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a b s t r a c t
After a general introduction to model studies in catalysis, results from different research areas are presented: (a) adsorption and reaction on nanoparticles supported on thin oxide ﬁlms. It is shown that carbonaceous deposits on speciﬁc nanoparticle sites inﬂuence hydrogenation reactions through control of
hydrogen surface–subsurface diffusion. (b) 2D-3D-morphology, geometric, and electronic structure of
supported metal nanoparticles partially in relation to doping of the support. We learn how dopants, as
electron sources, even if they are well beneath the active surface inﬂuence nanoparticle morphology
on surfaces. (c) Strong metal–support interaction (SMSI). Ultrathin oxide ﬁlms are proven to become
chemically active in CO oxidation as they form on deposited nanoparticles dependent on the oxygen
chemical potential in the gas phase. (d) Adsorption and reaction on two-dimensional silicates and alumino silicates in ordered and vitreous phases. Bilayer silica ﬁlms on Ru(0 0 0 1) are transformed by Al doping
into 2D-aluminosilicates and shown to exhibit binding hydroxyl with an acidity close to 3D-zeolites, such
as chabazite.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Heterogeneous catalysts are complex materials consisting of
combinations of different components, such as an oxide support
and an active disperse metal. The classical model system for these
materials, in the past, has been the metal single crystal [1–3]. The
reason for this choice can be made transparent by inspecting Fig. 1
[4]. It shows STM images of Pd nanoparticles, which were grown by
physical vapor deposition of Pd onto a thin alumina ﬁlm. The left
image showing a larger area reveals the presence of nanoscopic
Pd single crystals exposing well-deﬁned facets. The image at atomic resolution supports the idea that the topmost facet, indeed,
exhibits (1 1 1) morphology and structure. Exactly, those observations, made in the 1960s of the last century, at the time with transmission electron microscopy [1], were the basis for the
development of single-crystal model systems of deﬁned orientation within surface science, in order to understand the elementary
steps of chemical reactions at surfaces [5,6]. Our understanding of
catalysis, and heterogeneous catalysis, in particular, is, to a large
extent, based on these investigations of model systems. The enormous impact of metal single-crystal model surface chemistry, pioneered by physical chemists that led to the 2007 Nobel Prize in
chemistry for Gerhard Ertl, has been the basis for an outstanding
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success story [6]. The simplicity of this model approach is particularly appealing, and it is this aspect that has led to some of the
groundbreaking ideas inﬂuencing our thinking about catalytic
reactions. However, it is also very obvious that a full understanding
of all factors inﬂuencing catalytic reactions requires a considerable
increase in complexity in the structure and morphology of the
model systems, actually, taking the ﬁnite size of the disperse metal
particles and the support–metal interface into account [7,8]. The
important question is how much complexity is necessary to catch
the relevant aspects [9]. It is obvious, however, that the only strategy that will lead to an understanding at the atomic level is to proceed from the simple to the complex and not the other way
around!
We have developed concepts to prepare more complex model
systems based on single-crystalline oxide ﬁlms, which are used
as supports for metal and oxide nanoparticles [10–13]. Together
with the development of novel instrumentation [14], this approach
allows us to study the factors inﬂuencing catalysis at the atomic level using the tools that have been developed, and so successfully
applied, during the last thirty years in surface science, including
those based on scanning probe techniques [15,16].
Here, we report on different areas, where such an approach has
allowed us to directly establish structure/morphology–reactivity
relations previously impossible and thus explain some surprising
observations made in real catalysis. Using a model system similar
to the one shown in Fig. 1, we investigate the question, why one
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Fig. 1. Scanning tunneling microscopic images of Pd deposited on a thin alumina ﬁlm at low (left) and high (right) resolution [4].

needs the presence of deposited carbon on nanoparticles to sustain
hydrogenation catalysis in the conversion of alkenes to alkanes
[17,18], and how does this relate to the higher degree of ﬂexibility
of nanoparticles as compared to metal single crystals inﬂuencing
the adsorption enthalpy of molecules [19,20]. We address in a further case study the morphology and structure of nanoparticulate
supported gold occurring as small, ﬂat raft-like aggregates, and
the role of the oxide metal interface in relation to its unmatched
reactivity in CO oxidation [21–23]. Then, we pursue the study of
charge transfer through oxide ﬁlms as a function of their morphology and thickness to reveal novel mechanisms of molecular activation on oxides in the case of encapsulation of nanoparticles and
strong metal–support interaction (SMSI) [24]. In a ﬁnal case study,
we reveal our initial experiments to prepare two-dimensional
well-ordered silica and alumino-silica surfaces in an attempt to
study the surface science of zeolites [25,26].
2. Experimental
The experiments were carried out in a number of custom made
ultrahigh vacuum (uhv) systems, including equipment to bring
samples to ambient conditions with direct transfer. A broad variety
of experimental techniques have been applied [14]. These include
scanning tunneling microscopy in uhv and ambient conditions,
non-contact atomic force microscopy, elastic and inelastic electron
scattering, photon STM, infrared Fourier transform spectroscopy,
non-linear optical techniques, electron spin resonance spectroscopy, resonant nuclear reaction analysis, molecular beam techniques, microcalorimetry, and combinations thereof. The
materials were prepared by epitaxial growth of oxides by reactive
physical vapor deposition in uhv. Surface modiﬁcations and exposure to gases were carried out via speciﬁcally designed gas-handling systems.

results on Pd(1 1 1). The rates were calculated by averaging the
reaction rates from the last 30 long pulses of the experiment and
were normalized to the number of the surface Pd atoms for quantitative comparison. Shown are the hydrogenation rates plotted as
a function of time on Pd(1 1 1) (upper row) and Pd particles (lower
row) on the C-free (black curves) and C-containing (gray curves)
surfaces. It is noteworthy that on both C-free surfaces, no sustained
hydrogenation is observed [17,18,27,28]. Fig. 3 shows the production rate of butane-d2 resulting from the reaction of cis-2-butene
with D2 over a C-free (Fig. 3a) and C-precovered (Fig. 3b) Pd-supported model catalysts at 260 K, which were pre-saturated with
D2 prior to the oleﬁn exposure. A sequence of cis-2-butene pulses,
consisting of 50 short (4 s on, 4 s off) and 30 long (20 s on, 10 s off)
ones, was applied using an independent beam source concomitant
with the continuous D2 exposure. The reaction was carried out in a
large excess of D2 with the ratio of D2:cis-2-butene molecules
amounting to 570. On the pristine Pd particles (Fig. 3a), the initial
period of high hydrogenation activity on D-saturated catalyst is
followed by a decrease in the reaction rate to zero under steadystate conditions. Remarkably, carbon deposition prevents the
suppression of the hydrogenation pathway in the steady state
and results in persisting hydrogenation activity at the initially high
level (Fig. 3b). It should be noted that the reaction rate of the

3. Results and discussion
3.1. Carbon deposits on supported Pd nanoparticles and its ﬂexibility
Fig. 2 shows a comparison of hydrogenation rates of trans-2-butene to d2-butane obtained from a series of pulsed molecular beam
experiments, in which Fe3O4(1 1 1) supported Pd nanoparticles of
4 nm average diameter (similar to the Pd particles on alumina imaged in Fig. 1) were exposed to a continuous D2 molecular beam
and a modulated cis-2-butene (which was chosen as the model
di-methyl substituted ethene) molecular beam at 260 K [17]. The
ﬁgure shows that the product response curves obtained for hydrogenation under steady-state conditions in comparison with similar

Fig. 2. Average hydrogenation rates on Pd/Fe3O4(1 1 1)/Pt(1 1 1) model catalyst, in
comparison to a Pd(1 1 1) single crystal. The panel shows the situation for the model
catalysts without pre-deposition of carbon on the left and after carbon deposition
on the right [17].
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Fig. 3. The hydrogenation rates of cis-2-butene at 260 K over initially D2-saturated
(a) clean and (b) carbon-precovered Pd/Fe3O4(1 1 1) model catalysts [17]. The
cartoons on the right indicate how we envision carbon decoration on the edges of
the Pd particle.

cis–trans isomerization/H–D exchange, i.e., the reaction competing
with hydrogenation, according to the Horiuti–Polanyi mechanism
[29], in the steady state, remains very similar on both C-free and
C-precovered Pd particles, indicating that the surface concentrations of D and butyl-d1 are not substantially affected by C deposition under the investigated conditions. The microscopic reasons for
the vanishing hydrogenation activity on the C-free catalyst could
be deduced recently from the combination of H-depth proﬁling nuclear reaction analysis (NRA) measurements, and transient molecular beam experiments [26,30] carried out at different H2/D2
pressures [18], which provided experimental evidence that the
presence of subsurface H species [30] is necessary for hydrogenation. In view of this ﬁnding, the initially high hydrogenation rate
(probed by the initial short pulses) on both C-free and C-precovered Pd particles can be ascribed to the high availability of subsurface D atoms directly after pre-saturation. However, the abundance
of these species on the C-free particles cannot be maintained at the
initially high level after prolonged oleﬁn exposure, resulting in
vanishing hydrogenation rates. This behavior was suggested [18]
to be a consequence of the slow D subsurface diffusion hindered
by co-adsorbed hydrocarbons. In contrast, sustained hydrogenation activity of the C-precovered particles indicates effective
replenishment of the subsurface D species even under steady-state
reaction conditions. It is possible that hydrogen subsurface diffusion through the C-modiﬁed edge sites can be the reason for this
observation, as was recently supported by theoretical calculations
[31]. Summarizing, we ﬁnd, that due to the considerably higher
ﬂexibility of the more or less strained lattice of the supported small
particle as compared with a single crystal, and due to the size of
the object, the interior of the particle actively participates in
hydrogenation reactions, by hydrogen accommodation at conditions different from the bulk material. Although the important role
of carbonaceous deposits in the activity and selectivity of transition metals has been recognized for a long time in the catalytic
community [32–34], it only via such model studies that one
reaches an understanding at the atomic level. On single crystals,
the deposition of several well-deﬁned carbonaceous species,
among them ethylidyne, has been identiﬁed [35,36], but they have
been merely considered to be spectators blocking sites: Now, we
know that such dehydrogenated hydrocarbon derivatives may fulﬁll different functions on appropriate systems. While hydrogenation is an example for the inﬂuence of ﬂexibility under reaction
conditions, there are more subtle effects for nanoparticles, which

already show up for relatively large supported nanoparticles of
4–8 nm in adsorption experiments, i.e., the variation in the adsorption enthalpy with particle size in comparison with single crystals
[19]. In order to study such subtle effects, one cannot use temperature-programmed desorption techniques – otherwise typically
applied techniques in surface science to determine adsorption
energies – because, during heating, the supported particles undergo considerable changes. The method of choice in this situation is
single-crystal adsorption calorimetry (SCAC). This technique, described in detail elsewhere [37,38], allows one to determine
adsorption enthalpies of molecular adsorption as well as dissociative adsorption in a thermodynamically profound fashion on a
small area single-crystal-based sample. The experiments summarized in the following have been conducted on the same kind of
model systems used in the reactivity studies discussed above
[20,38]. To address the dependence of the initial O adsorption
energies on particle size in more detail [20], for example, four different supported model systems with different Pd particle sizes
ranging from 2 nm to 8 nm were investigated by SCAC. The initial heats of adsorption on all supported systems are displayed in
Fig. 4d as a function of the nominal Pd deposition thickness together with data measured on Pd(1 1 1). Each point in this curve
represents an average of 4–6 independent measurements on
freshly prepared model systems. The dependence of the O adsorption energy on the particle size shows a clear trend: It strongly
rises from 205 kJ mol1 to 250–275 kJ mol1 when changing
from Pd(1 1 1), where oxygen adsorbs at threefold-hollow sites, to
large Pd nanoclusters, where oxygen ﬁrst occupies particles edges,
as evidenced by IRAS data, which have been shown elsewhere [20].
However, if the local adsorption site (the edge/corner site) was preserved, and only the particles size was reduced, the initial oxygen
adsorption energy was observed to strongly decrease, reaching the
value of 205 kJ mol1 on the smallest Pd nanoparticles. Thus, the
reduction in the Pd cluster size results in an opposite trend – decrease in the adsorption energy – with the magnitude that is comparable with the effect of the change in the local adsorption
environment. Note that the total number of oxygen atoms, contributing to the initial adsorption energies (on the pristine Pd nanoparticles) reported in Fig. 4a, amounts typically to only a few O atoms
per particle or less than 0.04 per surface Pd atom. Since the number
of surface Pd atoms on each particle is much larger (140 on the
smallest and 1100 on the largest Pd clusters) than the number
of adsorbed O atoms, we can safely assume that the repulsive
interaction between adsorbed O atoms does not play any signiﬁcant role for these low oxygen surface coverages. The latter trend
– decreasing adsorption energy with decreasing particle size– coincides with the trend previously observed in our studies for CO
adsorption in direct calorimetric experiments on the same model
system [19]. The initial CO adsorption energy on the same Pd nanoparticles is plotted in Fig. 4b for comparison, showing a pronounced decrease in the adsorption energy for small clusters. In
contrast, the change in the adsorption site from a threefold hollow
on Pd(1 1 1) to the strongest binding site on Pd nanoparticles obviously does not result in an increase in the adsorption energy as observed for oxygen. This observation agrees well with the literature
data, suggesting that the degree of coordination of the surface Pd
atoms both on low Miller index surfaces and on stepped Pd surfaces does not signiﬁcantly affect the CO binding energy (for the
full discussion see Ref. [39]).
Two alternative microscopic effects can be put forward to rationalize the observed decrease in the initial adsorption energy on Pd
nanoparticles for both oxygen and CO adsorption: weakening of
the chemisorptive interaction [40–46] and reduction in the van
der Waals attraction [47,48]. The decrease in the chemisorption
energy has been previously predicted in a theoretical study for
Pd clusters [40–42] in the size range corresponding to a scalable
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Fig. 4. Initial adsorption energies (i.e. at lowest coverage) for O2 (a) and CO (b) molecules plotted as a function of the nominal thickness of the deposited Pd. The sizes are
given as determined from STM measurements on Pd/Fe3O4(1 1 1)/Pt(1 1 1) model catalysts in comparison to adsorption energies on Pd(1 1 1). Error bars show the standard of
the mean of several measurements.

regime. These computational results showed that interatomic Pd–
Pd bond length in small metal particles decreases [49] with
decreasing particle size, and this effect results in systematically
lower adsorption energies than on the clusters with a bulk terminated geometry, i.e., with all interatomic distances d (Pd–
Pd) = 275 pm. This ﬁnding agrees well with the principle of bond
order conservation [45,46]: In the bond-contracted particles, one
expects weaker adsorption bonds due to stronger binding within
the particle. A second reason for the decrease in adsorption energy
of a gas-phase molecule on the small metal clusters is a weakening
of the van der Waals interaction strength [47,48]. This type of
interaction is induced by the dynamic response of bulk electrons
of the metal to charge density ﬂuctuations in an adsorbed molecule, and since smaller clusters contain fewer electrons available
for the dynamic response, the dispersive interaction strength
weakens. This effect is expected to play a more important role
for the interaction of CO with Pd clusters and be of minor importance in case of oxygen.
Via such studies, one is forced to acknowledge that the ﬂexibility of supported metal nanoparticles as a consequence of its limited size and the lattice strain induced through bonding to the
support, results in complications for the description of adsorption
and reaction at surfaces that need to be taken into account, also
by theory, if one wants to be able to properly catch the details of
a heterogeneous catalytic reaction.
3.2. Reactivity of supported ﬂat Au nanoparticles
In the 1980s of the last century, Masatake Haruta [50] discovered the high catalytic CO oxidation activity of Au nanoparticles
anchored to a reducible support. The report initiated a very active
search for the reasons of this unexpected discovery, as bulk Au is
not exactly known for its chemical activity. The research group of

the late Wayne Goodman [51] reported the ﬁrst model studies
on this system by preparing Au nanoparticles on a bulk
TiO2(1 1 0) surface and on thin TiO2 ﬁlms and studying their relative CO oxidation activity. He compared ﬂat raft-like (two-dimensional) Au particles with three-dimensional or spherical particles
and found that the latter were more than three times less active
than the former. This turned out to be in line with observations
using aberration-corrected TEM studies on TiO2 and Fe2O3 supported Au particles [52,53], indicating that the most active particles exhibit a raft-like morphology and very limited size. On the
one hand, those were very interesting observations, and on the
other hand, they also led to questions, such as why would a metal
aggregate that usually exhibits three-dimensional morphology
when grown on an oxide surface due to surface energetics (as in
Fig. 1 for Pd on alumina) in the case of Au grow two-dimensional
on an oxide substrate? A publication from the groups of Gianfranco
Pacchioni and Uzi Landmann pointed toward a solution on the basis of a theoretical prediction [54,55]: If one adsorbs a Au20 cluster
(which Lei-Shang Wang showed to have the structure of an almost
ideal tetrahedron having been cut out of a Au lattice [56]) onto a
MgO(1 0 0) surface, it keeps its three-dimensional structure as expected based on total energy density functional calculations. If,
however, one adsorbs the same moiety on a two layer thick
MgO(1 0 0) ﬁlm, supported on a Mo(1 0 0) metal surface, it prefers,
based on the same calculations, to adopt a two-dimensional, raftlike structure or in other words a monolayer island, while the
three-dimensional structure, stable on the bulk oxide, is higher
in energy. As reason, the authors argue [54,55] that electron transfer from the oxide support–metal interface to the electronegative
Au particle leads to this morphology, and it is the electron transfer
that then induces the local wetting of the oxide. If this prediction
was true, we would have to look for sources of electrons within
the support to induce the raft-like structure. We will come back

158

H.-J. Freund et al. / Journal of Catalysis 308 (2013) 154–167

Fig. 5. STM images and height proﬁles (right panel) of Au islands grown on MgO(1 0 0) ﬁlms of two thicknesses (as indicated in monolayers, ML). The oxide ﬁlms have been
grown on a Ag(0 0 1) surface.

to this after we have experimentally veriﬁed the above theoretical
prediction.
In Fig. 5, two sets of panels are depicted, each showing two STM
images and a STM contour along the white lines indicated in the
images [57–59]. The upper panel has been recorded for Au deposited from an evaporation source onto three layer thick MgO(1 0 0)
ﬁlm supported by an Ag(1 0 0) substrate at low temperature and
then annealed to 210 K and to room temperature. An equivalent
set is reproduced below for an eight layer thick MgO(1 0 0) ﬁlm
on Ag(1 0 0). The comparison of the line proﬁles on the right reveals
the interesting result: The Au islands on the 3-layer ﬁlm are all
two-dimensional monolayer islands, and the Au islands on the 8layer ﬁlm are three-dimensional, half-spherical in shape! This appears to corroborate the theoretical prediction [54,55]. However, it
also implies that an 8-layer MgO(1 0 0) ﬁlm, indeed, represents the
situation encountered on a bulk oxide surface. This appears a bit
surprising and needs further attention. As shown in Fig. 5, both
systems can be imaged using STM, i.e., tunneling through ﬁlms of
both thicknesses is possible. Why, then, does the 8-layer ﬁlm represent the bulk, so that there is no stable electron transfer leading
to two-dimensional growth not possible? The answer may be provided, if we analyze the different contributions that contribute to
the process of electron transfer, which are schematically summarized in Fig. 6 [54,60]. The cartoon on the left-hand side shows a

single Au atom located on top of a double-layer MgO(1 0 0) on
either Ag or Mo. The energetic ingredients in an electron transfer
from the oxide support–metal interface are the ionization potential
for an electron from this interface, the electron afﬁnity of the adsorbed Au atom, and then any further energetic contribution that
could lead to a stabilization of a transferred electron on the Au
atom. One such contribution is the polarization of the substrate,
which establishes an image charge. Another one is a possible polaronic distortion of the oxide ﬁlm that would additionally stabilize
the negative charge on the surface. It is this contribution that is
decisive between the 3-layer and the 8-layer ﬁlm. A polaronic distortion involves the phonons of the oxide [60]. Oxides, in general,
and MgO, in particular, exhibit a spectrum of rather high energetic
phonons. A ﬁlm of 8 layers of MgO exhibits a phonon spectrum
similar to the bulk, while the phonons of a 3-layer ﬁlm are considerably softer, i.e., they may be excited with much lower energy as
shown by Mario Rocca’s group [61]. Therefore, the 3-layer ﬁlm is
able to respond to the charge and distort, while the 8-layer ﬁlm
is not [62]. It is this subtle difference that stabilizes the negative
charge on the thin ﬁlm. It is possible to provide experimental evidence for this polaronic distortion for a slightly different adsorbate
system via electron spin resonance spectroscopy [60]. In this case,
O2 forms an O
2 on a thin MgO(1 0 0) ﬁlm, which is in effect the proposed precursor for thin oxide ﬁlm growth as discussed by Cabrera

Fig. 6. Schematic representation of the charge transfer process from the metal substrate through the thin oxide ﬁlm to an adsorbed Au atom [54,60].
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and Mott [63]. From the measured g-tensor components, the polaronic distortion can be seen in the gzz-tensor-component anomaly
[60]. Coming back to Au, one may convince oneself that it is really
the high electron afﬁnity of Au that enables electron transfer by
comparing individual Au atoms on a 3-layer MgO(1 0 0) ﬁlm with
Pd atoms on the same substrate. This is shown in Fig. 7. In the left
panel, the Au atoms reveal an unusual next neighbor distribution
which is not diffusion limited, while the Pd atoms in the right-hand
panel show a typical diffusion limited distribution [58]. The reason
for this difference is obvious: Au is electronegative (2.54 on the
Pauling scale) and thus negatively charged which leads to a spatial
distribution where neighboring Au atoms avoid contact, while Pd
atoms are much less electronegative (2.2 on the Pauling scale)
and remain neutral, and thus show the classical pattern of a diffusing adsorbate. The collected information supports the idea of electron transfer through thin ﬁlms that can lead to wetting of oxides
by a metal as suggested by Pacchioni and Landmann [55]. However, how does this relate to the situation on a bulk reducible
oxide, addressed in the beginning of this section, where raft-like
structures have been suggested to be the active state of Au particles in CO oxidation? In other words, where is the source of electrons in the bulk material that induces the wetting
phenomenon? The answer is dopants! Imagine an oxide lattice
with rock salt structure. A metal ion of this host lattice is replaced
by another metal ion, which may also adopt oxidation states different from the one sufﬁcient to replace the host ion. If the system
provides electron traps with proper energy balance, then an electron transfer may occur involving the oxidation of the dopant. If
the electron trap is located on the surface, i.e., Au atoms and the
energy balance is favorable, an electron may be transferred to
the Au inducing wetting of the oxide surface by the metal. Fig. 8
shows STM images of Au nanoparticles which have been grown
on a CaO(1 0 0) surface. In the left image, the substrate represents
a thick (60 layers) pristine CaO(1 0 0) substrate, in the image on
the right, the same substrate has been doped with a very small percentage of Mo ions [64–66]. Mo may adopt the oxidation state 2+
of the Ca ions, but may also be oxidized to Mo3+ or higher oxidation
states. The insets in the large-scale images reveal the morphology
of the individual nanoparticles. While the particles on the pristine
substrate are three-dimensional, the particles on the doped substrate are two-dimensional raft-like, as indicated by the Moiré pattern on the particles. It is, therefore, clear that dopants in support
materials may represent electron sources to induce two-dimensional growths of metal particles on bulk oxide surfaces and explain the surprising experimental ﬁnding for the high activity of
the raft-like structures reported by a number of laboratories. A particularly interesting observation is the fact that the inﬂuence of the
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dopants is not local, i.e., dopants in the deeper subsurface region
inﬂuence adsorption [64].
This ﬁnding also has a number of implications for controlling
the transfer of charge. These implications may be deduced from
the rules that have been developed in the mature ﬁeld of semiconductor physics, where dopants are regularly used to control electronic properties [67]. For example, if the lattice contains other
electron traps such as color centers, those will compete for the
charge. If, for example, Li, as an under-valent dopant (opposed to
Mo which would be called over-valent) is introduced into the
CaO lattice, the electron transfer to the surface is suppressed and
the Au nanoparticles grow again in three-dimensional morphology
[66]. After those experimental results had been published, Hannu
Häkkinen’s group has published a density functional based analysis
of the various energy contributions that may lead to charge transfer [68]. Their concept is similar to the acid–base concept put forward by Horia Metiu [69]. They basically show via an appropriately
constructed Born–Haber cycle, that the local redox properties of
the Au/surface and the Dopant/oxide pairs are responsible for the
electron transfer. With this in mind, one may predict dopants that
are effective in electron transfer to the surface, given that no other
electron traps interfere. Another consequence of the laid out scenario is that the presence of gas-phase species could inﬂuence particle growth, in particular, if the gas-phase species had a large
electron afﬁnity, as, for example, oxygen molecules [23]. In fact,
if one attempts to grow Au nanoparticles on doped CaO(1 0 0) surfaces in the presence of molecular oxygen, a competition between
Au and O2 for the dopant charge is observed, which leads to a
switch over in growth morphology from two-dimensional to
three-dimensional depending on oxygen coverage (and pressure).
This is shown in Fig. 9 where STM topographic images of 0.5 ML
gold deposited onto (a) 50 ML thick CaO without dopants, (b)
self-doped CaO ﬁlms of 25 ML thickness in UHV and (c–f) in
increasing O2 partial pressures that are (c) 5  10–8 mbar, (d)
5  10–7 mbar, (e) 5  10–6 mbar and (f) 2  10–5 mbar are depicted [23]. Note that the two-dimensional Au deposits appear as
depressions on the thick CaO ﬁlms at the used positive bias. To
support the above statement, in Fig. 10, histograms [23] of Au particle shapes for growth conditions identical to the ones shown in
Fig. 9 are collected: (a) non-doped CaO in UHV, Mo-doped CaO
(b) in UHV, (c) in 5  10–8 mbar, (d) in 5  10–7 mbar and (e) in
5  10–6 mbar of oxygen. The histograms in (c) and (d) display bimodal shape distributions due to the coexistence of two-dimensional and three-dimensional deposits. Fig. 10f indicates the
evolution of the number density of two-dimensional and threedimensional deposits as a function of the O2 background pressure
during deposition. Even though this does not provide concrete

Fig. 7. STM images of Au atoms adsorbed on a thin (3 ML) MgO ﬁlm on Ag(1 0 0) in comparison to Pd atoms adsorbed on the same supports [57].

160

H.-J. Freund et al. / Journal of Catalysis 308 (2013) 154–167

Fig. 8. STM images of Au islands on thick pristine (left) and Mo-doped CaO(1 0 0) ﬁlms (right). The small insets show the higher resolution [64].

Fig. 9. STM typographic images of 0.5 ML deposited onto (a) 50 ML thick Cao without dopants, (b) Mo-doped CaO ﬁlms of 25 ML in UHV and (e) and (f) in increasing O2 partial
pressures from 5  108–2  105 mbar [23].

Fig. 10. Histograms of Au particle shapes for growth conditions identical to the ones in Fig. 9a–f shows the number densities of 2D and 3D deposits as a function of the O2
background pressure during deposition [23].

proof, these results imply that if we would anneal two-dimensional Au nanoparticles in the presence of an appropriate oxygen

pressure, they would switch to three-dimensional growth [70].
The latter experiments imply that O2 and Au compete for the
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electronic charge, which, in turn indicates that O2 may be transformed to O
2 which, if this could be proven, might be an active
component in interesting oxidative hydrocarbon reaction.

3.3. Strong metal–support interaction
Strong metal–support interactions (SMSI) observed with particular catalyst systems, in which metal particles (such as Pd and Pt)
strongly interact with a reducible support (such as titania), and are
covered by a thin oxide ﬁlm upon heating to elevated temperature,
usually lead to reduced catalytic activity. As a consequence of
SMSI, the oxide ﬁlm exhibits a strong attenuation of adsorption
capacity and a deactivation of the system [71–73]. There have been
many attempts to elucidate, even on model systems, the nature of
the migrating oxide ﬁlm [74,75]. The best studied system is Pt/
TiO2(1 1 0), but in this case, the attempts have been rather unsuccessful. Very recently, we succeeded in preparing such a SMSI
model system for which we are able to identify the atomic structure of the encapsulating oxide ﬁlm [76–78]. The system consists
of Pt supported on a Fe3O4(1 1 1) ﬁlm grown on a Pt(1 1 1) single
crystal. Fig. 11 shows an STM image of this system after heating
to 850 K. After this treatment, the CO adsorption capacity is drastically reduced, which is typical for a SMSI effect. A close look at
the STM images reveals well structured and facetted nanoparticles.
Moreover, atomically resolved images reveal corrugation that does
not stem from Pt, but rather from a well-ordered bilayer FeO(1 1 1)
ﬁlm, well described and characterized in the literature [79–82]. As
the oxide ﬁlm that covers Pt particles has been identiﬁed, one may
reduce the complexity of the model system by studying the properties of the bilayer FeO(1 1 1) ﬁlm on a Pt(1 1 1) single crystal. Its
structure has been studied in detail and characterized at the atomic level. The 10% misﬁt between the FeO(1 1 1) lattice constant and
that of Pt(1 1 1) gives rise to a typical Moiré-pattern in the STM image. This ﬁlm is unreactive under ultrahigh vacuum conditions
[83]. The situation changes, however, dramatically if one tests
the system with respect to CO oxidation at ambient conditions
(1 atm) in a reactor with careful control of the relative amounts
of oxygen (one part, 20 mbar), carbon monoxide (two parts,
40 mbar), and helium as buffer gas [83,84]. CO2 production was
measured by gas chromatography. Only initial reaction rates (toward zero conversion) were used to compare data on different systems. If one ramps the temperature linear with 1 K min1 from 300

Fig. 11. STM image of Pt nanoparticles on Fe3O4(1 1 1). The inset shows an image
with atomic resolution taken on the top facet of one of the Pt particles.
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to 455 K, CO oxidation ignites at 430 K. The interesting observation
is that this FeO/Pt(1 1 1) system at this temperature is more than an
order of magnitude more reactive than clean Pt(1 1 1). Usually,
SMSI leads to an attenuated activity, while here we observe a
strong enhancement! Further studies as a function of different
gas compositions, as well as thermal desorption studies, STM
investigations, and detailed DFT model calculations reveal an interesting scenario that allows us to understand this phenomenon
[78]. The scenario is depicted in Fig. 12 [78,85,86]. The gas phase
sets the chemical potential of the system. The shown steps are
based on density functional calculations. Oxygen interacts with
the bilayer FeO ﬁlm on Pt(1 1 1) by pulling an iron atom up above
the oxygen layer. This lowers the work function at the interface locally to allow for an electron transfer toward oxygen accompanied
by the formation of a transient O
2 molecule, which dissociates and
results, at higher oxygen coverage, in the formation of a local O–
Fe–O trilayer. There is a range of experimental evidence for the
existence of such a trilayer [78,85,86]. The middle panel in
Fig. 12 shows an STM image of such a trilayer formed in situ at elevated O2 pressure in a microscope. The trilayers appearance is
mostly determined by the Moiré structure of the FeO bilayer and
ﬁlls 80–90% of the surface as thermal desorption spectra indicate.
The STM images are completely consistent with the structure suggested by the calculation, although the latter does not reproduce
the patched morphology due to the enormous size of the unit cell,
which was impossible to implement, but necessary to fully reproduce the details. Nevertheless, if the trilayer is exposed to carbon
monoxide it oxidizes the incoming CO into CO2 by means of an
Eley–Rideal mechanism, leaving behind an oxygen vacancy in the
ﬁlm. At sufﬁciently high oxygen pressure the oxygen vacancy is
ﬁlled again and the trilayer is sustained. If, however, the gas phase
is oxygen-poor, the reaction ﬁnally stops because the trilayer is destroyed. Experimentally, we have conﬁrmed [84] that the iron
oxide ﬁlm de-wets the Pt(1 1 1) surface under CO-rich reaction conditions by forming small iron oxide particles and exposing the
Pt(1 1 1) surface, which then determines the reactivity of the systems, in contrast to a recent study in the literature [87]. Heating
the de-wetted surface in vacuum again leads to the formation of
the FeO double layer, which then, at higher oxygen pressure,
may be transformed into the trilayer again.
As suggested in this section thin oxide ﬁlms exhibit very interesting catalytic activity which will depend on the materials combination between the metal and the covering oxide ﬁlm. It may be
possible to design, by choosing appropriate combinations of materials, systems with speciﬁc catalytic reactivities. Temperature-programmed desorption results indeed reveal that a trilayer ﬁlm
contains much more weakly bound oxygen than in a pristine bilayer FeO ﬁlm [78]. Therefore, it appears that the binding energy
of the oxygen in the top-most layer governs the activity of the system. To verify this hypothesis, we have investigated other transition metal oxide ﬁlms on the same Pt(1 1 1) support. For
comparison, we also studied reactivity of oxide ﬁlms prepared on
Ru(0 0 0 1) [88].
Fig. 13 collects 32 amu (O2) traces in TPD spectra resulting
from re-combinative atomic oxygen desorption of a series of
ultrathin ﬁlm systems, all exposed to 20 mbar of O2 at 450 K
for 10 min. Except ZnO, these ﬁlms showed desorption signals
at temperatures, which are much below the ‘‘decomposition’’
temperature (1000–1200 K) and follow a series Ru  Fe < Mn. In
turn, the CO oxidation rate measured under identical conditions
(10 mbar CO; 50 mbar O2; He balance to 1 bar at 450 K) over
these closed ﬁlms follows the opposite row, i.e. Ru  Fe > Mn > Zn
[89]. Clearly, there is a correlation between the activity and the
presence of weakly bound oxygen species on the ﬁlm surfaces
at high chemical potential of oxygen which is basically set by
oxygen partial pressure.
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Fig. 12. STM image of the active trilayer iron oxide phase. The inset shows an image at higher resolution. The panels surrounding the image represent the individual steps in
forming the active trilayer phase starting from FeO(1 1 1)/Pt(1 1 1) and its reaction with CO to form CO2, as revealed by DFT calculations [75,86].

Fig. 13. A 32 amu (O2) signal in thermal desorption spectra of ultrathin oxide ﬁlms
grown on Pt(111) and exposed to 20 mbar O2 at 450 K for 10 min. Data for a
‘‘native’’ Ru oxide ﬁlms (RuO⁄) grown on Ru(0 0 0 1) are shown for comparison.

3.4. Two-dimensional silica and aluminosilicates toward a surface
science of zeolites
Silica belongs to the most important supports in catalysis [1].
For more than a decade has the group been involved in the
preparation of well-ordered silica ﬁlms [25,90–98]. The ﬁrst successful attempt led to a monolayer SiO2.5 ﬁlm on Mo(1 1 2) that
has been used frequently by a number of groups as a model support [90,99]. This ﬁlm consists of a hexagonal network of corner

shared SiO4 tetrahedra, with the one Si–O bond, not associated
with the intra silica network establishing a strong bond to the
Mo(1 1 2) substrate. Since the stoichiometry of this ﬁlm did not
properly represent silica with a 1:2 Si:O ratio, the search continued
and led to the preparation of a double-layer SiO2 silica ﬁlm, which
consists of two single layer corner shared SiO4 networks as in the
case of the ﬁlm on Mo(1 1 2) where, however, the Si–O bond
formed to bind to Mo is now used to bind to the other identical
monolayer silica network. This double-layer ﬁlm is only weakly
bound to a Ru(0 0 0 1) substrate [91]. It comes as a crystalline ﬁlm,
and, depending on preparation conditions also as a vitreous ﬁlm
[25,95–97]. An equivalent to the originally prepared monolayer
ﬁlm on Mo(1 1 2) may also be prepared on Ru(0 0 0 1) and the properties may directly be compared with the double-layer ﬁlm [25].
Fig. 14 shows the structures of the two thin ﬁlm systems, addressed above together with their vibrational spectra. The spectra
are shown in order to provide evidence that the two systems,
although similar in symmetry, may be clearly differentiated via
their vibrational properties [100]. The experimental observations
are very well supported by density functional calculations from
the group of Joachim Sauer [90,91,100]. In fact, the structural
parameters are, to a large extent, based on the theoretical studies
[90,91,100]. While we are not going through a detailed analysis
of the spectra, which has been presented elsewhere [90,91,100],
it may sufﬁce to mention that the strongest phonons at 1100
and 1300 cm1 refers to the Si–O–Si and Si–O–metal bonds,
respectively. Fig. 15 collects STM images of the crystalline (a)
and vitreous (f) structures together with schematic representations
of the structures [25]. While the crystalline ﬁlm consists of six
membered rings only (b and c), the vitreous ﬁlm exhibits a variation in ring sizes varying between 4 and 9 membered rings (g
and h) still with a maximum at the six membered ring size, as predicted by Zachariasen in 1932 [95–97,101]. The sizes follow a
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Fig. 14. Schematic structures (a) of the SiO2.5 monolayer and (b) the SiO2 double
layer on Ru(0 0 0 1) as derived from DFT calculations. Both, the top and the side
views are presented. Below the experimental IRAS spectra of the two systems are
shown for comparison [100].

log–normal distribution. Both ﬁlms are being explored for their use
as model supports for metals. In fact, metal atoms have already
been adsorbed onto and into them, and their electronic structure
is explored at present (d, e, g, j).
A direct comparison between Au (Fig. 15d and i) and Pd
(Fig. 15e and j) adsorbed on freshly prepared silica ﬁlms with
cut-outs of crystalline (Fig. 15d and e) and vitreous (Fig. 15i and
j) patches is provided. Au adsorbs only on vitreous while Pd can adsorb on both phases. Au seems to favor larger pores as adsorption
sites [102].
Another interesting research area for our group with respect
to silica ﬁlms is to replace silicon atoms by other metal atoms.
One particular direction is the exploration of aluminosilicates
as models for two-dimensional zeolites [103–105]. As it turns
out, both, the monolayer as well as the double-layer silica ﬁlms
allow for the preparation of aluminosilicates following the
Löwenstein rule for nearest Al–Al distances. The expectation is
that due to the substitution of the quatrivalent Si by the trivalent Al the oxygen atoms in bridging positions try to compensate
the valence imbalance by picking up hydrogen [106]. However,
due to the presence of the metal substrate, the valence imbalance is screened by the metal for the monolayer ﬁlm, so that
hydrogen take up cannot be detected [103]. On the other hand,
the double-layer ﬁlm in the top layer does, indeed, take up
hydrogen as may be unambiguously proven by isotopic hydrogen/deuterium exchange [104]. This renders the aluminosilicate
double-layer ﬁlm to be a ﬂat or two-dimensional model for zeo-

Fig. 15. (a and f) Zachariasen’s schemes for the atomic arrangements of crystal (a)
and a glass (f) form [101]b, c, g, and h. Atomically resolved crystalline and vitreous
regions of the thin silica ﬁlm (the scan area of these images is 3.5 nm  2.4 nm).
Green balls represent the assigned position of Si atoms, red balls for O atoms. (b)
STM image of a crystalline area showing the position of Si atoms (VS = 3.0 mV,
IT = 100 pA). (c) STM image of a crystal line patch showing the arrangement of O
atoms (VS = 100 mV, IT = 100 pA). (g) STM image of a vitreous area revealing the
positions of Si atoms (VS = 2.0 V, IT = 50 pA). (h) STM image of a vitreous area
showing the arrangement of O atoms (VS = 1000 mV, IT = 100 pA) [97]. In (d, e, i, and
j) STM images of sample preparations with adsorbed metal particles are shown
(scan size of 5.3 nm  3.3 nm, VS = 2 V, IT = 100 pA). A direct comparison between
Au (d and i) and Pd (e and j) adsorbed on freshly prepared silica ﬁlms with cut-outs
of crystalline (d and e) and vitreous (i and j) patches is provided [102].

lites, given that it would be possible to prove the high acidity of
the adsorbed hydrogen [104].
Fig. 16 collects infrared spectra taken on the aluminosilicate
ﬁlm. The topmost trace refers to the hydrogen/deuterium exchange. ‘‘Positive’’ peaks are indicative of species that have been
replaced on the surface. ‘‘Negative’’ peaks are indicative of newly
adsorbed species, and clearly reveal the result of the H-D exchange process. In order to evaluate the acidity of the hydroxyl
groups we resort to the adsorption of probe molecules, a procedure well known in zeolite characterization. The second and
third traces from the top are infrared spectra recorded after
exposure of the hydrogenated alumino silicate surface to CO.
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Fig. 16. IRAS difference spectra taken on a hydrogenated aluminosilicate double
layer as schematically shown in the inset. Upper trace: after H-D exchange, second
trace: CO adsorption on the hydrogenated surface, lowest trace: after adsorption of
ammonia on the hydrogenated surface [104,107].

The CO interacts preferentially with the hydroxyl groups and
their frequency is shifted in a characteristic way. In addition,
the stretching frequency of the adsorbed CO molecules is visible
at 2183 cm1, which is shifted to higher frequencies from the
gas-phase value. The absolute value of the shift is a measure
for the acidity of the hydroxyls at the surface. The observed
shifts of 249 and 391 cm1 for m(OD) and m(OH), respectively,
are relatively large and are indicative of an acidity of the
hydroxyls on the two-dimensional aluminosilicate similar to
chabasite. Another weak base, i.e. ethene, has been tried
[107]. The results are similar. Two strong bases have also been
tested, i.e. ammonia and pyridine, which lead to the formation
of ammonium and pyridinium species [107]. The spectrum after
adsorption of ammonia is shown as the forth trace in Fig. 16.

The hydroxyl groups are being consumed, and the two new
bands occurring at 3398 and 1502 cm1 are consistent, according to density functional calculations from Joachim Sauer’s
group [107], with the formation of ammonium species adsorbed
atop the hexagonal rings.
Fig. 17 shows an STM image containing a variety of distinct
features [104]. Similar to the case of an ordered pure silica bilayer system the majority of the framework is composed of double 6-membered rings (d6r). In the case of the ordered silica
ﬁlm, as well as the vitreous one, bright protrusions arranged
as triangles were assigned to the position of the top-most oxygen atoms in the ﬁlm, where these three O atoms are bound
to the same tetrahedral atom [95–97]. Although only the immediate surface can be seen in the image, evidence of the same
structure, symmetrically repeating below, is given by IRAS, as
in the case of the pure silica ﬁlms [105]. Fig. 17 shows the presence of structures lacking long-range order. Close-ups of
1.5  1.5 nm sections of the large-scale image showing double
N-membered rings are shown in insets a (d6r), b (d4r and d8r)
and c (d5r and d7r). In these insets, the position of the tetrahedral T atoms is shown in green while the O atoms are shown in
red. Insets a0 , b0 and c0 show connected-dots representations
where the different ring sizes are emphasized by different colors.
Summarizing a large body of statistical information we come to
conclude that polygonal prisms of tetrahedral atoms, which constitute the building blocks of signiﬁcant number of zeolites are
identiﬁed with atomic resolution in a ﬂat aluminosilicate. A substantial increase is observed in the population of prisms with
even-numbered rings, when compared to analogous pure silica
systems. These units had been previously proposed as precursors
for the zeolite formation. In particular, the number of double
four-membered rings (cubes) shows a signiﬁcant increase. In
addition, we note a close topological relation between this planar aluminosilicate and zeolite A [108].
It is our feeling that the study of two-dimensional zeolite ﬁlm
opens up an avenue for surface science to provide some evidence
for details of chemical reactions on zeolites using a combination
of scanning probe and spectroscopic techniques that are difﬁcult
to obtain otherwise.

Fig. 17. STM image showing the morphology of the surface. Insets (a)–(c) correspond to regions containing d6r, d4r + d8r and d5r + d7r, respectively. Red dots show the
location of O atoms while the green atoms represent the tetrahedrally coordinated atoms. Insets a0 , b0 , c0 show a different representation where the dots correspond to the
location of the tetrahedrally coordinated atoms [104]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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4. Conclusion and outlook
The four case studies presented were supposed to demonstrate
and underline how model studies may be employed to investigate
complex problems in catalysis leading to unexpected points of
view that may inﬂuence our thinking for future research. The ﬁrst
case study could stimulate our thinking with respect to enantiospeciﬁc hydrogenation reactions at nanoparticles. The second one
could initiate further studies toward a more systematic analysis
of the inﬂuence of dopants and the effect of electron traps in more
complex powder materials. Case study number three may motivate
an investigation of materials combinations that could proﬁtably be
used as SMSI systems. In the last example we presented a case
study that might open up possibilities to study reactions on zeolite
like surfaces using local probe techniques.
We have only chosen a small number of case studies; however,
model catalysis holds the potential to contribute in many areas of
catalysis, in particular when techniques are employed to work under ambient conditions. Our group has started recently to look into
those processes that are involved in the preparation of metal nanoparticles from a wet chemical environment using a combination of
spectroscopic (non-linear optical) techniques and (electrochemical) scanning probe techniques. We believe there is much more
to come to close the gap between models and real catalysts.
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