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Abstract Surface science studies allow processes impor
tant for heterogeneous catalysis to be investigated in
greatest detail. Starting from the simplest model of a catalytic surface, a metal single-crystal surface under ultrahigh vacuum conditions, enormous progress has been made
in the last decades towards extending the surface science of
catalysis to technically more relevant dimensions. In this
perspective, we highlight recent work, including our own,
dealing with the influence of water on metal-support
interactions in surface science studies of oxide-supported
metal nanoparticle model catalysts. In particular, the effect
of hydroxyl groups on nucleation and sintering of metal
nanoparticles, and surface science investigations into catalyst preparation using wet-chemical procedures are
addressed.
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1 Introduction
Molecular level details are difficult to obtain from industrially applied heterogeneous catalyst materials because of
their structural and chemical complexity. Instead, one must
resort to simplified models such as ‘‘dispersed model systems’’ (powders), which will not be further discussed here,
or planar model systems that allow sophisticated surface
characterization techniques to be applied. The ‘‘classical’’
surface science approach, which also represents the simplest model approach in terms of surface structure, uses
metal single-crystal surfaces in combination with the power
of available ultrahigh vacuum (UHV)-based microscopic
and spectroscopic techniques to gain detailed atomic and
molecular level understanding of catalytically relevant
processes such as adsorption, diffusion and reaction, and
their structure sensitivity [1–3]. This approach has, however, two main limitations, which are commonly referred to
as pressure gap and materials gap: first, adsorption structures and reaction pathways observed under UHV conditions may not necessarily be the same as those present under
realistic pressure conditions. And second, single-crystal
metal samples do not cover important materials aspects of a
technical catalyst such as particle size effects and the
influence of the support. Therefore, several approaches have
in recent years been put forward in order to overcome these
limitations [4–6].
New developments in experimental techniques enabled
in situ studies under elevated pressure conditions. These
include, for example, photon-based techniques such as
polarization-modulation infrared reflection absorption
spectroscopy (PM-IRAS) or sum frequency generation for
vibrational spectroscopic characterization [7], ambient
pressure X-ray photoelectron spectroscopy (AP-XPS) for
electronic structure characterization [8], and high-pressure
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based on the fact that UHV methodologies allow these
model systems to be prepared and studied under ultraclean, contaminant-free conditions, which greatly simplifies the interpretation of results. In spite of the huge
achievements in terms of materials complexity and realistic
reaction conditions in the field of model catalysis, there
still remain some open questions regarding the comparability to real-world catalyst materials. Among them are
(i) the influence of surface functionalization of the support
and (ii) the influence of the catalyst preparation method.

scanning tunneling microscopy (HP-STM) for morphological characterization [9].
With the objective to include the influence of the oxide
support as well as particle size effects, the surface science
approach has been extended to model systems with increased
materials complexity such as those represented by metal
particles supported on flat oxide substrates [10–14]. A particular appealing approach in this respect is the utilization of
thin, single-crystalline oxide films grown on metallic substrates as support for catalytically active metal nanoparticles.
Because these support materials exhibit finite electrical
conductivity even if the oxide in its bulk form has a large
band gap, UHV-based analytical tools that rely on charged
information carriers (electrons, ions) can be applied in a
similar way as for metallic samples, allowing atomic scale
information of surface processes on these model catalysts to
be obtained [15]. As an example, an MgO(100)-supported
Au thin film model system and the individual stages of
preparation viewed with STM is presented in Fig. 1.
This particular example serves to demonstrate the
enormous potential of the thin film model approach for
providing fundamental understanding of the surface properties. For Au/MgO(001), the combination of several
experimental techniques, in particular STM, electron spin
resonance (ESR), IRAS and temperature programmed
desorption (TPD), with computational studies using density
functional theory (DFT), allowed the properties of the
oxide surface, of metal atoms adsorbed on the oxide surface [17], as well as of point defects on the oxide surface
[18, 19] and their interaction with metal atoms and particles [20] to be determined at the atomic scale.
The surface science approach to catalysis using oxidesupported metal nanoparticles and applying UHV as well
as in situ characterization techniques has certainly contributed to deepen the understanding of processes in heterogeneous catalysis and provided also fundamental insight
into the interaction of metal atoms and nanoparticles with
the support material. The success of this approach is also

Consider first the support functionalization: Any technical
catalyst will get in contact with ambient at some particular
stage of its lifetime and, therefore, expose a different surface functionality as compared to a clean model catalyst in
UHV. The most important surface modification in this
respect is certainly hydroxylation of the oxide support. The
importance of hydroxyl groups is well appreciated in the
applied catalysis community [21]. On the other hand, rather
little work has been done, especially with respect to surface
hydroxylation at relevant water partial pressures and the
subsequent interaction of deposited metals with hydroxyls,
from a surface science point of view.
An important aspect that needs to be considered first is
the hydroxylation state of an oxide surface, which depends
on the type of the oxide and its surface orientation, as well
as on the chemical potentials of water and oxygen. For
example, dissociative adsorption of water is thermodynamically unfavorable on the stoichiometric surfaces of
both TiO2(110) and MgO(100) [22–24], but readily occurs
on defects sites such as step edges or oxygen vacancies [23,
25, 26]. In contrast to TiO2(110), which seems to be rather
stable even in ambient environments and when contacted
with liquid water [24, 27, 28], the MgO(100) surface
becomes fully hydroxylated by exposure to water vapor in

Fig. 1 Low-temperature (5 K) STM images of the various stages of
Au/MgO(001)/Ag(001) model catalyst preparation. a Clean Ag(001)
surface; b 8 ML MgO(001)/Ag(001) prepared by reactive deposition

of Mg on Ag(001) in oxygen background. c Single Au atoms
deposited at 5 K on a 8 ML MgO(001)/Ag(001) film. d Au particles
on 8 ML MgO(001)/Ag(001) formed after annealing to 300 K. [16]
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the mbar pressure range [29, 30]. For thermodynamic reasons, the hydroxylation of MgO(100) cannot be explained
by water dissociation on cation–anion pairs on the (100)
surface. Instead, it is assumed that the hydroxylated state is
stabilized via Mg–O hydrolysis and a partial detachment of
hydroxylated Mg2? ions [31]. In contrast to TiO2(110) and
MgO(100), the surfaces of corundum-type oxides (e.g., aAl2O3(0001), a-Fe2O3(0001)), which are terminated by a
single metal layer in UHV, readily dissociate water at low
pressures. At environmentally more relevant conditions
(high oxygen or water chemical potential), these surfaces
are terminated by an oxygen layer and become fully
hydroxylated in the presence of water [32–35]. In the case
of a-Al2O3(0001), the transformation into the hydroxylated
state involves the hydrolysis of Al–O bonds and the formation of a gibbsite (Al(OH)3)-like surface structure [36].
From these examples it is obvious that not only the hydroxyl
coverage, but also the nature and the chemical properties of
hydroxyls, and consequently, the surface reactivity may
strongly depend on the environmental conditions.
In the most favorable situation, hydroxyl species formed
on a single-crystalline oxide surface can be directly observed
with microscopic techniques such as STM or atomic force
microscopy. As an example that has been extensively treated
in the literature, the formation of hydroxyl species by water
dissociation at oxygen vacancies on a TiO2(110) surface is
listed. This process yields two similar OH species, commonly referred to as OHbr or Hcap, on the bridging oxygen
rows on TiO2(110) [26], which appear in STM as protrusions
with slightly enhanced contrast as compared to oxygen
vacancies [37, 38]. In a recent report, Matthey et al. [39]
compared the nucleation and sintering of gold on hydrogenated TiO2(110) with that on the corresponding reduced
(containing Obr vacancies) and oxidized (containing O adatoms) TiO2(110) surfaces. This study indicated that
agglomeration of gold into large particles is facilitated by the
small diffusion barrier of gold atoms on the hydrogenated
surface, while on the reduced and oxidized surfaces the large
trapping potential of Obr vacancies and O adatoms, respectively, leads to the stabilization of small Au clusters. The
experimental findings were corroborated by DFT computations, which have in addition shown that the adhesion of Au
clusters is significantly enhanced on the oxidized TiO2(110)
surface due to charge transfer [39]. On the other hand, a
previous computational study demonstrated that the presence of terminal OH (OHtr) groups adsorbed on the 5-fold
coordinated Ti4? on TiO2(110) leads to a similar strong
adhesion of Au particles as in the case of a surface modified
by O adatoms [40]. While experimental verification of this
result is probably difficult because of the weak thermal stability of OHtr [41], it clearly highlights the influence of the
type and chemical properties of OH groups on the stabilization of small Au particles.
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A different way to introduce hydroxyl groups onto an
inert oxide surface under UHV conditions can be realized
by dissociation of water on pre-deposited metal adatoms
[42–44]. In a set of experiments carried out in our laboratory, this methodology was applied to hydroxylate the
surface of a thin alumina film grown on NiAl(110) by
water dissociation on Al adatoms, and to further study the
influence of hydroxyls on the properties of Rh particles
deposited onto the modified oxide surface. For this particular example the results of a set of experimental techniques have consistently shown that (i) the Al adatoms are
completely oxidized after water dissociation and the
hydroxyl groups formed during this process are homogeneously distributed across the surface, (ii) the hydroxyls are
consumed by deposited Rh atoms leading to the formation
of oxidized Rh particles, and (iii) in comparison with Rh
deposited on a pristine alumina film a higher nucleation
density as well as sinter stability of the Rh particles is
achieved on the hydroxylated alumina film [42, 45, 46].
Subsequently, a number of reports appeared that used aAl2O3(0001) single-crystal surfaces in order to study the
effect of hydroxyls on the properties of deposited metals
[47–51]. For the metals studied (Co, Cu, Ti) a picture that
is consistent with our conclusions from the Rh/alumina
system was derived, namely that the metal adhesion to the
hydroxylated surface is generally stronger as compared to
the non-hydroxylated one, and that the deposited metal
becomes oxidized according to


Al3þ OH þ Me0 !



Al3þ O2 Meþ þ H

ð1Þ

The Cu/a-Al2O3(0001) system has led to some
controversy in the past because model calculations
indicated that a fully hydroxyl-terminated a-Al2O3(0001)
binds a Cu overlayer weaker than the stoichiometric
surface [52]. Better agreement with the experimental
results was then obtained by considering only partially
hydroxylated a-Al2O3(0001) and the interaction with
single Cu atoms [53], which again underlines the fact
that the interaction of metals with hydroxylated oxide
surfaces may critically depend on the structure of the oxide
surface and on the degree of hydroxylation, but also on
metal coverage.
The consumption of hydroxyls by metals raises some
questions about the fate of hydrogen that is supposed to be
released as a result of reaction (1). To the best of our
knowledge, hydrogen desorption has up to date not been
reported in single-crystal model studies as described above.
On the other hand, a number of computational studies
carried out for metal clusters interacting with hydroxylated
zeolite and c-alumina models indicate that reverse spillover of hydrogen from surface OH groups onto (or into) the
metal clusters is energetically more favorable than direct
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H2 desorption [54–56]. While experimental evidence for
this process exists for a Rh/zeolite system [54, 57], further
proof from flat surface science models is still pending.
For the last example to be discussed in this section, we
return to the interaction of gold with surface hydroxyls and
our most recent studies that used MgO(100) films grown on
Ag(100) as support [58, 59]. The choice of gold was
motivated by several reasons: first, the charge state of gold
and the influence of surface hydroxyls in CO oxidation
over supported gold catalysts has long been a matter of
debate [60, 61]; second, high CO oxidation activity has
been observed over gold supported on hydroxides (e.g.,
Mg(OH)2, La(OH)3, Fe(OH)3) [62–66]; third, enhanced
stability towards thermal sintering (and higher CO oxidation activity) was observed for gold over heavily hydroxylated (NaOH-treated) titania support as compared to nontreated one [67]; and finally, given the poor stability of
oxidic gold species, it would be interesting to see if the
interaction of gold with surface hydroxyls follows a similar
pathway as described above (Eq. 1).
Prior to the metal nucleation study, the interaction of
water with pristine MgO(100) films has been studied in
detail. This included investigations into the structure of
ordered water monolayers on MgO(100) [68], the wetting
behavior of water ice [69], as well as the hydroxylation of
the surface as a function of water partial pressure [30]. As
to the latter, we present in Fig. 2 infrared spectra obtained
after hydroxylation of MgO(100) films with D2O vapor at
room temperature. The spectral detail around 2,750 cm-1
displayed in Fig. 2 is the region where rather sharp vibrational bands due to isolated OD groups are expected. The
OD-IR intensity correlates with the applied D2O vapor
pressure (from top to bottom) and reflects the OD coverage,
which has independently been determined by XPS,
obtained on the MgO surface after the various water
exposures. In addition, this figure displays a clear trend
toward higher vibrational frequency as the OD coverage

Fig. 2 IRA spectra from MgO(100)/Ag(100) thin films after hydroxylation with D2O vapor at room temperature. The sample surface has
been exposed for 3 min to the D2O vapor pressure indicated in the
Figure. The corresponding OD coverage (h) in monolayers as
determined from XPS is also listed

123

M. Sterrer, H.-J. Freund

increases, pointing to some complexity of the structural
elements giving rise to these signals. Indeed, the assignment of the IR bands to distinct surface sites on the MgO
surface has been a matter of debate for several decades.
Here, reference is made to the most recent and most
comprehensive computational study that has addressed the
vibrational properties of OH groups adsorbed on various
low-coordination and defect sites on MgO [70]. It can be
concluded from comparison with the computational results
that mainly multi-coordinated, isolated OH groups at defect
sites such as step edges and kinks are present after
hydroxylation at low pressure, whereas the high frequency
hydroxyl band seen on the fully hydroxylated surface
obtained after exposure to 1 mbar D2O vapor indicates the
formation of mono-coordinated, hydrogen-bond accepter
hydroxyls. Controlled variation of the water vapor pressure
allows, therefore, distinct hydroxylation states on the MgO
surface to be selectively populated. For the investigations
into the interaction of gold with hydroxyls that follow,
MgO(100) thin films, which have been hydroxylated in
1 9 10-3 mbar D2O at room temperature for three minutes
yielding a hydroxyl coverage of *0.4 monolayer, have
been used.
A most conspicuous evidence for the influence of
hydroxyls on nucleation and sintering of Au on MgO(100)
is provided by STM. The images displayed in Fig. 3a
present the surface morphology for gold deposited at 300 K
(left) and after subsequent heating to 600 K (right) on clean
MgO(100) (top) and hydroxylated MgO (bottom), respectively [59]. Two main conclusions can be drawn from these
results: (i) the density of nucleation sites is much higher on
MgOhydr, and (ii) the stability of Au particles towards
sintering is greatly enhanced on MgOhydr. This latter point
is essential for catalysis because it basically means that the
high Au dispersion is maintained at elevated temperature, a
result that is corroborated by related CO-TPD studies
showing a higher CO adsorption capacity for Au/MgOhydr
as compared to Au/MgO(100) [58]. In spite of the importance of this finding, the STM results leave questions about
the reason for the enhanced stability of Au on MgOhydr
open. Therefore, XPS and IRAS have been applied to
obtain more detailed information about the chemical state
of Au on MgOhydr. A first hint for a different nucleation
process on MgOhydr is provided by the absence of a COIRAS signal at 1,850 cm-1 typical for single, neutral Au
atoms on MgO(100) after Au deposition at 100 K [71]. The
sites that give rise to this spectral feature are either not
present on MgOhydr, or the Au atoms have been attracted
by stronger nucleation sites. Instead, a CO-IRAS band at
2,165 cm-1 indicating the formation of cationic (or oxidized) gold was detected and the existence of Aud? species
was confirmed by XPS showing an Au 4f7/2 emission at
86.9 eV binding energy (BE), almost 3 eV higher than the
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Fig. 3 a STM images (50 nm 9 50 nm) of 0.2 ML Au evaporated
on clean MgO(100) (top) and hydroxylated MgO (bottom) taken
directly after deposition at room temperature (left) and after
subsequent heating to 600 K (right). b CO-IRA (top) and XP
(bottom) spectra for 0.05 ML Au deposited on hydroxylated MgO

taken directly after Au deposition at 100 K (left) and after subsequent
heating to 300 K (middle) and 573 K (right). c IRA spectra of the OD
spectral detail around 2,750 cm-1 taken from hydroxylated MgO
(top) and after subsequent deposition of 0.02 Au (middle) and
0.22 ML Au (bottom). [59]

84.0 eV BE of metallic gold (Fig. 3b) [59]. The signatures
of cationic gold, although slightly extenuated (smaller COIRAS and XPS shifts), remain visible after heating to
300 K, but are gone after annealing to 600 K, where Au is
present exclusively in the metallic state (Fig. 3b). A small
shift of 0.4 eV to higher BE of the annealed Au on
MgOhydr as compared to Au/MgO(100) indicates, however,
a remaining final state contribution to the measured BE,
which is consistent with the STM result showing the stabilization of smaller particles on MgOhydr (Fig. 3a).
Since hydroxyl groups play obviously a role in the
nucleation of Au on MgOhydr, it can be expected that the
hydroxyl bands in the IR spectra will also be affected by
Au nucleation. The topmost spectrum in Fig. 3c shows the
OD region of hydroxylated (D2O) MgO before Au deposition. The broad OD band can be deconvoluted into three
individual signal contributions. The low-frequency signal
is depleted upon deposition of Au, while the others do not
change in intensity [59]. This result indicates a very specific interaction of Au with hydroxylated MgO that
involves only one particular type of surface hydroxyl site.
For an assignment of the underlying surface feature we
return to Fig. 2, which shows that the low-frequency OD’s
are the first ones to appear at low hydroxylation pressure.
Hydroxyls giving rise to this particular frequency most
probably result from water dissociation at the most abundant defects, which are steps. Therefore, hydroxyl groups
adsorbed at step edges have been proposed to be the sites of
initial gold nucleation on hydroxylated MgO [59]. Based
on the STM, IRAS, and XPS findings the sinter stability of
Au on MgOhydr is explained by the strong adhesion of Au
to the hydroxylated surface, which is a result of the

chemical modification (oxidation) of interfacial Au
because of the interaction with hydroxyls.
Recent computational studies have addressed the interaction of gold with hydroxylated MgO. Jiang et al. studied
the interaction of Au10 and Au13 with the Mg(OH)2 surface
and found strong adhesion of the clusters to the surface.
Although the interfacial Au atoms are cationic, the Au
clusters are overall negatively charged in these calculations
[72]. Jeon et al. [73], on the other hand, considered the
possibility that an OH (radical) on the MgO(001) surface
spills over onto an adsorbed Au atom resulting in an MgO–
Au1–OH complex . The structure of this complex is reminiscent of MgO–Au1–CO reported previously [71]. Similar to the CO case, charge flow from the MgO substrate via
the gold atom to the OH group is found, and Bader charge
analysis confirms that the Au atom is positively charged.
Certainly, the hydroxylated MgO surface is a complex
system and the models used in the above-mentioned
computational studies represent only an approximation to
the situation encountered in our experiments. Different
morphologies, the influence of hydroxyl/water coverage, as
well as the cluster size dependent interaction need to be
taken into account in order to obtain better agreement with
the experimental results. Nevertheless, the examples
described in this section show that steps into a description
of metal-support interactions at environmentally complex
interfaces are being taken using surface science methodologies. Certainly, the elucidation of atomic scale details
requires a strong interplay of experiment and theory. If
done so, a better understanding of the processes occurring
under non-ideal conditions on model oxide-supported
metal particle catalysts can be achieved.
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3 Surface Science Approach to Catalyst Preparation
Almost all supported catalysts employed industrially are
prepared by wet-chemical methods such as impregnation,
deposition–precipitation, spreading, and ion exchange [74].
The fundamental difference with respect to the UHV-surface science approach of preparation of model catalyst
surfaces is the nature of the precursor and the way it is
transformed into a nanoparticle. Figure 4 highlights the
various steps of the surface science and technical catalyst
preparation procedures, respectively. In the case of a typical surface science experiment, the catalytically active
metal is applied to the clean support by physical vapor
deposition (PVD). The impinging metal atoms diffuse on
the surface until a stable nuclei is formed either by trapping
of atoms at defect sites or by dimerization. Agglomeration
and sintering at elevated temperature then leads to the
formation of nanoparticles (Fig. 4a). By contrast, the first
step of catalyst preparation in a commonly applied wetchemical procedure consists of the interaction of the support with precursor solutions that contain the metal component in the form of salts or complexes. This is followed
by drying, calcination and reduction steps, which are necessary to transform the adsorbed metal precursor into the
catalytically active phase (Fig. 4b).
While the processes during the formation of metal
nanoparticles on oxide supports are reasonably well
understood in the case of the surface science models [10],
the complexity of the materials and the lack of suitable
analytical techniques render the detailed mechanistic elucidation of the individual steps in technical catalyst preparation a difficult task. Nevertheless, several models have
been introduced that catch the essential aspects of the
interaction of metal complexes with the support surface at
the oxide-liquid interface [75]. To mention here are the
‘‘strong electrostatic adsorption’’ model [76] (based on
pioneering work by Brunelle [77]), which considers mainly
an electrostatic adsorption mechanism of charged precursor

Fig. 4 Schematic representation of the individual stages of preparation of a a model catalyst in UHV, and b a technical catalyst
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complexes, and the ‘‘interfacial coordination chemistry’’
approach [78], which includes strong chemical bonding
(grafting) of the precursor complexes to the support in
addition to electrostatic adsorption. With these models it is
possible to reasonably simulate the metal uptake as a
function of precursor solution parameters (pH, metal concentration) [79]. The least understood process in technical
catalyst preparation seems to be the transformation of the
precatalyst into the raw catalyst, i.e. the decomposition of
the adsorbed precursor during the calcination step. This
was highlighted by Richard G. Finke in a recent review
paper that discusses the existing literature in this area and
where the following statement can be found: ‘‘Overall,
surprisingly little is known about the mechanism(s) of
formation of the desired size, shape and compositionally
controlled supported nanoparticle catalysts’’ [80]. New
developments in the field of in situ experimental techniques, such as magnetic resonance imaging [81], the
X-ray differential pair distribution function method [82], or
environmental transmission electron microscopy [83],
promise to provide new insight into these processes.
Surface scientists have in the past undertaken several
attempts to mimic catalyst preparation using flat substrates.
For example, in an early work by Ertl et al. the preparation
and characterization of vanadia species on a TiO2 substrate
that was obtained by oxidation of a thin Ti layer on a
support was described [84]. Later on, several reports about
carbon-based Pt catalysts investigated by STM appeared
from the groups of Wolf [85, 86] and Baiker [87, 88].
During the last 20 years, the group of Hans Niemantsverdriet has studied the preparation of flat model catalysts
by applying wet-chemical preparation protocols, in particular the spin-coating technique, to amorphous silica or
alumina substrates [89–91].
Reports on the elucidation of the precursor interaction
with single-crystalline oxide substrates should not be left
out. These include, e.g., an in situ investigation of the
adsorption of Pt-tetraammine complexes on a quartz(100)
surface using surface X-ray reflectivity [92], and a very
recent report on the precipitation of Ni on a-Al2O3 investigated with grazing-incidence X-ray absorption [93].
Despite the wealth of information obtained with the abovementioned surface science approaches, most of them have
also limitations: The use of insulating bulk single-crystal
oxides imposes some restrictions as to the applicability of
standard surface science methods, and with thin, amorphous oxide films (obtained for example by surface oxidation of a Si wafer) as substrates, a good part of the
morphological control is lost.
We have recently started to study catalyst preparation
using thin, single-crystalline oxide films grown on metallic
substrates as supports, which represent promising alternatives
for surface science investigations of catalyst preparation
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[94, 95]. Our studies used 10 nm thin Fe3O4(111) films
grown on Pt(111) as substrate. An STM image of a freshly
prepared Fe3O4(111) film, which has subsequently been
transferred into air for STM imaging, is presented in
Fig. 5a. The observed morphology of this surface compares
well with previous UHV-STM studies, and occasionally,
atomic resolution of the topmost iron layer could be
achieved (see inset in Fig. 5a), demonstrating the good
environmental stability of the oxide film surface. With
Fe3O4(111)/Pt(111) as support, we have studied the preparation of supported Pd nanoparticles using PdCl2 as a
precursor. The speciation of PdCl2 in aqueous solutions has
been the subject of intense research in the past. In strongly
acidic conditions, the tetrachloro complex PdCl42- is the
most abundant species. Upon hydrolysis, the chlorine
ligands are gradually replaced by aqua or hydroxo ligands,
leading finally to Pd(OH)2species in strongly basic
4
medium [96, 97]. Neutral Pd complexes of the kind
[PdCl2(H2O)2] are formed at an intermediate stage of
hydrolysis. These complexes are most probably responsible, because of their tendency for polymerization
(?polynuclear Pd-hydroxo complexes, PHC), for the formation of colloidal particles [98], seen with the appearance
of the dark brown color of the Pd solution (see Fig. 5e).
The pH at which formation of PHC’s sets in can be slightly
varied by changing the Pd2? and Cl- concentration.
The strong influence of the solution pH on the Pd
loading and the particle morphology is demonstrated by
means of the STM images displayed in Fig. 5b–e. These
images were obtained following exposure of the
Fe3O4(111) films to PdCl2 precursor solutions exhibiting
different solution pH (as indicated in Fig. 5), and
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subsequent thermal treatment at 600 K in UHV, which
transforms the adsorbed Pd precursor into Pd particles.
First consider the samples prepared with the low pH
solutions (pH 1.3–2.5), where the influence of PHC’s can
be excluded. The trend toward higher Pd loading and
slightly increasing Pd particle size with increasing pH is
obvious and in agreement with results obtained for similar
preparations carried out with powder samples [79, 99].
Within the ‘‘strong electrostatic adsorption’’ model, which
seems to be applicable for the given conditions (negatively
charged precursor and positively charge support surface,
PZC(Fe3O4) * pH 6.5), the suppression of Pd precursor
adsorption at low pH, which results in low Pd loading, is
typically explained by the lowering of the equilibrium
adsorption constant as an effect of the higher ionic strength
of the strongly acidified precursor solution [100].
While small and homogeneously distributed Pd particles
are formed following exposure to the low pH solutions, a
high Pd loading and large Pd particles are obtained if the
pH 4.7 precursor solution is applied. At first glance, this
result might be related to the adsorption of colloidal particles present in the precursor solution. However, deposited
particles could not be identified by STM directly after
deposition. Therefore, a different adsorption mechanism
for the Pd precursor needs to be considered at this pH
conditions. Since at pH 4.7 the Fe3O4 surface is essentially
uncharged and a considerable fraction of the solution
species is charge-neutral, a strong chemical interaction via
hydrolytic adsorption of the precursor complexes could be
the reason for the high Pd loading. With the basic pH 10
precursor solution the Pd loading decreased again and a
particle size distribution that is more homogeneous as

Fig. 5 a STM images
(100 nm 9 100 nm) of a
Fe3O4(111)/Pt(111) sample
prepared in UHV and
transferred into air. The inset
shows an atomically resolved
STM image from a terrace of
the sample surface
(8 nm 9 8 nm). b–f STM
images (75 nm 9 75 nm) of Pd/
Fe3O4 samples obtained by
exposure of freshly prepared
Fe3O4(111) to PdCl2 precursor
solutions (b–e: 5 mM PdCl2, f:
2mM PdCl2, pH as indicated in
the figure, deposition time:
60 min.) and subsequent
thermal treatment at 600 K in
UHV conditions
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compared to the one obtained with the pH 4.7 precursor
solution was obtained. Since both the oxide surface and the
solution complexes are negatively charged in this case,
electrostatic adsorption is believed to play a negligible role
and the adsorption of Pd occurs mainly via hydrolytic
adsorption of the Pd-hydroxo complexes on the surface
hydroxyl groups.
More detailed studies regarding the stepwise decomposition of the adsorbed precursors into metallic nanoparticles
were conducted with samples prepared by exposure to pH
1.3 and pH 10 precursor solutions, respectively [94, 95]. As
an example, we show the results obtained with the alkaline
precursor solution in Fig. 6a (STM) and Fig. 6b (XPS). An
STM image of the Fe3O4(111) surface following exposure to
the precursor solution (2 mM PdCl2, pH 10) and subsequent
water rinsing and drying shows an apparently ‘‘clean’’ oxide
surface with the typical morphological features of
Fe3O4(111) (Fig. 6a, top). However, the corresponding XPS
spectrum confirms the presence of Pd on this surface
(Fig. 6b, top). Obviously, the adsorbed precursor complexes
are homogeneously distributed across the surface and cannot be individually resolved in STM. The two Pd 3d5/2
photoemission signals identified at 337.8 eV and 336.5 eV
BE can be assigned to Pd-hydroxo and PdO species,
respectively. It has to be mentioned that the high BE component was found to be sensitive to X-ray irradiation, and

the PdO component identified at this stage of the preparation
results most probably from X-ray induced decomposition of
the Pd-hydroxide into PdO. Only mild drying at 390 K
completely changes the surface morphology, which displays
now the presence of small particles with an average diameter of 2.5–3 nm (Fig. 6a, middle). This morphological
change is accompanied by an almost complete transformation of the adsorbed Pd-hydroxide precursor into PdO, as
deduced from the loss of the high BE component in XPS and
the concurrent increase of the 335.9 eV feature (Fig. 6b,
middle). Finally, fully reduced Pd particles (particle diameter: 3–7 nm) are found after further thermal treatment at
600 K (Fig. 6a and b, bottom). These particles contain some
carbon contamination remaining from the preparation process, which can be eliminated by oxidation at 500 K in
1 9 10-6 mbar O2. Subsequent reduction in CO atmosphere
restores the metallic state, which then presents CO-IRAS
signatures typical for supported Pd nanoparticles (Fig. 6c)
with two bands arising, respectively, from on-top bound
(2,105 cm-1) and bridge-bonded CO (1,990 cm-1) [101,
102]. Alternatively, the final reduction step was performed
in H2 instead of CO atmosphere, which led to the formation
of bimetallic Pd-Fe particles due to strong metal-support
interaction (SMSI). This modification can be easily understood on the basis of the catalytic action of Pd in providing H
atoms for reduction of the Fe3O4 support via H2 dissociation

Fig. 6 a STM images (100 nm 9 100 nm) and b corresponding Pd
3d photoemission spectra of a Fe3O4(111)/Pt(111) thin film surface
acquired after exposure to Pd precursor solution (5 mM PdCl2, pH 10)
and subsequent drying (RT, top), after drying at 390 K (middle), and
subsequent heating to 600 K (bottom). c IRA spectrum of a Pd/
Fe3O4(111) model catalyst prepared by exposure to pH 10 PdCl2

precursor solution taken after adsorption of CO at 80 K. d STM
image (100 nm 9 100 nm) of Pd/Fe3O4(111) prepared by physical
vapor deposition of Pd in UHV. e STM image (100 nm 9 100 nm) of
Pd/Fe3O4(111) prepared by physical vapor deposition of Pd onto a
Fe3O4(111) surface modified by treatment with NaOH solution. [95]
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and H spill-over. Iron atoms from the reduced support then
migrate into the Pd particles.
An important question to ask at this point is whether or
not the morphology of a model catalyst prepared by wetchemical procedures as described above differs from that
of a corresponding model catalyst prepared exclusively in
UHV. In other words, does the nature of the precursor
(single atoms in UHV vs. metal complexes in solution) or
the support properties (clean surface in UHV vs. a surface
modified by exposure to precursor solution) affect the
properties of the activated model catalyst? In order to
answer this question two additional Pd/Fe3O4(111) model
catalysts were prepared: one, where Pd was deposited onto
a clean Fe3O4(111) support in UHV by vapor deposition
(Pd/Fe3O4(UHV), Fig. 6d), and another one, where Pd was
deposited by vapor deposition onto a Fe3O4(111) surface
following a treatment with NaOH (pH 12) solution (Pd/
Fe3O4(hydr), Fig. 6e). The NaOH treatment was applied in
order to achieve a surface functionality comparable to the
solution deposition experiment. Inspection of the corresponding STM images (Figs. 6d and 6e) reveals differences between the two samples with respect to the
arrangement of the Pd particles and the particle size distribution. While the Pd particles are uniform in size and
arranged in an almost perfect hexagonal array on the clean
Fe3O4(111) surface, the surface order is lost on the pretreated Fe3O4 surface and a deviation from the normal
particle size distribution is apparent. Most notably, the
morphology of the Pd/Fe3O4(hydr) sample (Fig. 6e) closely resembles that of the model catalyst prepared by
deposition of Pd from the pH 10 precursor solution
(Fig. 6a, bottom). This finding suggests that in the present
case the morphology of the activated model catalyst is
mainly governed by the interfacial properties, and not by
the nature of the precursor. The more heterogeneous sintering of Pd particles on the modified surfaces is attributed
to the presence of hydroxyl groups and the existence of a
variety of adsorption sites with differing Pd adhesion
properties [95].
Finally, the activity of the model catalysts in CO oxidation was investigated with temperature programmed
reaction. Particular attention was paid to the differences
between the regular model catalyst (obtained by reduction
in CO atmosphere) and the one in the SMSI state (obtained
by reduction in H2 atmosphere). Since Fe3O4 is a reducible
oxide with oxygen storage potential, the involvement of
lattice oxygen in CO oxidation (?Mars-van Krevelen type
mechanism) was first explored in a CO-TPD run without
additional oxygen exposure. Indeed, and in agreement with
earlier studies [103], the sample activated by oxidation and
CO reduction gave rise to a CO2 signal at around 500 K
(Fig. 7). By contrast, no CO2 could be detected from the
SMSI sample. The weak bonding of CO to the bimetallic
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particles can be ruled out as explanation for the lack of
reactivity on the basis of the results for the CO oxidation
reaction described below. It is rather the unavailability of
lattice oxygen in the reduced near-surface regions of the
reduced support that is responsible for the lack of activity
in this type of reaction. If molecular oxygen is predosed,
enhanced CO2 production is observed on both samples
(Fig. 7, filled circles). It is noted that the CO2 signal arising
from the sample activated by oxidation and subsequent
reduction in CO appears to be the sum of two contributions: one from a reaction of CO with lattice oxygen
exhibiting a maximum at around 500 K, and the other one
from the reaction of CO with dissociated oxygen on the Pd
particles, which extends from 400 to 550 K. Since the
former contribution is missing on the sample prepared by
reduction in H2 atmosphere, only the catalytic CO oxidation path is observed in this case.
To summarize, the results presented above have clearly
demonstrated the feasibility of surface science investigations related to catalyst preparation by utilizing singlecrystalline, thin oxide films as supports. Various steps of
the catalyst preparation procedure, from the clean support
surface, via decomposition of the precursor, and finally to
characterization of the activated model catalyst, could be
analyzed with typical surface science spectroscopic and
microscopic techniques. A future challenge in these studies
will be to analyze in detail the initial interaction between
the oxide support and the metal precursor at the oxideliquid interface with in situ microscopic and spectroscopic
techniques.

Fig. 7 13CO2 TPD spectra obtained from Pd/Fe3O4(111) model
catalysts activated by reduction in CO atmosphere (top) and H2
atmosphere (bottom), after dosing 13CO (open circles) or 13CO ? O2
(filled circles) at room temperature
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4 Concluding Remarks
Surface science investigations have strongly contributed to
our understanding of catalytically relevant processes. The
strength of the surface science approach is based on the
possibility to have ultimate control over the morphology of
the model surfaces (metal single crystals), allowing structure–reactivity relationships to be established. New challenges in the characterization and interpretation of surface
functionality arise as we move on to more complex surfaces and interfaces. In this article, we highlighted recent
surface science work in the field of oxide-supported metal
nanoparticle model catalysts that put emphasis on the
influence of hydroxylated supports on the properties of
metals deposited from the vapor phase, and on catalyst
preparation using wet-chemical procedures. The examples
discussed herein document the progress that has been made
over the last years in the description of these complex
interface phenomena.
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Schüth F and Weitkamp J (eds) Handbook of heterogeneous
catalysis. VCH, Weinheim, p 1309
16. Sterrer M, Risse T, Heyde M, Rust HP, Freund HJ (2007) Phys
Rev Lett 98:206103
17. Yulikov M, Sterrer M, Heyde M, Rust HP, Risse T, Freund HJ,
Pacchioni G, Scagnelli A (2006) Phys Rev Lett 96:146804

123

M. Sterrer, H.-J. Freund
18. Sterrer M, Fischbach E, Risse T, Freund HJ (2005) Phys Rev
Lett 94:186101
19. Sterrer M, Heyde M, Novicki M, Nilius N, Risse T, Rust HP,
Pacchioni G, Freund HJ (2006) J Phys Chem B 110:46
20. Sterrer M, Yulikov M, Fischbach E, Heyde M, Rust HP, Pacchioni G, Risse T, Freund HJ (2006) Angew Chem Int Ed
45:2630
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132:1520
65. Takei T, Okuda I, Bando KK, Akita T, Haruta M (2010) Chem
Phys Lett 493:207
66. Qiao BT, Zhang J, Liu LQ, Deng YQ (2008) Appl Catal A
340:220
67. Veith GM, Lupini AR, Dudney NJ (2009) J Phys Chem C
113:269
68. Wlodarczyk R, Sierka M, Kwapien K, Sauer J, Carrasco E,
Aumer A, Gomes JF, Sterrer M, Freund HJ (2011) J Phys Chem
C 115:6764
69. Carrasco E, Aumer A, Gomes JF, Fujimori Y, Sterrer M (2013)
Chem Commun. doi:10.1039/c2cc37148k
70. Chizallet C, Costentin G, Che M, Delbecq F, Sautet P (2007)
J Am Chem Soc 129:6442
71. Sterrer M, Yulikov M, Risse T, Freund HJ, Carrasco J, Illas F,
Di Valentin C, Giordano L, Pacchioni G (2006) Angew Chem
Int Ed 45:2633
72. Jiang DE, Overbury SH, Dai S (2011) J Phys Chem Lett 2:1211
73. Jeon J, Soon A, Yeo JN, Park J, Hong S, Cho K, Yu BD (2012)
J Phys Soc Jpn 81:054601
74. Gallei EF, Hesse M, Schwab E (2008) In: Ertl G, Knözinger H,
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