.
Figure 14a shows such a measurement for Co particles on Al2O3(0001),
deposited at room temperature. An uniaxial orientation is found with a single
minimum at orientation of the field parallel to the surface plane. This means
that the magnetization is also oriented in this way [70]. A very similar
behavior is found for iron as plotted in Fig. 14b. The smaller asymmetry is a
property of the specific metal. While upon heating the behavior does not
change for Co, it becomes more complex for Fe (see Fig. 15) [71].
This is indicative for the survival of uniaxial magnetism in the hexagonal
cobalt and its breakdown for the body centered cubic iron. Fe(bcc) has three
easy axes of magnetization and the formation of more crystalline aggregates
is likely to be the reason for the observation.
Since atomic resolution is very hard to achieve on the small aggregate at
present, these experimental observations in the ferromagnetic resonance are
very useful. FMR can also be used to follow adsorption of the aggregates.
We find that chemisorption of CO quenches the surface magnetism of the
small particles. Oxidation of the small particles leads to the formation of an
oxide skin on a ferromagnetic kernel. Since the oxide signal occurs at very
different fields only the FMR of the kernel has been recorded. Such
measurements may be used to follow the formation of oxide aggregates
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Figure 15. Comparison of the angular dependent FMR-spectra of Co and Fe on Al2O3(0001)
after heating the deposits (prepared at 300 K) to 870 K. The spectra were recorded at 300 K. θ
denotes the angle between the static magnetic field and the crystal surface. The deposited
amounts are given in terms of the effective layer thickness.

deposited on oxide supports which would have interesting catalytic
properties.

ADSORPTION AND REACTION
It is the next step to investigate adsorption and reaction of molecules on
the surfaces of the deposited metal aggregates. Several groups have used
Fourier Transform Infrared (FTIR) spectroscopy to study adsorption on such
systems [72]. The results have been published and discussed in several
review articles [3, 72]. Here we describe and discuss possibilities that arise
from a combination of molecular beam studies in direct combination with a
fast FTIR spectrometer where in-situ studies are possible [73, 74].
The experiments have been performed in a new UHV molecular beam /
surface spectroscopy apparatus. It has been specifically designed for kinetic
studies on complex model systems.
After preparation the sample is transferred to the scattering chamber,
which contains an experimental setup as depicted schematically in Fig. 16.
Up to three molecular beams can be crossed on the sample surface providing
the reactants. In kinetic studies requiring high reactant fluxes two modulated
effusive sources can be used, for sticking coefficient measurements or
angular resolved scattering a third beam with narrow velocity distribution
and well-shaped profile is generated from a supersonic source. Angular-

Molecular beam 2
(effusive)

Molecular beam 3
(effusive)

IR beam

Sample

QMS 1

QMS 2 (diff. pumped, rotable)

Molecular beam 1
(supersonic)

Figure 16. Schematic representation of the molecular beam/IR spectroscopy experiment.

integrated gas-phase measurements are performed with a quadrupole mass
spectrometer, angular-resolved measurements with a second rotatable and
doubly differentially pumped QMS. Simultaneously, time-resolved IR
absorption spectra can be obtained via a vacuum FT-IR spectrometer. A
detailed description of the experimental setup and data acquisition procedure
can be found elsewhere [74].
One general effect which has to be taken into account in a description of
the adsorption or reaction kinetics on supported metal catalysts is support
mediated adsorption (sometimes also denoted as reverse spillover). The
process is schematically illustrated in Fig. 17d: An impinging gas molecule
may directly collide with the Pd particle and adsorb with a probability given
by the sticking coefficient on Pd. Alternatively, the molecule may impinge
on the substrate, be trapped in a physisorbed state and reach the metal
particle via surface diffusion (this established a “capture zone” for the
particle). Depending on the diffusion length, this effect may considerably
enhance the adsorbate flux to the metal particle and has to be taken into
consideration when comparing catalytic activities. Gillet et al. [75] have
formulated the effect for CO adsorption on Pd particles. Later it was taken
into account in several adsorption and reaction studies on the same
system [76-78]. Models have been derived, which allow support diffusion to
be taken into account quantitatively in kinetic studies [79-82].
Combining structural information with molecular beam experiments, a
possible contribution to adsorption due to support trapping can be easily
quantified. The procedure is illustrated in the example shown in Fig. 17.
First, we determine the net sticking coefficient for the model system (Fig.
17c) via a King and Wells type sticking coefficient measurement [83, 84].
Taking into account the fraction of the support, covered by the active metal
(from structure studies, [3, 85, 86]) and the sticking coefficient on the clean
metal surface (from single crystal data, [87]) the support trapping
contribution can be directly estimated. In order to quantify a ‘capture zone’
(an average area from which an adsorbate diffuses to the metal particle),
however, we have to take into account that only a certain fraction of the
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adsorbate molecules is initially trapped in a physisorption well on the oxide
surface (trapping-desorption channel, TD), while the remaining molecules
are directly scattered back into the vacuum (direct inelastic scattering, DI).
The probabilities for both processes can be derived from angular and/or
time resolved scattering studies from the free support surface (Fig. 17a): The
directly scattered molecules are characterized by an angular distribution
centered around the specular direction and a velocity distribution dependent
on the incident beam. The trapped adsorbates exhibit a symmetric
distribution with respect to the surface normal (the information on the initial
impulse is lost upon accommodation) and a velocity which depends on the
surface temperature (in practice the situation might be complicated by partial
accommodation, inefficient coupling of parallel and perpendicular
momentum [88, 89] or due to diffuse scattering from defects, see e.g. [6]).
As an example we show the corresponding measurements for CO adsorption
at 300 K on the alumina-supported Pd model catalyst (Fig. 17). Under these
conditions it is found that the support-trapping represents the dominating
adsorption channel, as the ‘capture zone’ of the Pd particles exceeds the
particle distance [90]. With increasing surface temperature, the diffusion
length on the support decreases and eventually, depending on the strength of
the adsorbate-support interaction, the support-trapping effect is expected to
become less important.
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conditions and after several cycles of O2 and CO exposure.

The interaction of oxygen with Pd surfaces as well as the formation and
influence of subsurface and bulk oxygen is a controversially discussed topic
(see e.g. [76, 87, 91-111] and refs. therein). The remaining ambiguities,
which exist in spite of the numerous studies published, are mainly related to
the difficulties in the identification of bulk and subsurface oxygen species,
the lack of quantitative adsorption and reactivity studies and the limited
knowledge about the surface defect structure. Here, we may again take
advantage of the quantitative character of molecular beam experiments, as
will briefly be illustrated in this section. A more detailed discussion of the
topic can be found elsewhere [73].
In CO oxidation experiments, there have been indications that even at
low sample temperatures and oxygen exposures, rapid subsurface or bulk
diffusion of adsorbed oxygen may occur [73]. In order to test this
hypothesis, we have performed O2 sticking coefficient measurements in a
temperature range from 100 to 400 K. An example is depicted in Fig. 18,
where we compare the sticking coefficient displayed as a function of oxygen
uptake for two situations, (a) the freshly prepared Pd sample (Fig. 18a) and
(b) after repeated cycles of O2 and CO exposure (Fig.18b). Considering the
situation after repeated O2 and CO exposure, the total oxygen uptake can be
subdivided into a reactive contribution due to oxidation of the preadsorbed
CO and adsorptive contribution. Taking both into account, the adsorption
uptake turns out to be consistent with what is expected for simple Pd(111)like surface adsorption behavior based on the Pd surface area estimate from
STM and high-resolution low energy electron diffraction LEED [73].
If we compare this result with the oxygen sticking diagram for the Pd
particles initially after preparation (Fig. 18a), we find a much larger oxygen
uptake. These values are by far too large to be compatible with pure surface
adsorption. Therefore, we have indeed to take into account rapid surface and

bulk diffusion on the time-scale of the experiment. Moreover, the reduced
oxygen uptake after subsequent CO and O2 exposure shows that the bulk
oxygen species are not accessible to the CO oxidation in this temperature
region. This observation is in agreement with a recent study on
Pd(111) [106].
Next, we may consider the total oxygen uptake detectable in sticking
coefficient measurements as a function of the substrate temperature (Fig.
19). Initially, we find a low and slowly decreasing uptake in the temperature
range between 100 K and 250 K, followed by a step-like increase in the
temperature regime ≥ 300 K. Based upon previous adsorption studies, we
may differentiate between three adsorption regimes: (I) At temperatures
around 100 K the adsorption process is molecular [96], before at higher
sample temperatures O2 will dissociate [96]. This process is connected to a
decreasing saturation coverage [99]. The sudden increase in the uptake
above 250 K marks the onset of bulk diffusion. Note that in contrast to
adsorption experiment on bulk metal samples, the bulk reservoir saturates
rapidly and the uptake becomes independent of the sample temperature. A
simple estimate reveals that the total oxygen uptake upon saturation
corresponds to a total stoichiometry of PdO0.5-0.8. Beyond this saturation
uptake, the net oxygen adsorption decreases below the detection level of the
experiment.
Previously, it has been reported that supported Pd particles may undergo
morphological changes induced by strongly interacting adsorbates [108].
Although the conditions are rather moderate in this work, we have
performed STM measurements after bulk-O-saturation (i.e. after a repeated
O2 and CO treatment) in order to exclude such effects as a possible reason
for the changes in adsorption behavior [73]. A comparison with the STM
images taken before oxygen adsorption shows that neither the particle
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Figure 19. Oxygen uptake (in O atoms/cm2) of a sample of Pd particles supported on
Al2O3/NiAl(110) directly after preparation under UHV conditions as a function of the sample
temperature.

density nor the overall morphology of the Pd aggregates is affected by the
large oxygen uptake. Only slight distortions of the particle edges appear,
which might be interpreted as an indication for a distortion of the Pd lattice
structure due to the incorporated oxygen.
Thus, we may conclude that, starting at temperatures above 250 to 300 K,
the Pd particles incorporate large amounts of oxygen on the time-scale of the
sticking or reactivity experiments. In comparison, on single crystal surfaces
this process is typically found to proceed significantly slower and is
observed at higher temperatures ( [106] and refs. therein). It has been
suggested, however, that the kinetics of bulk diffusion may strongly depend
on the defect density of the system [92, 94, 95]. This appears consistent with
the present study, as in comparison with most single crystals, the supported
Pd nanocrystallites in this work represent a high defect-density system. In
addition to step and edge sites, we have to take into account the particleoxide interface, where the crystallite structure may be additionally distorted
due to interactions with the support. These effects may facilitate a drastically
enhanced bulk diffusion for small particles, even in comparison with
defective single crystal samples. Indeed, an anomalous large oxygen uptake
at low temperature was previously observed for Pd supported on γalumina [76, 91], although in this study no exact morphological
characterization of the particles was available and no systematic temperature
dependence was reported.
In view of these results, it becomes evident that studying the kinetics of
test reactions such as the CO oxidation on supported nanoparticles, we have
to explicitly take into account the influence of bulk diffusion, even at low
reaction temperatures.
After the discussion of the adsorption and interaction of the model
systems with simple adsorbates we will now proceed to the CO oxidation as
a simple model reaction. Using molecular beam methods, the reaction has
been studied both on single crystal Pd surfaces [112-114] and on supported
Pd particles [6, 76-78, 91].
As discussed elsewhere [73], a stable oxidation kinetics on the Pd
particles is only obtained after saturation of the bulk oxygen reservoir.
Therefore, we will consider the reaction kinetics on the fully oxygen
saturated system, only. Again, we may take advantage of the single
scattering conditions of the molecular beam experiment, which allow us to
perform a simultaneous measurement of the reactant sticking coefficients
and the CO2 production rate. An example is displayed in Fig. 20, where the
oxygen precovered surface was exposed to the CO beam. From a
simultaneous measurement of the CO sticking coefficient (Fig. 20b) and the
CO2 production rate (Fig. 20a), the CO and oxygen coverages (Fig. 20c) as
well as the absolute reaction rate (Fig. 20d) and eventually the apparent
Langmuir-Hinshelwood (LH) rate constant (Fig. 20d) can be determined in a
straightforward manner. A detailed description of the procedure can be

(a)
CO2 Production Rate
rCO2
0.5

0

(b)

CO Sticking
Coefficient
SCO

0.4
0.3

S

rCO2 [arb. u.]

found in the literature [76, 90, 91, 112]. From a series of similar
measurements at different temperatures between 350 and 450 K, the
activation barrier for the LH step as a function of oxygen or CO coverage is
determined. In the limiting case of high oxygen and low CO coverage we
derive an activation barrier of 57 ± 8 kJ mol-1. For the reverse experiment,
i.e. exposing a CO precovered sample to an oxygen beam, we obtain an
activation barrier of 62 ± 9 kJ mol-1 (limiting case of high CO and low
oxygen coverage).
It has to be concluded that the present results do not confirm a reduced
activation barrier for the small Pd particles as has been suggested
previously [76, 91]. Moreover, it is noteworthy that the activation energies
are in excellent agreement with the activation barrier determined in the low
temperature and high oxygen coverage regime for Pd(111) [112, 113].
Although this may not have been explicitly checked in the mentioned
study [112], we may anticipate that subsurface and bulk oxygen formation
play a less important role in kinetic studies on the close packed Pd(111)
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surface. This, however, would mean that the large oxygen uptake of the Pd
nanoparticles may only have a minor influence on the kinetics of the CO
oxidation reaction. In future studies this conclusion will have to be tested
employing experimental techniques which allow a direct and quantitative
detection of subsurface oxygen species in combination with a well controlled
variation of the structural parameters of the metal deposits.
Among the different kinetic effects, which may influence the reaction
kinetics on supported catalysts, surface diffusion mediated coupling between
different types of adsorption sites has recently attracted considerable
attention [79-81]. The presence of different types of adsorption sites in close
proximity is an intrinsic property of complex catalytic systems. Such types
of adsorption sites may be e.g. different facets on nanocrystallites, step, edge
or other defect sites, interface sites located at the particle boundary or
adsorption sites on the support material itself. Recently, Zhdanov and
Kasemo [115] have extensively reviewed simulations of such coupling
processes. They have shown that relatively moderate changes in the sticking
coefficients or reaction/adsorption energetics may drastically change the
reaction rate under certain conditions. Still, the experimental verification of
these effects is not straightforward and very few examples exist in the
literature.
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Recently, Becker and Henry have observed a transient behavior in a beam
experiment, which was related to an such heterogeneity effect [77, 78]: Upon
termination of the CO flux for a system under steady-state reaction
conditions, they observed a sudden decrease of the CO2 production rate,
followed by a smaller CO2 production peak. Becker and Henry originally
suggested an explanation which involves rapid desorption of CO from
regular sites. CO adsorbed at defect sites, on the other hand, was assumed to
be bound more strongly. Thus, these sites may remain fully saturated until
the CO reservoir on the facets is largely depleted. Only after vacancies
among these defect sites are generated, the reaction rate increases again,
giving rise to the observed smaller maximum in the CO2 production rate.
Since the Pd crystallites in this study are composed of similar facets
((111) and (100)), the effect is also expected for the present model system.
Indeed, we find that under certain flux conditions we observe a transient CO2
peak (Fig. 21a), which appears very similar to the effect originally
reported [77, 78]. By performing a time-resolved FTIR experiment
simultaneously with the reactivity measurement, however, it can be shown
that the sudden decrease in the reactions rate is not related to spontaneous
desorption of CO (Fig 21b). Moreover, the CO2 peak intensity shows a
continuous dependence on the CO flux, indicating that it is not likely to be
related to defect sites. A more detailed discussion of this issue can be found
elsewhere [116].
In contrast to the previously suggested explanation, experimental
observations indicate that the effect, at least for the present supported model
catalyst, is not related to a specific type of defect sites present on the Pd
particles. A detailed discussion of the effects which instead may give rise to
the observed behavior can be found in the literature [116]. Here, we would
like to further discuss one particular contribution, which is related to the
intrinsic heterogeneity of the system and thus is likely to be characteristic for
most supported model catalysts: We have to take into account that every

metal particle represents a largely isolated reaction system, in a sense that
adsorbate diffusion from one particle to another is strongly suppressed (due
to the weak adsorption on the support). Still, the reactant flux to the particle,
the adsorption and the reaction rate for each individual particle may differ
considerably. Possible reasons are variations in the adsorption rate due to a
different overlapping of the ‘capture zones’ discussed above, as well as
variations in the sticking coefficients, the desorption or reaction rate induced
by differences in the individual particle structure (see schematic
representation in Fig. 22).
As for the CO oxidation reaction the adsorbate surface coverage may
sensitively depend on the adsorbate fluxes and reaction rates, a supported
particle system may under steady-state conditions be in a ‘mixed’ state, i.e.
with a fraction of the metal particles may be in an oxygen-rich and a fraction
in a CO-rich reaction state. A superimposition of the transient behavior of
both states may explain the observed effects [116].
It remains the question in how far these contributions can be included in
further microkinetic simulations to finally yield a more complete picture of
the reaction kinetics of the model system. On complex catalytic surfaces, on
which naturally a certain degree of heterogeneity exists, such simulations
will be a necessity in order to identify and quantify the kinetic effects under
discussion. As a basis, this task, however, will require a detailed knowledge
of the energetic and structural properties of the model system. Here, the
available data are still rather limited. Whereas some detailed and
representative structural information is available from STM and TEM
(transmission electron microscopy), the data basis on gas-surface interaction
and surface adsorption/reactions is largely limited to single-component
systems and to ideal single crystal surfaces. Starting from these simple cases,
studies on supported model catalysts with a reduced and controllable level of
complexity may provide a way to address such questions.
In the preceding examples we have shown how metal nanoparticles adopt
themselves to reaction conditions, induced by gases and/or high temperature.
It is obvious that this effect has a strong influence on the adsorption and
turnover of reactants. However, even if the catalyst surface is unaffected and
behaves rigid and simply “waits” for the reaction to occur, the structure of an
adsorbate under reaction conditions is probably still different from UHV
experiments. At the high pressure of a catalytic reaction surface coverages
may be obtained that can not be reproduced by the small exposures of
surface science studies (typically on the order of Langmuirs, 10-6 Torr sec).
If the “saturation” coverage of UHV experiments is exceeded, new adsorbate
structures may form, as shown e.g. by a high pressure STM study of CO on
Pt(111) [117]. Furthermore, at high pressure weakly adsorbed species are
present with much higher concentration (resulting from a higher rate of
adsorption) than under low pressure when they quickly desorb [118]. In the
most unfavorable case, prominent species of low pressure studies may
simply be spectators under high pressure conditions.

In order to tackle this problem a surface sensitive technique is needed that
allows to monitor adsorbates under reaction conditions (~ 1 bar). A high
pressure environment prevents the use of electron spectroscopies but is
compatible with photon-based techniques such as infrared-visible sum
frequency generation (SFG) spectroscopy. IR-vis SFG is a type of laser
spectroscopy that is able to acquire vibrational spectra of adsorbates from
UHV to ambient conditions. Due to its inherent surface sensitivity, surface
vibrational spectra can be recorded even in the presence of a gas phase, in
contrast to infrared reflection absorption spectroscopy (IRAS) that
encounters problems with the excitation of rotational bands in the gas phase
at pressures > 1 mbar, obstructing the surface species information. A detailed
description of the SFG process can be found in the literature [118-121]. SFG
is a second-order nonlinear optical process which involves the mixing of
tunable infrared (ωIR) and visible light (ωvis) to produce a sum frequency
output (ωSFG = ωIR + ωvis). The process is only allowed in a medium without
inversion symmetry (in the electric dipole approximation), e.g. at surfaces
where the inversion symmetry is broken. The dominant SFG signal is hence
generated by the modes of the adsorbate, while the centrosymmetric bulk of
face-centered cubic metals and an isotropic gas phase give nearly zero
contribution to the SFG signal.
It was already mentioned in the introduction that single crystals can not
fully represent supported metals. In order to include size and electronic
effects, surface rearrangements, etc. in a pressure-dependent study of gas
adsorption, SFG spectroscopy should be ideally carried out on supported
nanoparticles. Although the applicability of SFG spectroscopy to nanostructured supported catalysts has been questioned for several reasons
(scattering of laser beams on rough surfaces, disordered adsorbates, small
total coverages), we recently succeeded to obtain SFG spectra from CO
adsorbed on supported Pd nanoclusters [10]. Pd/Al2O3/NiAl(110) model
catalysts were prepared as described above, and transferred under vacuum to
a SFG-compatible UHV high pressure cell. Details about the sample
preparation and cell design are published elsewhere [10, 119].
Figure 23 shows SFG spectra of CO adsorption on alumina supported Pd
particles of 3 nm mean size (about 300 atoms per particle), grown at 90 K
(particle density 1013/cm2). According to LEED and STM measurements [3,
122], the particle surface exhibits a high defect density as a result of the low
growth temperature. Figure 23a displays SFG spectra taken at 190 K. Two
peaks are clearly identified at 10-7 mbar CO and, according to IRAS results
on Pd single crystals [123-125], they originate from bridge bonded CO at
1976 cm-1 and from terminal (on-top) CO at 2106 cm-1. If one takes the
integrated SFG signal intensity as a measure of the ratio of on-top to bridgebonded CO, a value of about 0.5 is obtained. However, this value is only
taken as an estimate here, since the SFG intensity can not be easily
correlated with the concentration of a particular surface species. The
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Figure 23. SFG spectra of CO adsorption on a Pd/Al2O3/NiAl(110) model catalyst at 190 K
(a) and 300 K (b) (3 nm Pd particles grown at 90 K). The observed resonances are
characteristic of bridge bonded CO and terminally bonded CO can be re-populated at
≥ 1 mbar.

coexistence of bridge and on-top bonded CO, a situation which is not found
on Pd single crystals, reflects the defective structure of the Pd nanoparticles.
In fact, the site occupancy on the Pd aggregates compares best with defectrich single crystal Pd(111) or rough Pd thin films [123, 124, 126]. The
difference between supported Pd aggregates and Pd(111) could result from a
reduced lateral CO interaction on the nanoparticles or from the presence of
additional crystal planes.
Increasing the pressure to 1, 10 and 200 mbar CO had only a small effect
on the peak frequencies and also the ratio of on-top vs. bridge CO was nearly
unchanged (Fig. 23a). If the sample temperature is raised to 300 K (Fig.
23b), which is above the desorption temperature of on-top CO on Pd clusters
under UHV conditions [3], bridge-bonded CO is the only species that can be
observed by SFG at 10-7 mbar. However, the on-top adsorption sites can be
populated at p > 1 mbar, and at 200 mbar CO a relative on-top/bridge ratio
of ~ 0.5 can be obtained, similar to the value at 190 K.
Comparing Figs. 23a and 23b illustrates the pressure- and temperaturedependent adsorption site occupancy of CO on Pd/Al2O3. While at 190 K an
extrapolation of the 10-7 mbar spectrum to 200 mbar would lead to a
satisfactory result, for a temperature of 300 K the prediction would be wrong
(absence vs. presence of on-top CO). In addition, the adsorption site
occupancy of Pd nanoparticles is influenced by the particle size and surface
structure. If the same experiment is carried out on Pd particles grown at
300 K that mainly exhibit well-developed (111) surface facets, the
adsorption behavior is again different [10]. These measurements could be
repeated several times indicating that significant structural changes of the
particles were absent - which seems reasonable at the low temperatures

applied. Our adsorption study clearly demonstrates the need to characterize
adsorbates under reaction conditions. If this is carried out under several bars
of pressure and at higher temperature even more pronounced effects are
expected.

PHOTOCHEMISTRY ON METAL AGGREGATES
In addition to thermal studies of reactivity, nano-sized transition metal
aggregates lend themselves to photochemical studies, in which the influence
of size and morphology on the photochemistry on the surface of the particles
is explored [6, 9, 127]. By changing the formation conditions the
geometrical and electronic structure of the metal aggregates can be
controlled. The cleavage of an intra-molecular bond by laser irradiation is of
particular interest for the rather inert molecule methane. Methane will
become an increasingly important raw material, when natural petrol sources
will run out [128]. The primary step of methane conversion to methanol or
other hydrocarbons [129] is the cleavage of the C-H bond requiring a
dissociation energy of 4.5 eV [130]. Even a higher energy of 8.5 eV is
necessary for a photochemical cleavage as the first optical allowed transition
leading to bond breaking is situated in the vacuum UV.
On the other hand, it has been recently discovered that methane
physisorbed on Pt(111) and Pd(111) single crystal surfaces is readily
dissociated into methyl and hydrogen by 193-nm (6.42 eV) ArF excimer
laser irradiation, [129, 131, 132]. This strong shift of more than 2.1 eV is
surprising in view of the low methane surface interaction of around 230-250
meV. Controlled experiments showed that the electronic states of the metal
surfaces play an important role in the photo excitation of methane [131,
133].
By using the same systems as discussed before, the influence of Pd
cluster size and morphology on the photochemistry of methane was
investigated [134]. The average diameter ranged from 1 to 7 nm as
determined by spot profile analysis SPA-LEED analysis. We found that the
photo reactions strongly depend on the cluster size. In these experiments
deuterated methane was photo dissociated by irradiation from excimer laser
run at a repetition rate of 4 Hz, a fluence of 2.5 mJ/cm2 at a photon energy of
6.4 eV, for further experimental details we refer to [135].
As the surface area grows with increasing Pd-deposition a temperature
programmed desorption (TPD) spectrum of a saturation coverage of
deuterated methane was recorded as a measure of the total surface area
available for methane adsorption prior to each photochemistry experiment.
For a bare alumina surface no methane desorption peak was observed. The
maximum temperature for the TPD spectra did not exceed 300 K. The
maximum of the main desorption peak of undissociated methane shifts
continuously towards lower temperature with decreasing cluster size. The
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Figure 24. a) Series of (m = 20 amu) TPD spectra after exposure to 1.8⋅1019 photons/cm2 of
6.4°eV depending on Pd-cluster size. b) number of (m = 19 amu) TPD spectra (recombinative
desorption of deuterated methyl plus hydrogen) at otherwise same conditions as in a).

TPD spectra of the smallest aggregates (1 nm) were shifted by 10 K as
compared to the largest ones (7 nm) indicating a decrease of molecule
surface interaction with decreasing cluster size. The peak area of the feature
of CD4 (m = 20 amu) was further used as reference for the total changes in
methane concentration due to photon induced dissociation and desorption.
Starting with saturation coverage of deuterated methane the system was
exposed to a fixed number of photons impinging on the surface. Figure 24a
shows a number of TPD spectra after exposure to 1.8⋅1019 photons/cm2 as a
function of Pd aggregate size and is due to undissociated deuterated
methane. The maximum of the TPD spectra for (m = 20 amu) turned out to
be very sensitive to the coverage, the average cluster size and also
coadsorbates like atomic hydrogen from photo dissociation which explains
the different shifts of the main feature in those TPD spectra.
In Fig. 24b the recombinative desorption of CD3H (m = 19 amu) is
displayed. The hydrogen on the surface results from residual gas within the
chamber and is due to the high sorptivity of palladium with respect to
hydrogen adsorption. As it turned out the background free TPD spectra of
CD3H were valuable for the photo dissociation analysis particularly, in case
only small photo dissociation rates were observed. No other reaction
products have been observed except for the mentioned recombinative
desorption of CD3+H/D.
The residual amount of methane (Fig. 24a) after laser light exposure if
related to the initial coverage is a direct measure for the photon induced
depletion rate. This loss is mainly contributed by photo desorption and is
plotted in dependence of the cluster size in Fig. 25a. Obviously, for small
clusters photo desorption (the negligible contribution of photo dissociated
methane will be discussed below) is very pronounced, characterized by a
cross section of 1⋅10-19 cm2. For increasing cluster size the photon induced

desorption becomes more and more ineffective and the cross section reaches
a value below 1⋅10-20 cm2, which is also typical from single crystal
measurements [136].
The recombinative desorption of CD3H at around 150 K (Fig 24b) related
again to the initial CD4 coverage before laser light exposure describes the
photon reaction rate and is plotted versus the Pd aggregate size in the Fig.
25b. Evidently only above a threshold size of 40 Å photon dissociation starts
(cross section of 10-22 cm2) and reaches a value of nearly 10% of the
adsorbed methane for the biggest cluster size investigated. This value cannot
be exceeded by further photon exposure and is still far below the observed
turnover of 80% for Pd(111) [131, 137]. The incomplete turnover of the
adsorbed methane by photo dissociation is attributed in case of single
crystals to the evolving product concentration on the metal surface [138].
According to IR-measurements the increasing CH3-coverage reduces the
interaction of methane with the surface. As seen above, this self quenching is
also observed for photochemistry on the Pd-clusters. However, it occurs at
much lower concentrations. For the largest aggregates in our experiments for
which the overall photo reaction cross section approaches the value of 7⋅10-21
cm2 as for the single crystal surface, but ca. 85% of the initial coverage
remained unreacted.
Single crystal experiments have shown that the initial excitation step is
likely to occur within the adsorbate. Two models are actually discussed in
the literature to explain the laser induced dissociation of methane on Pt(111)
and Pd(111) [131, 137, 139].
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Figure 25. a) Plot of overall reaction loss of undissociated CD4 normalized to the initial
coverage as a function of Pd-cluster size. b) Plot of CD3H formation ratio in respect to the
initial coverage depending on the Pd-cluster size.

The first model [131] is supported by ab initio cluster calculations for Pt
(clusters from 1-10 atoms) [139]. It discusses a mixing of the unoccupied
anti-bonding Rydberg state of methane (gas phase value: 8.5 eV) with
unoccupied metal states to account for a broadening and a shift of the first
electronically excited state so that the photo dissociation at 6.4 eV becomes
possible. The excitation energy of this state leading to dissociation to CH3 +
H is strongly depending on the cluster size as the electron redistribution over
the surrounding metal plays an important role to stabilize this charge transfer
state [139]. Within this model a decrease of the cluster size causes a
reduction of the delocalisation resulting in a shift of the excitation energy
towards higher energies.
The second model argues that a reduction of the ionization potential of
methane due to the interaction with the metal accounts for the possibility to
dissociate methane at 6.4 eV [137]. Starting from the vacuum level of Pd the
Fermi level of the metal is situated 5.6 eV below the vacuum level according
to work function measurements [140]. With reference to the vacuum level
the HOMO (highest occupied molecular orbital) state of methane is 12.6 eV
below the vacuum level considering the gas phase value [140]. A further
attractive force due to the image charge resulting from the ionic excited state
further stabilizes this level by a shift towards the vacuum level [137]. Slab
LDA calculations on CH4/Pd(111) revealed that the equilibrium height
between the Pd plane to the C nucleus of 3 Å above the surface [137] allows
to use the image charge model of Jennison et al. [141] from which an
estimate of 1.9 eV can be made for the attractive force. Assuming a low
electron tunneling barrier between adsorbate and substrate one obtains an
approximate minimum excitation energy of 5.1 eV to produce the
dissociative state of cationic methane. Indeed no photo dissociation could be
observed on single crystals at excitation energies of 5.0 eV [129, 132]. The
image potential will be strongly depending on the electronic structure and
thus on the cluster size which explains a decrease in photo dissociation
probability. Furthermore, as the image-potential changes scale with 1/r (r
being the equilibrium height of CH4 above Pd), the dissociation efficiency
might be strongly influenced by the cluster size which governs the actual
interaction between methane and the substrate. This is supported by the
observation that the peak maxima of TPD spectra of the undissociated
methane shift towards lower temperatures with decreasing cluster size
indicative for a diminishing interaction between the molecules and the
surface thus increasing molecule-surface distance.
Intuitively, one expects an increased lifetime of the excited state
concomitant with the quantisation of the electronic states when reducing the
cluster size which would increase the photo dissociation probability.
However, this effect appears to be less important than the influence of
charge delocalisation within the cluster on the photo dissociation threshold.
In summary, photo dissociation, and photo desorption of methane at λ =
193 nm on the Pd-clusters of various sizes on a thin epitaxial Al2O3 support

show very pronounced size effects and remarkable differences from the
Pd(111) single crystal results. These results strongly suggest that metal
clusters of different sizes and shapes provide a unique way for controlling
both photochemical and thermal reactions of hydrocarbons at metal surfaces.

SYNOPSIS
We have demonstrated in the present review how surface science tools
and ideas can be used to prepare and study model systems for heterogeneous
catalysts. In our view it seems possible to bridge the so called materials as
well as the pressure gaps between surface science and catalysis. This opens
fruitful avenues for surface science. Surface science which was, when Wyn
Roberts entered this field, in its infancy beginning has developed into a
mature science thanks to scientists of his stature, and there is still room for
the development of strategies as well as methods to let our field prosper and
keep it very much alive in the future.
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