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1 Introduction

Heterogeneous catalytic processes can be widely found in our everyday lives, including pollu-
tion control [1, 2], the conversion of chemical feedstocks into chemically pure raw materials
[1, 3–6] and the processing of oils for manufacturing of food products [7, 8].
Current important issues in catalysis research are how to improve the yields and the selectivities
of heterogeneous catalysts. Furthermore, it is of interest to extend their usage for example in
asymmetric synthesis. A common strategy to achieve these goals is by testing empirically how
changes in experimental conditions and in composition and structure of catalysts influence the
catalytic performance. However, due to the large number of parameters, this approach is expensi-
ve and time consuming. This calls for a more fundamental understanding of catalytic processes,
to enable a rational design of heterogeneous catalysts.
To resolve the microscopic structure of catalysts, to identify active sites and to gain detailed
information about the mechanism, the energetics and kinetics of catalytic processes are import-
ant steps towards this goal. The high structural and chemical complexity of industrial catalysts
hampers a detailed atomistic understanding of surface processes. Their chemical composition is
generally non uniform and they exhibit a large number of geometrically different surface sites,
which complicates the identification of catalytically active centers [9]. Furthermore, industrial
catalysts are generally non planar and often poorly conductive, which limits the use of modern
spectroscopic and microscopic techniques.
For these reasons, early studies have been performed on single crystals, on which the study of ca-
talytic processes is more straightforward using current surface science methods. Based on these
investigations, an atomistic level understanding on the activity of a large number of structurally
and chemically different surfaces could be gained [10–15]. Despite the ongoing importance of
such studies, these systems, in many cases, only poorly resemble the nanodispersed, catalytically
active component of technical catalysts. Therefore, many crucial features, inherent to industrial
powder catalysts, such as the influence of the support, the presence of different facets, size ef-
fects and many more cannot be understood by studying catalytic processes on single crystals.
In order to address these issues, an increasing number of investigations are performed on na-
nostructured supported model systems, which exhibit many features of industrial catalysts, but
where a high degree of control of the chemical composition and the structure can be achieved.
These model systems can be oxide single crystals [16] or well ordered thin oxide films, grown
on metal substrates [17–21]. Thin oxide films are particularly advantageous for surface science
studies: they can be grown planar with a uniform composition/structure on a metal substrate
and exhibit an increased conductivity compared to oxide single crystals. Thus standard surface
science techniques can be applied to provide valuable information on the structural, electro-
nic and catalytic properties of these systems. In order to achieve a close structural similarity to
supported technical catalysts, a metal may be deposited on the oxide either by physical vapor
deposition [19, 22] or by the deposition of clusters, formed in the gas phase [23, 24].
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The structural confinement of the active metal on the nanoscale introduces several additional
features in comparison to extended single crystals. The various steps of a reaction may preferen-
tially occur on different adsorption sites of the nanoparticles, which are linked to each other by
adsorbate diffusion. Secondly, the electron density on these adsorption sites may differ from that
on geometrically identical sites of extended crystals, due to the small size of the nanoparticles.
The influence of the support includes the trapping and diffusion of adsorbates on oxides, which
might lead to the transfer of adsorbates from the support to the active centers or vice versa [25–
28]. Additionally, the geometric and electronic structure of the nanoparticles can be affected by
their interaction with the support [20, 29, 30].
The size of nanoparticles may crucially affect their reactivity. The adsorption properties of ad-
sorbates on Pd nanoparticles, which are larger than a few tens of a nm are usually considered
to be very similar compared to single crystal facets. [20, 31–35]. With decreasing particle size,
however, the chemical and structural/electronic properties often change [20, 31, 35, 36]. For na-
noparticles which are smaller than a few nm, these properties become significantly different with
respect to the bulk metal [33, 37–39]. As support effects might affect the properties of smaller
nanoparticles more strongly, care has to be taken to separate support and particle size effects.
Although there is disagreement in the literature about the change in the reactivity of nanopartic-
les, which are a few nm in size, much is known about the changes in the particle properties in this
size range. Mostly, a decreasing particle size results in a decrease in the lattice constant [40–42].
Furthermore, the apparent binding energy of the various metal bands shift to higher values with
respect to the bulk metal [21, 43–45] and the vibrational features of CO change as well [31, 46].
However, it is not straightforward to associate changes in the lattice constant/electronic states of
the nanoparticles and the vibrational features of adsorbates with changes in the catalytic activity,
which is of central interest for practical applications.
In the present study, Pd nanoparticles of different sizes were prepared on a Fe3O4 oxide film,
which has been grown on a Pt(111) substrate by physical vapor deposition. Due to previous cha-
racterization with STM and reactivity measurements, many structural features of these model
systems are known, such as the abundance of different Pd facets, the particle shape, the orienta-
tion on Fe3O4 and the reactivity e.g. in the CO oxidation reaction [46–48].
The activity of a catalyst for a specific surface reaction is determined by the reaction rate, which
is a convolution of the reaction constant and the adsorbate coverages of the various surface spe-
cies. The adsorbate coverage is controlled by the bond strength of the surface species to the
substrate, adsorbate-adsorbate interactions and entropical effects, thus the adsorption energy has
a significant influence on this quantity. The activation energy of unimolecular surface reacti-
ons has often been successfully correlated to the binding strength of the corresponding reactant,
which therefore strongly influences the reaction constant. Hence, the surface coverage of the
reactants and the reaction constants, both of which control the surface reaction rate might be
strongly affected by the binding energies of the reactants.
Despite of the importance of this parameter, often no consistent literature data on adsorbate
binding energies on supported nanoparticles are available. For example, different authors have
reported a higher [20, 49, 50], a lower [30, 34, 50, 51] or a similar [29, 31, 52, 53] CO binding
energy on small Pd nanoparticles in comparison to Pd(111).
One reason for the lack in consistency can be attributed to disadvantages of the commonly used
desorption based methods to probe binding energies [54–57]. These methods can only be used
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to study fully reversible processes, but most chemically relevant processes are not reversible. For
example, most hydrocarbons decompose on Pt(111) before desorption [58]. Secondly, to deduce
the binding energy of a surface species with desorption based methods, kinetic models of the
desorption process have to be applied, which often involve assumptions on the preexponential
factor and the activation barrier for adsorption.
In addition to that, it is usually difficult to accurately control and determine the adsorbate cover-
age on a small scale with conventional experimental setups and find a correlation between the
adsorbate coverage and the binding energy. Therefore, it is highly desirable to apply an experi-
mental method that allows for a direct determination of the energetics of surface processes with
good control over the coverage.
This can be achieved by single crystal adsorption calorimetry [59, 60]. This method relies on
the detection of a temperature rise, that is caused by the adsorption of gas phase molecules on
a surface. The energetics of the surface process can be directly probed with this method and
no kinetic modeling of the desorption process is necessary. In addition to that, the combination
with molecular beam methods allows for a better control of the adsorbate coverage, compared to
desorption based methods. The combination of Single Crystal Adsorption Calorimetry (SCAC)
with molecular beam methods was first established by King and coworkers [61]. A rise in the
surface temperature, caused by a heat release during adsorption was detected by measuring an
increase in the blackbody radiation. However, due to the strong decrease of blackbody radiation
with decreasing temperature, this method cannot be applied at T<300 K. Campbell et al. further
developed this approach and used a thin, pyroelectric foil to detect temperature changes caused
by adsorption processes. With this setup, it was possible to detect adsorption energies at lower
temperatures, additionally, a significant improvement in the sensitivity could be achieved [62].
A central part of this work concerns the investigation of the elementary adsorption and reaction
steps, involved in the CO oxidation reaction on Pd(111) and supported Pd particles. The CO
oxidation reaction is one of the best studied reactions in surface science [11, 63, 64, 64, 65, 65,
66, 66, 67, 67–70], which may be partially due to its relatively simple reaction mechanism and
the high reaction probability but also due to its importance for its application in autocatalytic
converters [71]. On Pd surfaces, the reaction proceeds with a Langmuir-Hinshelwood-(LH) me-
chanism, in which molecularly adsorbed CO reacts with dissociatively adsorbed oxygen. CO
inhibits the dissociative adsorption of oxygen, which is why the reaction rate drops at high CO
partial pressures, whereas adsorbed oxygen does not limit the adsorption of CO molecules. The
groups of Matolin and Henry, among others, found, that the nature of the support and the par-
ticle size influence the reaction probability [20, 26, 27, 29, 30, 36, 50, 68, 72–77]. Libuda et al.
investigated the steady state CO oxidation kinetics on Pd/Fe3O4 as a function of the CO partial
pressure [78–81]. Furthermore, they studied communication effects and investigated, to what
extent the formation of an oxide species affected the reactivity [46, 48, 82–87].
As the dissociative adsorption of oxygen is a crucial step of this reaction, comprehensive investi-
gations have been performed on the formation and structure of the various adsorbate overlayers,
formed by oxygen on Pd. Moreover, a lot of information on the desorption energetics is availa-
ble from TPD studies on Pd(111) [88–92], Pd(100) [93–96] and on Pd(110) [97, 98]. A few
experimental results on the desorption from supported Pd nanoparticles have been published
[45, 99, 100], but due to the experimental limitations of desorption based techniques, the ac-
curacy of the corresponding results might be limited. During annealing of the Pd catalysts to
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the oxygen desorption temperature (800 K - 900 K), subsurface O diffusion [88, 101, 102], sur-
face oxide formation and for the case of desorption from nanoparticles, particle restructuring
[45, 103–105] may take place. The desorption energy equals the oxygen binding energy plus the
activation energy for desorption. To deduce the oxygen binding energy from desorption based
studies, the latter quantity has to be neglected which might add additional inaccuracies.
For these reasons, the influence of the particle size dependence on the oxygen adsorption energy
is still unclear and no clear information on how particle size effects are influenced by the adsor-
bate coverage, currently exist.
To study the energetics of the CO oxidation reaction, CO and oxygen have to be adsorbed si-
multaneously on the surface. By this means, the CO-O interaction can be investigated. Early
investigations of the CO-O interaction on Pd have focused on the structural changes that oc-
cur during CO adsorption on oxygen covered Pd(111) [14, 69, 70, 106–109] and Pd(100) [94].
However, structural studies on mixed CO-O adsorbate overlayers on Pd nanoparticles have not
been reported. Furthermore, as desorption based methods cannot be used to study the desorption
energetics of CO in the presence of oxygen, no information on the CO-O interaction on Pd has
been obtained in experimental studies so far.
Asymmetric heterogeneous synthesis is an important topic due to its numerous advantages in
an industrial application [110, 111]. As low miller index surfaces are achiral, one method to
impose chirality on such surfaces is by the adsorption of chiral molecules, so called chiral mo-
difiers. This strategy has been found to be successful e.g. in the hydrogenation of β -ketoesters
with tartaric acid modified nickel catalysts [112, 113] and the hydrogenation of α-ketoesters
using platinum catalysts, modified by cinchona alkaloids [114–121]. The mechanism for chiral
promotion is still under debate and the subject of numerous investigations. One reason for the
lack of understanding in the reaction mechanism is the difficulty of probing surface interactions
between reagents and chiral modifiers [122].
A central aspect of this work is the accurate measurements of adsorption/reaction energies on
complex, nanostructured surfaces. This is achieved by combining the SCAC setup, developed by
Campbell et al. [62] with the preparation/characterization of model systems [123]. Additionally,
insights on the dynamics and kinetics of surface processes are gained from sticking/reactivity
measurements.
This thesis is structured in the following way. In the second chapter, an introduction of the basic
concepts that are relevant for understanding the thermodynamics and kinetics of fundamental
surface processes will be given. In chapter 3 and 4, the surface science tools, which are used in
this work are introduced and their implementation in the current setup is described. The proce-
dure for filtering and analyzing of the experimental data, the development of which has been an
important part of the present work, is explained in Chapter 5. Details on the preparation and the
structure of the model catalysts are given in chapter 6. This chapter also comprises the structural
data of the model catalysts, that were determined in previous studies [46–48].
The information on CO and oxygen interaction with the Fe3O4 support, which has been collec-
ted in this work, is provided in chapter 7. This chapter includes quantitative information on the
capture zone effect for CO and O2, which has been obtained by modeling the initial sticking
coefficient of CO and O2. The SCAC results for oxygen adsorption on Pd(111) and on Fe3O4
supported Pd nanoparticles of four different sizes are described in chapter 8. The influence of
the coverage and particle size effects on the adsorption energy and the sticking probability will
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be discussed. The oxygen uptake on Pd/Fe3O4 directly after preparation and after O2 exposure,
CO exposure at elevated temperatures and annealing are compared in chapter 9. Complementary
measurements of the CO sticking probabilities on oxygen covered Pd/Fe3O4 and CO2-evolution
upon CO exposure of these systems will be discussed. Evidence on the formation of a subsurface
oxygen species after oxygen exposure of the freshly prepared Pd/Fe3O4 systems at 300 K will
be given, the oxygen content in the nanoparticles and the formation energy of this species are
shown.
To obtain coverage dependent information on the CO-O interaction on Pd(111) and Pd nanopar-
ticles, the SCAC results during CO adsorption on bare and on oxygen covered Pd at ≈ 110 K
are compared and discussed in chapter 10. First, the sticking and SCAC data of CO adsorption
are discussed and compared with the available literature data. With this information, the CO-O
adsorbate interaction as a function of the coverage are discussed.
Chapter 11 contains the SCAC data on the CO2 evolution reaction on Pd(111) and on Pd nano-
particles of two different sizes. The differences in the initial CO2 evolution on oxygen covered
Pd for these three systems is compared with the thermodynamic data on the CO2 oxidation re-
action, obtained from the SCAC results which are discussed in previous chapters.
In chapter 12, the SCAC results on the adsorption of Propylene oxide (PropO) on 1-(1-naph-
thyl)ethylamine (NEA) chirally modified Pt(111) surfaces are shown. The surface chirality was
imposed by adsorption of the enantiopure NEA compound. To calibrate the NEA coverage as a
function of the exposure, CO titration experiments have been carried out, which are subject of
the first section of this chapter. The comparison of the coverage dependence of the adsorption
energy for the two PropO enantiomers on S-NEA modified Pt(111) will be the subject of the se-
cond section of this chapter. In the final chapter, a summary of the obtained results and insights
are given.
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2 Theoretical background

The fate of molecules impinging on a surface may be of several kind: they may elastically or
inelastically scatter from the surface or physisorb/chemisorb on the surface. Adsorbed species
often lead to reconstructions of surfaces and small reactive atoms such as H, C, N and O can
penetrate the surface and form subsurface and bulk species, depending on pressure and tempe-
rature. At the highest chemical potentials of the gas phase species, stoichiometric compositions
between adsorbates and solids are often formed.
These phenomena can be treated macroscopically with chemical thermodynamics or microsco-
pically by considering the fundamental interactions between solids and molecules. After a short
thermodynamic description of gas-surface interactions, physisorption, chemisorption adsorbate-
adsorbate interactions will be considered. Subsequently, an overview of the dynamical processes
on surfaces is given before surface reactivity in general and more specifically the case of CO oxi-
dation on Pd will be discussed.

2.1 Thermodynamics on surfaces

In early surface science studies, relationships between important thermodynamic quantities and
macroscopic observables such as pressure, temperature and volume, which are straightforward
to measure, have been established. Accordingly, these quantities can be obtained with relatively
basic experimental equipment. In the following, it will be introduced how these macroscopic ob-
servables are related to quantities as the adsorption energy and the isosteric heat of adsorption.
A nonvolatile species (adsorbent) is considered to be in equilibrium with a volatile species (ad-
sorbate), which is in equilibrium with the gas phase [124]. The Gibbs free energy for this system
can be written as follows:

dG =−SdT +V dP+µSdnS +µAdnA (2.1)

Here dG is the change in the free energy of the condensed phase, S and T are the entropy and the
temperature and dT and dP infinitesimal changes in the temperature and pressure. µS and dnS

are the chemical potential and the infinitesimal changes in the amount of the nonvolatile species
and µA and dnA the chemical potential and the infinitesimal changes in the amount of the volatile
species.
A change in the free energy of the condensed phase can be caused either by changes in the
temperature/pressure or by the number of moles of the nonvolatile and the volatile component.
For an inert adsorbent, the thermodynamic properties of the solid and the adsorbate can be
separated. The Clausius-Clapeyron equation for a gas phase species (subscript g) in equilibrium
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with the adsorbate species at constant coverage (Θ) can be written as follows:(
∂ ln(P)

∂T

)
Θ

=
Hg−HA

RT 2 =
−∆Hads

RT 2 (2.2)

, where Hg and HA are the molar enthalpy of the gas phase and the adsorbed species and ∆Hads
is the isosteric enthalpy of adsorption, R is the ideal gas constant. The term isosteric refers
to the constant coverage condition. According to Equ. 2.2, the isosteric adsorption heat can
be calculated after detecting two pressure/temperature pairs that produce the same coverage
[12, 125]. Note, that this equation can only be applied for reversible processes and in the limiting
case of adsorption on an inert substrate.
The relation between the isosteric adsorption energy and the energy of adsorption is given by
the following equation:

∆Eads = ∆Hads−∆(pV ) (2.3)

where ∆Eads is the energy of adsorption. The term −∆(pV ) arises due to the change in the
gas volume above the surface during adsorption. For an ideal gas which adsorbs on a surface,
∆(pV )=-RT if the quantities are normalized to 1 mole. The energy of adsorption, Eads can be
directly obtained from calorimetric measurements, more common however is the determinati-
on of the desorption energy with desorption based methods, which differs however from the
adsorption energy by the activation energy of adsorption.

Edes = Eads +Eact (2.4)

, Edes is the activation energy for desorption and Eact is the activation barrier for adsorption. The
thermodynamic driving force for the adsorption of a gas phase on a surface is the change in the
free energy, which, besides from the adsorption enthalpy also depends on the adsorption entro-
py. The adsorption entropy can be deduced from the Clausius-Clapeyron equation if the surface
coverage is known and the thermodynamic properties of adsorbate and substrate can be treated
separately.

2.2 Gas-surface interactions

The magnitude of the adsorption energy/adsorption enthalpy, which is of central importance
in the present work, can be understood on a microscopic level by considering the interactions
between substrate and adsorbate. These lead to the differentiation between physisorption and
chemisorption.
In the case of physisorption, the overlap between the adsorbate and the surface orbitals are ge-
nerally weak. Chemisorption interactions on the other hand are associated with a strong overlap
between adsorbate and surface orbitals.
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2.2.1 Dispersion forces and Physisorption

The weakest forces between molecules and surfaces are the London forces, also called Van-der-
Waals forces. The origin of these forces are charge fluctuations in the electron density of one
species by which the other species forms an induced dipole.
The interaction between induced dipoles can often be described well by a Lennard-Jones 6-12
potential,

EV dW =CLond ·
0.5 · (re)

6

R12
A−B

− 1
R6

A−B
(2.5)

where EVdW is the VdW-interaction, re is the equilibrium distance between the atoms A and B
with the distance RA−B and CLond is a constant, which depends on the ionization potentials and
the polarizabilities of A and B.
To estimate the potential for the interaction of an adsorbent with an extended solid EV dW−solid ,
one has to sum EV dW over all the atoms in the solid.

EV dW−solid = ρSπCLond

(
0.2(re)

6

z9
A−S

− 1
z3

A−S

)
(2.6)

zA−S is the distance between the atomic species and the surface and ρS is the atom density of the
surface. Comparing equations 2.5 and 2.6, it becomes evident, that the potential for the VdW
interaction for a physisorbed species significantly differs from that between two single atoms.
Additional contributions have to be taken into account when considering the interaction with a
polar substrate [126].
On metals, where the conducting electrons are delocalized, the assumption of a pairwise inter-
action is not applicable. In case of a completely conducting metal, there cannot be any electric
field parallel to the metal surface, as the induced charge of a dipole is compensated by the char-
ge density of the metal. This situation is equivalent to assuming an image charge in the metal
as schematically illustrated in Figure 2.1. By calculating the interaction between an electron
state with its image charge with a repulsive force analogue to above, Lennard-Jones obtained an
expression for the VdW interaction between a physisorbed species and a metal,

EV dW−metal =
Crep

LJ

z9
A−S
−Cattr

LJ

z3
A−S

(2.7)

where EVdW-metal is the VdW-interaction between a physisorbed species on a metal and Crep
LJ are

constants. Note the same form of Equ. 2.7 and Equ. 2.6.
Today, quantum chemical calculations are increasingly used to understand chemical problems.
For an introduction to the methods, used for such calculations, I refer to the references [127,
128]. Within these calculations, empirical or semiempirical estimations of the VdW-interaction
are necessary for the case that DFT calculations are performed when using common functio-
nals. Examples for such corrections are the Grimme approach [129, 130] and the Tkatchenko-
Scheffler approach [131].
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Abbildung 2.1: Schematic drawing of a dipolar particle with the corresponding image charge in
a polarizable medium

2.2.2 Chemical bonding

In contrast to the interaction between non overlapping orbitals between surface and adsorbate,
which give rise to the dispersion forces, chemical bonds may be formed by overlapping orbitals.
For small molecules, the bond energy between dispersively bound species is often more than 10
times lower in magnitude as that of chemically bound species. In addition to that, the equilibrium
distance is often larger for dispersively bound molecules. This is shown in Fig. 2.2, where the
potential energy is shown qualitatively as a function of the bond distance for the case of chemical
(Lennard-Jones potential) and dispersively bound species. The latter can be described by a Morse
potential:

Echem =−DE

(
2e(−(r−r0)/a)− e(−2(r−r0)/a)

)
(2.8)

Echem is the potential energy, DE is the equilibrium bond energy, r0 the equilibrium distance and
a is an adjustable parameter. Empirical potentials like the Morse potential can be used to simu-
late the time evolution of large systems, DE , r0 and a are obtained from experimental results or
theoretical calculations.
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Abbildung 2.2: Comparison of the dependence of the bond energy on the interatomic distances
between two atoms for a Lennard-Jones and a Morse potential

2.2.3 Chemisorption on surfaces

As the focus of the present work is to a large extend the binding strength of gas phase molecules
on surfaces of different structures, chemisorption in general and the adsorbate bond energy are
discussed in the following.
It has been observed experimentally, that the binding energy of adsorbates strongly varies with
the chemical nature of the adsorbate and the support [132, 133]. Different approximations to de-
scribe the interaction between the surface and adsorbate electronic states exist. The most simple
ones consider the energy and symmetry of the highest occupied and lowest unoccupied electro-
nic levels of the adsorbate and the valence band of the substrate.
The substrate electron bands are schematically represented together with the electronic levels
in Figure 2.3. EF is the fermi energy of the substrate, εA is the highest occupied orbital of the
substrate and ε∗A the energy of the lowest unoccupied orbital. Perturbation-theory modeling has

Abbildung 2.3: Schematic representation of a rather delocalized (s-, sp- band) and a rather loca-
lized band (d-band) in a solid and a bonding and antibonding electronic level in
a molecule.
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been used to estimate the interaction between an adsorbate and an electron band: according to
this model, Eads is inversely proportional to EF−εA and the number of holes in the valence band.
For an electron acceptor, Eads ∝ (ε∗A−EF)

−1 [134, 135]. In spite of the simplicity of this mo-
del, the experimentally observed trend that Eads of atomic radicals such as H, O and N typically
decrease from left to right along a series of the periodic table and down a column [136] can be
qualitatively understood by this model.
Similar models have been developed on the basis of the Tight-binding approach in which also the
interaction of a single adsorbate orbital with a band of metal orbitals was considered [137–140].
Such models have been very useful to qualitatively understand metal-adsorbate interactions and
to interpret Photoelectron spectra. To explain coverage effects and changes of the binding ener-
gy on different adsorption sites, observed in experimental studies, different models have been
developed. Shustorovich adapted the BOC model to treat chemisorption on different adsorption
sites and adsorbate-adsorbate interactions [136]. Within this model, just next nearest neighbor
interactions are taken into account. The bond order x is defined to be x = e−(r−r0)/a and the bond
energy is calculated according to Equ. 2.8:

Echem =−DE
(
2x− x2) (2.9)

For a single atom adsorbing on a multifold adsorption site, the sum of the bond orders between
the adsorbate atoms and the next nearest metal atoms is assumed to be 1 for all configurations. By
Comparing Echem for adsorption on several adsorption sites, one obtains within the assumptions
of this model, that the Echem for an atom is lowest on the most highly coordinated site, whereas
for diatomic molecules Echem it is often lowest on lower coordinated sites. This rule of thumb is
often fulfilled for adsorption on transition metal surfaces [136].

2.2.4 Adsorbate-adsorbate interactions

The adsorption energy is generally coverage dependent due to adsorbate-adsorbate interacti-
ons. These are firstly direct interactions, which would be also present without the substrate and
secondly indirect interactions, which mostly occur through coupling of the electronic states bet-
ween adsorbate and the substrate [141–145].
Figure 2.4 shows the differential heat of adsorption of CO, which is approximately equal to the
binding energy as a function of the CO coverage. This data has been measured by King et al.
at 300 K. As can be seen in Fig. 2.4, the CO binding energy only decays very gradually at low
coverages and decreases prominently at high coverages.
This decrease in the CO binding energy at high coverages is caused by CO-CO interactions.
Shustorovich used the BOC-model to explain the reduction of the adsorbate binding energy due
to adsorbate-adsorbate interactions [136]. The coordination number m of an adsorbate is the
number of surface atoms to which it is bound to. According to the BOC-model, the binding
energy should be constant until a coverage of 1/m as there are enough surface atoms to which
each adsorbate can bind separately at Θ<1/m. At higher coverages, surface atoms are bound to
more than one adsorbate, which lowers the bond order of the adsorbate-surface bond and in turn
the adsorption energy. Shustorovich used these considerations to approximate the coverage de-
pendence of the adsorption heat, which is shown in Fig. 2.5 for adsorption on a hcp(001) and a
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Abbildung 2.4: Heat of adsorption for CO on Pt(111) as a function of the coverage, measured at
300 K with SCAC [132].

fcc(111) surface. The adsorption heat in Fig. 2.5 is normalized to the adsorption heat in the zero
coverage limit.
The continuous line and the two dashed lines show the relative adsorption heats for the ad-
sorption on hollow, bridge and on top site. The coverage dependence of the adsorption energy
qualitatively agrees with the trend, observed in Fig. 2.4. It can be seen in Fig. 2.5 that according
to the BOC model, the decoration of the bridge or on top site is energetically more favorable
at higher coverages. This agrees with experimental findings, in which phase transformations,
connected with a change of the adsorption site are observed at high adsorbate coverages [146].
In addition to indirect adsorbate-adsorbate interactions, direct interactions (Dipole-Dipole inter-
action, VdW interaction, hydrogen bonding...) are present, which may either increase or decrease
the adsorbate binding energy.
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Abbildung 2.5: Coverage dependence of the adsorption energy relative to the initial adsorption
energy according to the BOC model from [136]. The solid line shows the depen-
dence of the adsorption heat on the hollow site and the two dashed lines show
the relative dependence of the adsorption heat on bridge and on top position.

2.3 Dynamics on surfaces

The reactivity of gas phase molecules with surfaces is influenced by the thermodynamics of the
various elementary reaction steps, but also to a large extent by the dynamical processes on surfa-
ces. Experimental results on the coverage dependent sticking coefficient, which can be obtained
with the current setup, can give valuable information on surface dynamical processes.
Molecules, which impinge on a surface may scatter elastically or inelastically from the surface
or being trapped into a physisorbed or chemisorbed state. Molecules, which are trapped in a phy-
sisorbed state may either desorb after a residence time of typically a few milliseconds [147, 148]
or may chemisorb but chemisorption may also occur directly without trapping into a physisor-
bed state. Exact quantum-mechanical formulae for these processes are available but an accurate
treatment of this problem is very demanding. For a detailed description of methods to treat this
problem, I refer to [149]. In this section, just a short introduction on the dynamical processes on
surfaces will be given.
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Abbildung 2.6: Schematical representation of the dynamical processes prior to adsorption

2.3.1 Trapping

If a molecule impinges on a surface, several initial processes are possible which are schemati-
cally shown in Fig. 2.6. In close proximity to the surface, the molecule experiences the VdW
potential, which has been discussed in section 2.2.1. A molecule will be physisorbed, if it loses
sufficient energy due to an inelastic collision with the surface so that it does not have enough
energy to escape the energy well, otherwise it is inelastically scattered. Weinberg and Merril
used Baule’s hard sphere model to to determine the fraction of energy that will be transferred to
the surface during a collision. According to this model, the molecule is trapped if it has a kinetic
energy which is lower than a critical energy Ecrit. For the case that the molecular energy is higher
than Ekrit, it is not trapped [150]:

Ecrit =
4mg/ms

(1−mg/ms)2 (w−Es) (2.10)

In Equ. 2.10, mg and ms are the masses of the molecule and surface atoms, w the depth of
the VdW potential and ES the energy of the surface atom. Integrating the Maxwell-Boltzmann
distribution from E = 0 to E = Ecrit , the trapping probability can be calculated. Equation 2.10
shows that more energy is transferred to the surface during the collision if the metal atoms
and the molecule have similar masses. The impinging molecule cannot be physisorbed on the
surface, if the energy of the surface atoms is equal or larger than the depth of the potential well.
Energy dissipation of the excess energy may occur through phonon excitation and electron-hole
pairing [151, 152].
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2.3.2 Diffusion

The mobility of a surface species is related to the adsorbate binding strength and may additio-
nally influence its reactivity. Species that are physisorbed or chemisorbed on the surface may
diffuse along the two dimensions of the surface.
One can treat diffusion as the repeated crossing of the activation barrier between the lowest
energy sites. Starting from Ficks law [153], which relates the diffusion flux of a one dimensional
lattice gas to the concentration gradient, one can obtain the diffusion coefficient:

D = νdi f f a2e−Edi f f /kT (2.11)

D is the diffucion coefficient, νdi f f is the diffusion prefactor, Ediff is the activation barrier for
diffusion and a the jump distance between the lowest energy sites. The mean square displacement
< r2> during the time t is connected to the diffusion constant by:

Dt =< r2 > (2.12)

But trapped molecules do not diffuse an infinite time on a surface in this state, they either desorb
or chemisorb on the surface. It is interesting to consider the mean square displacement for a
molecule before desorption from the surface. This quantity can be determined by inserting the
expression for the mean lifetime before desorption into Equ. 2.12.

√
< r2 >=

(
νdi f f

νdes

)1/2

ae(Edes−Edi f f /2kbT) (2.13)

νdes is the exponential prefactor for desorption. The assumption that Edi f f ≈ 0.12− 0.33 ·Edes
[154, 155] has been found to agree with many experimental results. According to Equ. 2.13, the
mean square displacement strongly decreases with increasing temperature and increases appro-
ximately exponentially with the desorption energy.

2.3.3 Sticking

Molecules, which stick on a surface are permanently adsorbed either in a physisorbed or a che-
misorbed state. The fraction of the impinging gas phase molecules, which stick on a surface is
the sticking coefficient S, which is in general a function of the coverage Θ. The measurement of
the sticking coefficient can be used to determine the adsorbate coverage and give information of
the dynamics of the adsorption process.
Langmuir modeled the variation of the sticking probability with the adsorbate coverage by ass-
uming that molecules, which impinge on an occupied adsorption site will scatter, whereas mo-
lecules, which impinge on an empty site will adsorb with the probability S(0).

S(Θ) = S(0)
(

1− Θ

Θsat

)n

(2.14)

Θsat is the saturation coverage and n is the order of the adsorption process.
Experimental data only rarely show a Langmuir-type adsorption behavior over the complete
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coverage range. One reason for this finding is, that often molecules, which impinge on occupied
adsorption sites are trapped into a precursor state and diffuse to unoccupied site, where they
may adsorb [156]. This process is termed precursor mediated sticking. One of the models, which
include precursor mediated sticking has been proposed by Kisliuk, who considered trapping onto
an occupied and onto an empty surface site prior to adsorption.

S(Θ) = S(0)
(

1+
K

1−Θ

)−1

(2.15)

K, which can have values between 0 and ∞, is a measure for the mobility of the precursor. K
is low for mobile precursors, immobile precursors have high K values. The influence of K on
the sticking probability is shown in Figure 2.7 where S(Θ) is plotted for different values of K.
S(Θ) is high until intermediate coverages, if the precursor is mobile whereas for an immobile
precursor, the sticking probability decreases linearly with the coverage.
This model neglects firstly influences of adsorbate-adsorbate interactions on the sticking coef-

Abbildung 2.7: Influence of K in the Kisliuk expression on the coverage dependent sticking
probability. Thehe coverage dependent sticking probability for a second order
process in case of an immobile precursor is shown in blue

ficient. Secondly, changes in the electronic structure of the substrate with increasing adsorbate
coverage may influence the sticking coefficient, which is not considered in this model either.
As adsorbates often form different phases with different trapping and sticking probabilities in
different coverage ranges, experimental plots of S(Θ) are often quite different from the ones,
which are shown in Figure 2.7.
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2.4 Heterogenous surface reactions

The study of surface reactions is a major area of heterogeneous catalysis research and also this
work is aimed to contribute to the understanding of certain aspects of a surface reaction (the
CO oxidation reaction). In the following section, I will introduce general aspects of bimolecular
surface reactions and discuss CO oxidation on Pd in particular, as this reaction has been studied
in the present work.

2.4.1 Reaction mechanisms

For a bimolecular reaction, the most important reaction mechanisms are the Langmuir-Hinshel-
wood (LH) and the Eley-Rideal (ER) mechanism, both are schematically shown in Figure 2.8
in a three step representation. In the Langmuir-Hinshelwood mechanism, both molecules adsorb
on the surface, the two surface species react and the product desorbs from the surface. In an
Eley-Rideal mechanism, only one species adsorbs on the surface and the other one reacts with it
from the gas phase before the product desorbs.
In the following, I consider the surface reaction for the two species A and B: The surface

Abbildung 2.8: Reaction steps in a Langmuir-Hinshelwood (left) and an Eley-Rideal (right) me-
chanism

concentrations are denoted [A]ads and [B]ads and the pressures PA and PB. For an Eley-Rideal
mechanism, the steady state reaction rate for non interacting molecules A and B on the surface
is as follows:

RAB = kAB[A]adsPB (2.16)

RAB is the reaction rate, [A]ads is the surface concentration of the species A, PB is the pressure
of the species B and kAB is the reaction constant. The backward reaction is neglected in this case
and it is assumed that the product desorbs fast.
Generally, A and B are able to adsorb on the surface and the two species compete for free surface
sites. Accordingly, the surface concentration [A]ads is influenced by PA and PB and the reaction
rate sensitively depends on the pressures of both reactants. For the case, that [A]ads » [B]ads,
RAB ∝ PB. If, on the other hand, [B]ads»[A]ads, RAB ∝ PA.
In a Langmuir-Hinshelwood mechanism, where both species are adsorbed on the surface, the
steady state rate is given as follows:

RAB = kABAadsBads (2.17)
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The rate has a maximum, if the surface concentration of the two species is equal (assumed that
A and B occupy the same number of sites on the surface). If A is the dominant species on the
surface, the coverage of A is ≈ 1 and RAB is proportional to PB / PA. In this particular case, the
reaction rate approximately depends on the relative pressures of the two species, not on the total
pressure.

2.4.2 CO oxidation on Pd

As the CO oxidation reaction is one of the most widely studied reactions and of a major import-
ance for many applications, (see for example [157] and references therein) some aspects of this
reactions mainly on Pd will be discussed here in detail.
The mechanism of this reaction on transition metal surfaces was under debate for a long time.
Early measurements on Pt wires showed, that RCO2 ∝ PO2/PCO under certain conditions, which
was ascribed to the inhibition of oxygen adsorption by CO. As there was none such inhibition ef-
fect for CO adsorption, it was suggested that the reaction rate proceeded through an Eley-Rideal
mechanism. Subsequent coadsorption experiments showed, that the situation is more complex
because CO tends to form densely packed adlayers which inhibit dissociative oxygen adsorption.
Oxygen on the other hand forms open structures, which do not noticeably affect the uptake of
CO [158]. Thus time resolved measurements were needed to identify the reaction mechanism:
O covered Pt(111) [159] and Pd(111) [66] surfaces were subject to modulated molecular beam
measurements. An average surface lifetime for CO of 0.5 ms on Pt(111) definitely ruled out an
ER-type mechanism (the residence time increases to >3 ms for high CO coverages since CO
molecules diffusing on the surface need longer to find adsorbed oxygen molecules).
The activation energy of the CO oxidation reaction on Pd(111) sensitively depends on the co-
verage of oxygen and CO: it was reported to be around 105 kJ/mol for small CO and oxygen
coverages [65, 66], ∼67 kJ/mol for ΘCO < 0.25 on an oxygen covered surface [65, 66, 68] and
41 kJ/mol at higher CO coverages [70].
As distinct adsorbate structures may generally exhibit different adsorbate binding energies and
activation energies for reaction, it is instructive, to consider changes in the adsorbate overlayer
with increasing adsorbate coverage. (In fact, not only the coverage but often the history of the
system influences the adsorbate structure [96, 160])
On bare Pd(111), CO forms a p(

√
3x
√

3)R30◦ structure with a coverage of 1/3 [146, 161, 162].
Upon further CO exposure, a c(2x4) overlayer is formed with a saturation coverage of 0.5 [163–
165]. Oxygen, on the other hand dissociatively adsorbs on Pd(111) and eventually forms a p(2x2)
structure, corresponding to the saturation coverage of 0.25 [89, 90, 166]. Upon CO adsorption
on the p(2x2)O structure, oxygen forms a p(

√
3x
√

3)O phase [14, 69, 106, 107]. Further CO
adsorption at 200 K>T>130 K [69, 70] causes a transformation of the p(

√
3x
√

3)O structure
into a (2x1) phase, which contains a mixture of alternating CO and O rows. [14, 69, 106–108].
The activation energy for CO2 evolution is highest in the low coverage regime of both adsorba-
tes, where they do not form ordered structures. In this case, RCO2 = 0 at 300 K. CO2 is evolved
upon completion of the p(

√
3x
√

3)O-phase. Below 200 K, however, no reaction can be observed
in this phase. The mixed (2x1) adsorbate structure was found to react at temperatures as low as
136 K [69, 70, 108]. Thus the activation energy for CO2 evolution decreases for the more dense
adsorbate structures.
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On supported Pd nanoparticles, new features due to support effects, particle size effects and
communication effects arise. Figure 2.9 shows the dependence of the CO oxidation rate on the
CO flux fraction (xCO). The CO flux fraction is the partial CO flux, divided by the total flux of
molecules. The reaction rate was measured on a Pd/Al2O3 model catalyst with a particle size of
∼6 nm [82]. The reaction rate at a constant temperature was found to depend approximately li-
nearly on the partial flux of CO for the lowest xCO. This behavior is expected from a Langmuir-
Hinshelwood kinetics. Combining these measurements with IRAS, it was shown that the CO
coverage is low in this region and CO adsorbs on the 3-fold hollow sites [78, 79]. The increase
in the CO coverage was found highest in proximity to the maximum in the CO2 production rate.
According to the assignment of the IRAS features, made by the authors, the decrease in CO2
evolution for the highest CO coverages coincides with the occupation of additional adsorption
sites. The high CO coverage regime is often termed the CO poisoning regime, because adsorbed
CO prevents oxygen molecules to dissociatively adsorb, which in turn yields to the reduction
in the CO2 production rate in Fig. 2.9. The maximum in the reaction rate shifts to larger CO
partial fluxes at higher temperature as CO desorption, which is the rate determining step in the
CO poisoning regime, is faster at higher temperatures. It can be also observed that the CO2 pro-
duction rate is generally higher at higher temperatures which is caused by an increase in the rate
constant. In an atomistic picture, more adsorbate molecules can overcome the activation barrier
for reaction at higher temperatures, which leads to the increase in the reaction rate.
Analogue experiments have been performed on Pd single crystal facets, where a a similar trend

Abbildung 2.9: The steady state CO2 evolution kinetics on a Pd/Al2O3 model catalyst as a func-
tion of the partial flux of CO [82], defined as the ratio of the CO flux and the total
flux

was found [31, 67]. Qualitative differences between the steady state reaction rate on supported
nanoparticles and single crystals were observed: for example, the kinetic transition between the
increase of the reaction rate and the decrease with increasing CO flux fraction was found to be
more gradual on supported nanoparticles.
The dependence of the CO2 production rate on the temperature is shown in Figure 2.10, extrac-
ted from the work from Ertl. and Rau, measured on Pd(110) already in 1969 [12]. At the highest
temperatures, no CO is present on the surface, the LEED results are equivalent to the ones on
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pristine Pd(110). With decreasing temperature, CO increasingly decorates surface sites, which
is accompanied by a rise in the CO2 production rate. At the lowest temperatures, CO desorption
limits the reaction rate (CO poisoning regime) and the LEED pattern is that of a fully CO cover-
ed surface.
It should be noted, that the CO2 production rate is a product of the rate constant and the sur-
face concentration of CO and oxygen. As the rate constant strongly depends on the temperature,
changes in the CO2 production rate with the temperature, shown in Fig. 2.10, do not only occur
due to the changes in the surface concentrations of oxygen and CO. The temperature dependence
of the CO2 production rate is a convolution of the temperature dependent surface concentrations
of oxygen and CO and the the dependence of the reaction rate constant on T.
At higher oxygen chemical potentials, the increasing formation of subsurface oxygen species

Abbildung 2.10: Temperature dependence of the CO2 reaction rate on a Pd(110) surface from
[12]

and oxides is taking place. It has been clearly shown on the single crystal surfaces Pd(110) and
Pd(100) that the reactivity towards CO oxidation decreases with an increase in the oxygen con-
centration in the surface oxide phases at constant temperatures [93, 160].
Experiments in the steady state regime [167] and transient experiments on supported nanopartic-
les also showed a reduced reactivity of systems, which contain an oxide phase [48, 83, 84, 87].
The steady state reactivity in the CO oxidation reaction follows the order: chemisorbed oxygen >
surface oxide > bulk oxide [50, 168–170]. It has been suggested, that the smaller reaction rate on
systems where an oxide phase is present is caused by a drastically reduced sticking coefficient
of CO. As the precursor mediated CO sticking probability increases with decreasing temperatu-
res, transient experiments showed a more than three times higher CO oxidation rate of an oxide
phase which was formed on Pd(110) at 357 K compared to 548 K [160].
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3 Experimental techniques

In this chapter, a short background on the experimental methods which have been used in this
work will be given. First, molecular beam methods, which form the basis of microcalorimetric
measurements will be introduced. An overview on existing SCAC techniques will follow, before
sticking coefficient measurements and the low-energy electron diffraction (LEED) technique are
introduced.

3.1 Molecular Beams

A molecular beam is a volume of gas which is spacially well defined, directed, and where no
collision occurs between the gas molecules [171, 172].
The application of molecular beams provides a unique way of performing quantitative experi-
ments on the kinetics and dynamics of surface reactions. The well defined spatial distribution
of molecular beams and the single collision condition open a variety of experimental possibili-
ties. Due to the possibility to precisely measure the reactant flux, the measurement of absolute
reaction probabilities as a function of the adsorbate coverage is possible. A fast modulation of
the reactant flux allows to obtain unique information on the reaction system during the transient
phase. As many reactant properties like the kinetic energy or occupation of rotational and vibra-
tional states of the incident gas molecules can be controlled, reactivity studies with respect to
changes in these parameters are possible. There are two types of molecular beams, effusive and
suporsonic beams, which differ in the expansion conditions. This results in a different energy
distributions of the gas phase molecules within these two types of molecular beams. As only
effusive beams are used in the present study, supersonic sources are not considered in the follo-
wing.
Figure 3.1 schematically shows the principle of a molecular beam for the study of surface pro-

cesses. In stage 1, the pressure is comparably high, typically in the range 10−3 mbar - 1 mbar.
From this stage, expansion occurs into the vacuum. In stage 2, a collinear beam is produced by
selecting molecules with a certain direction while molecules with other directions are pumped
away, which happens usually in several pumping stages. This is achieved by directing the beam
through several apertures and a glass capillary array (GCA). The latter consists of multiple long
channels with a small diameter. In addition to extracting molecules from only a small solid an-
gle of the reactant flux, the GCA allows a collimation of the flux usually over several orders of
magnitude. The molecules enter the UHV system with a very well defined spacial distribution.
In order to minimize the divergence of the beam flux before impingement of the beam on the
sample, the distance between sample and surface has to be sufficiently small. A variable tempo-
ral beam distribution can be achieved by shutters or choppers.
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Abbildung 3.1: Schematic representation of a molecular beam experiment for the study of gas
surface interactions, the setup is divided into three stages

The Knudsen number Kn

Kn =
λ

d
(3.1)

is a measure of the dynamic properties of the molecular beam, where λ is the mean free path and
d is the length of the opening through which the expansion takes place. The Knudsen number
for effusive beams is much higher than one. Under these conditions, the reactant gas retains its
equilibrium dynamic properties and thus it maintains a Maxwell-Boltzmann velocity distributi-
on.
For thermodynamic studies, it has to be considered that a molecular flux through a surface per
time interval has a different mean kinetic energy than a volume of gas. This has the effect, that
the molecular flux impinging on the catalyst and the one being reflected also have a mean higher
kinetic energy [173]:

< E > f lux
mean −< E >volume

mean =
1
2

kBT (3.2)

< E > f lux
mean is the mean kinetic energy of a flux of molecules and < E >volume

mean is the mean kinetic
energy of a volume of molecules.

3.2 Single Crystal Adsorption Calorimetry

Calorimetric measurements were common in the early days of surface science, where a transient
temperature change, caused by surface processes, was detected with resistance thermometers
[174]. Alternatively, energetic changes on a sample, which is subject to a temperature ramp,
could be measured by detecting the temperature difference between a sample and a reference
[175]. Wedler adapted resistance calorimetry for the use in UHV to probe gas adsorption on po-
lycrystalline transition metal films [176]. These methods could only be applied to polycrystalline
films or powder catalysts, which are non uniform in structure. On such systems, it is therefore
only possible to obtain vague information on the adsorption processes at the nanoscale and no
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structural dependence of the adsorption energies could be investigated. These disadvantages can

be circumvented by working with well defined single crystals, where the energetics of surface

processes were often studied with temperature programmed desorption methods or alternatively

by a Clausius-Clapeyron analysis of adsorption isotherms [177]. Such measurements can only

provide the desorption energy of molecules which can be fully reversibly desorbed.

The first approach of calorimetry on single crystals was implemented by Kyser and Masel

[59, 60] in 1986. King and coworkers established SCAC as a surface science technique [61].

The adsorption heats of many species has been measured on single crystal surfaces with this

approach [132]. In 1998, Campbell and coworkers introduced a setup with a different heat de-

tection compared to the one used by King [62]. The general principle of the microcalorimeters,

used by King et al., Campbell et al. and our group will be described in the following.

3.2.1 Measurement principle

Abbildung 3.2: Representation of the measurement principle used in microcalorimetric measu-

rements

Figure 3.2 schematically represents the main elements of the SCAC, which consists of a molecu-

lar beam, which is situated in front of an ultrathin single crystal. The continuous molecular beam

is chopped into pulses of molecules that impinge onto the sample surface. Heat evolution during

adsorption or reaction will result in a temperature rise on the crystal. This temperature rise can

be measured by a suitable detector. To calibrate the detector signal, a laser beam is coupled into

the molecular beam source as described in [178] and guided through the beam. The laser beam is

chopped equivalently to the molecular beam and impinges on the sample surface. Knowing the

reflectivity of the sample and measuring the power of the laser with a photodiode, the amount

of energy absorbed by the sample can be calculated based on the detector signal. Subsequently,

the evolved heat during the surface processes can be deduced. To obtain the heat evolution as a

function of the number of reacting or adsorbing molecules on the surface, a King-Wells sticking

coefficient measurement, as described in section 3.3, is performed.

3.2.2 Heat detection

The microcalorimeters which are used by King et al. and Campbell et al. differ in the method

of heat detection. Kings group uses an infrared detector, on which the emitted light is focused

via a parabolic cone. Black body radiation, which is emitted from the sample increases during
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a temperature rise [61], is detected by the infrared detector. The sample thickness was chosen
as 0.2 µm to minimize its heat capacity (∼1 µJ/K) and thereby to maximize the sensitivity of
the detector. In combination with a sticking probability measurement, the coverage dependent
adsorption heats of a large number of molecules have been obtained [132].
Campbell and coworkers implemented a pyroelectric sensor for the detection of the heat relea-
se during surface processes. Pyroelectric materials are a subclass of piezoelectric materials, in
which a temperature change results in a change of the net polarization vector in the crystal, which
can be measured as a voltage. The group of Campbell et al. used a 9µm thick -polyvinylidene
fluoride (PVDF) ribbon to establish the electric contacts, the ribbon was coated on both si-
des with a metal (NiAl or Au). Ribbon and detector housing are mechanically driven so that
a spring force contact can be established during the measurement. The adsorption energies of
metal atoms [74, 179–182] on oxide surfaces and organic molecules on metals have been inves-
tigated [58, 183, 184] with this setup.
Due to the different detection methods, these microcalorimeters operate at different temperatu-
res: The detector, used by King et al., only allows measuremets at T>300 K, as the blackbody
radiation is too low at lower temperatures (∆P ∝ ∆T 3). The pyroelectric ribbon, used by Camp-
bells group, degrades at T>350 K, thus measurements can only be performed at T<350 K. Due
to the higher sensitivity of this detection method, thicker single crystals between 1 µm up to 75
µm can be used. In the present setup, heat detection is achieved via a pyroelectric ribbon.

3.3 Sticking measurements

As described earlier, measurements of the sticking coefficient give valuable information on the
dynamics of the adsorption process and the number of adsorbed/reacting molecules can be ob-
tained in case the molecular flux is known. Detection of the background pressure is possible by
mass spectrometry, which will be explained in more detail after discussing the general principle
of sticking measurements.

3.3.1 Measurement principle

An early method which is still applied today for determining sticking coefficients is to measure
the increase in the surface coverage with flash desorption methods [185] as a function of the
deposition time. The experimental error of this method, however, has been reported as ∼50
% [186]. A more accurate procedure for the determination of sticking coefficients has been
introduced by Bell and Gomer, in which the reflected flux of molecules is sampled with a Field
emission tip [187]. In 1972, King and Wells introduced a method which is comparably simple
for determining the sticking coefficient and coverage accurately [188].
The principle of a King-Wells sticking type measurement is shown in Figure 3.3. Initially, a gold
flag is situated in front of the sample, on which the molecular beam is directed to. As the sticking
coefficient of many molecules at room temperature is zero on gold, the impinging molecules are
usually reflected from the gold flag. This causes a transient pressure rise in the chamber, which
is detected with a QMS. The QMS signal during this molecular beam experiment is indicated in
the inset of Figure 3.3.
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Subsequently, the gold flag is removed and the molecular beam is directed onto the sample
surface. This results in the adsorption of molecules from the molecular beam on the surface,
which gives rise to a smaller pressure increase compared to the measurement on the gold flag.
As the surface is being covered by adsorbates with increasing exposure, less molecules are being
adsorbed and the pressure rise in the chamber increases with time.
As the gold flag is in a slightly different position than the sample, the scattering geometry is

Abbildung 3.3: Representation of the measurement principle, used for measuring the King-Wells
sticking coefficient.

changed when removing the gold flag. This influences the QMS signal. To take this into account,
an additional experiment with a gold sample is performed. By comparing the QMS signal during
impingement of the beam on the sample with the signal during impingement of the beam on the
gold flag, the sticking coefficient can be obtained with additionally taking into account this
change in the scattering geometry. For details to the evaluation procedure, I refer to section 5.2.
In the present setup, pulses of molecules impinge on the sample which is necessary for the energy
measurements. The measurement and detection principle in this special case of a King-Wells
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sticking type measurement is described above. For the case that desorption of a surface species
occurs in the time scale of the pulse, the situation arises in which molecules adsorb during the
pulse and desorb in between the pulses. This has to be taken into account when calculating the
sticking coefficient and the coverage.

3.3.2 Quadrupole mass spectrometry

In this work, a quadrupole mass spectrometer has been used for the sticking probability measu-
rements and to detect gas phase products that are evolved during the molecular beam measure-
ments.
In the first stage of the mass spectrometer, gas is ionized. This is usually achieved by electron
impact. Electrons, which are emitted from a cathode, are accelerated onto the initially neutral
molecules with energies in the range 10 eV - 100 eV. A fraction of this energy is thereby trans-
fered to some of the impinging molecules, which may thereby form ions. These ions are often
unstable and form fragments, which is very common for large organic molecules [189].
In the second stage, the ionized fragments are selected according to the mass: charge ratios

Abbildung 3.4: Schematic representation of the quadropole mass filter

(m/z). This is achieved by four electrodes which are arranged parallel to each other, as repre-
sented in Fig. 3.4. The voltage on the electrodes consists of a direct current component and of
an alternating current component. The direct current is the same on opposing electrodes, whi-
le neighboring electrodes are on opposite potentials. The ions, which travel on a trajectory as
shown in Fig. 3.4 are deflected by the electric field, produced by the electrodes, unless they have
a specific m/z ratio. This ratio is determined by the direct-current potential and the amplitude
and frequency of the alternating current component.
After passing the mass filter, the selected molecules are directed onto a detector. The use of chan-
neltron electron multipliers are very common for detecting ions. Such a detector is used in our
setup. However, they can be only used in low pressure regions (p<10 -6 mbar). CEM detectors
consist of a small tube on which a potential of ∼1-3 kV is applied. The impact of the positively
charged ions leads to the emission of electrons, which are accelerated towards the anode. On
their way, the electrons create an avalanche of secondary electrons, which leads to amplification
factors of up to 10 8.
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3.4 LEED

LEED is one of the first and most commonly used methods for investigating the structure of
periodic systems such as surfaces [190]. Similarly to X-ray scattering techniques, LEED is based
on the constructive interference of an incident (k) and an outgoing wavevector (k’) so that

k2 = k’2 (3.3)

The incident and outgoing electrons are typically in the energy range 20-1000 ev and thus have
typically a mean free path between 5 and 20 Å. Thus LEED is a surface sensitive technique
(note that LEED has a high surface sensitivity as both the incident and outgoing electron have a
low mean free path). The components of the wavevector parallel and perpendicular to the surface
can be separated and only the component parallel to the surface is conserved. k’‖ in equation 3.3
can be written as

k’‖+= k2
‖+ghk (3.4)

where ghk is a combination of the reciprocal lattice vectors. Thus, from a pattern on the LEED
screen, the periodicity of the surface or adsorbate structure can be directly obtained.
To deduce information on the actual location of the atoms within the unit mesh, the diffracted
beam intensities have to be compared to results from a quantitative scattering theory. For further
information on this subject, I refer to the references [190, 191].
A schematic representation of a LEED apparatus is shown in Figure 3.5. The electrons are

Abbildung 3.5: Schematics representation of the essential parts for a LEED experiment

emmitted from the electron gun and the scattered electrons leave the sample in the direction
of the LEED screen. To ensure that only the electrons with the energy of the source reach the
screen, a negative potential is applied on the inner grids G2 and G3. The screen is biased at a
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positive voltage (5-6 keV) to accelerate the transmitted electrons to a high kinetic energy so that
light emission is caused on the coated fluorescent glass screen.

30



4 Experimental Setup

In this chapter, explicit information on the experimental setup, that was used for this work will
be given. This subject can be separated into two parts, one concerning the setup for the SCAC
experiment with calibration and the other the setup for the preparation of the model catalysts.
The SCAC experiment, which is used in this work is based on the pyroelectric heat detection
technique of Campbell et al. [62]. To allow for the study of supported model catalysts, facilities
for the preparation of such have been integrated into the UHV-apparatus.
Figure 4.1 shows an overview of the apparatus, applied for the present studies. Preparations of

Abbildung 4.1: Schematic overview of the experimental setup, consisting of two separate cham-
bers (from [123]). The chamber on the right hand side is used for preparing the
model catalysts and the adsorption/reaction chamber is used for performing the
SCAC experiments with the according calibration

the model catalysts are performed in the preparation chamber, while the the adsorption/reaction
chamber is used for the SCAC experiments. Both chambers are independently pumped and sepa-
rated by a gate valve. A translational rod is used to transfer the sample between both chambers.
The transfer stage, indicated on the right part of Figure 4.1, is separated from the preparation
chamber by a gate valve and pumped by a 50 L/s turbo molecular pump (Pfeiffer, TMH/U 071).
On top of the Mo sample holders, a T-piece is added, which allows for an easy transfer between
the transfer rod and the sample holders in the adsorption and in the preparation chamber by using
wobble sticks.

31



4.1 Preparation chamber

The preparation chamber is continuously pumped by a 500 L/s turbo molecular pump (TMP)
(Pfeiffer, TMU 521 P), the typical base pressure in this chamber is 1− 2 · 10−10 mbar. During
sample preparation, the mounted crystal remains in a rotatable xyz-manipulator (VAb GmbH),
which is equipped with a filament for electron bombardment and K-Type thermocouple connec-
tors for temperature measurements. Figure 4.1 shows the equipment, situated around the cen-
tral part of the preparation chamber: two metal evaporators (Omicron, EFM 3), a sputter gun
(Omicron, ISE-10), a quartz crystal microbalance (Sigma Instruments) for calibrating the flux
of the evaporating metals, a combined LEED/Auger electron spectrometer (AES) unit (SPECS,
ErLEED) and a quadrupole mass spectrometer (Hiden, Halo 201). A gas doser is fixed on a
translational stage with a 10 µm opening to the gas supply. Either thick (1 mm) samples or thin
(1 µm) samples are mounted on the Mo sample holders with a central whole, which is 8 mm in
diameter.
Besides AES and LEED, which can be used on both samples, TPD studies can be performed on
the 1 mm thick single crystal. Therefore, the K-type thermocouple connectors are point-welded
to the crystal, which can be heated by radiation from the filament or electron bombardment.
The temperature ramp is controlled by an external Labview program, while the desorbing gas
is detected with a QMS. Details on the standard setup of AES/LEED and TPD experiments are
described elsewhere [190, 191]. To allow for low temperature measurements, a reservoir inside
the manipulator can be filled with liquid nitrogen. In this assembly, it is possible to maintain the
crystal temperatures in the range 100 K- 1200 K. The temperature of the 1 µm thin single crystal
is monitored by a pyrometer (Sensotherm, MP25), as mounting of a contact probe would destroy
the crystal. As the pyrometer is only calibrated for a fixed emissivity, which is different from the
emissivity of Pt, calibration to the output voltage of the pyrometer by a K-type thermocouple on
a 1 mm thick Pt(111) crystal has been performed.

4.1.1 Setup for the reflectivity measurement

A reliable knowledge of the sample reflectivity is crucial for the energy calibration with a laser
during the microcalorimetric measurement. The reflectivity measurement is performed with a
Helium-Neon laser (Lasos, 632.8 nm, 2 mW, cw) in a setup shown schematically in Figure 4.2.
Laser, polarizer, beam splitter and the two photodiodes are mounted on a platform and can be
attached to the UHV system, so that the laser points through the borosilicate window to the center
of the chamber. To monitor the intensity of the incident laser beam, a fraction of the laser light
is deflected by a prism to a photodiode before passing through the window. The fraction of the
laser light, which is not deflected by the beam splitter impinges on the sample at an angle of∼5◦

to the surface normal. The reflected laser light passes through the window again, its intensity is
measured by a second photodiode (Silicon Sensor, PS100-2). The reflectivity is obtained by the
following equation:

IRe f lection/ILaser =C · re f l (4.1)

IReflection is the intensity of the reflected laser light and ILaser is the intensity of the incident laser
light. C is a factor, which is dependent on the experimental setup and re f l is the reflectivity.
In order to obtain C, calibration with five dielectric mirrors (LayerTec) of known reflectivities
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(41.4pm0.4 %, 59.7±0.9 %, 76.7±1.1 %, 86.2±0.2 % and 96.6±0.1 %) is carried out. Since
the beam splitter is polarisation dependent and the polarisation of the initial laser beam changes
with time, the usage of a linear polarizer, which is indicated in Figure 4.2, is necessary.

Abbildung 4.2: Setup for the reflectivity measurement, Laser, polarizer, beam splitter and the
photodiodes are attached on the outside of the UHV system (from [123]).

4.2 Adsorption/Reaction chamber

4.2.1 chamber geometry

In the adsorption/reaction chamber, pumped by a 500 l/s TMP (Pfeiffer, TMU 521 P), simulta-
neous energy and sticking probability measurements can be performed. The typical base pressure
is ∼ 2 · 10 -10 mbar. The general setup of the chamber is shown in Figure 4.3: An effusive mo-
lecular beam source with an integrated chopper (1) is used for gas deposition. Three types of
detectors can be positioned in front of the molecular beam by a rotatable platform (2): the cen-
tral part of the microcalorimeter (3) for pyroelectric heat detection, a photodiode (4) and a beam
monitor (5). Further essential parts of the adsorption/reaction chamber are a mass spectrometer
(6) and two gas dosers (7). To attenuate the vibrational noise in the microcalorimeter signal, the
detector head and the sample holder mounting are placed on a vibrational damping stack (8).
The Cu platform and the microcalorimeter can be cooled with liquid nitrogen. A programmable
temperature control (Eurotherm 3508) allows to adjust the temperature of the platform in the
range 110 K - 300 K with ∼1 K precision. To establish a contact between microcalorimeter and
sample, an Allen wrench wobble stick (9) is used.
After establishing the pyroelectric contact to the sample, the sample is rotated in front of the mo-
lecular beam. Subsequently, the gold flag (not shown) for the King-Wells sticking measurement,
which is described in detail in section 3.3, is positioned between the sample and the molecular
beam. In order to obtain the sticking probabilities, the background pressure is monitored with a
QMS (Hiden, HAL 301/3F PIC).

33



Abbildung 4.3: Overview of the adsorption/reaction chamber (from [123]). The labeled com-
ponents are: (1) molecular beam source, (2) rotatable platform, (3) microca-
lorimeter (4) photodiode, (5) beam monitor, (6) QMS, (7) two gas dosers (8)
vibration damping stack, (9) Allen wrench mounted on a wobble stick

4.2.2 Microcalorimeter

A schematic representation of the microcalorimeter, adapted from the original setup of Camp-
bell et al. [62] and further developed, is given in Fig. 4.4.
Heat detection is achieved via the β -PVDF ribbon (1) (6 µm thick from Piezotech), which is
polarized perpendicular to its faces and coated with Au for the conduction of the measured char-
ge. The ribbon is cut into a 6.3 x 35 mm piece and etched according to the procedure used by
Campbell et al. [192]. It is mounted into the detector housing (2) in such a way, that the ribbon
forms a protruding 90◦ arch and is electrically connected to the amplifier circuit. Prior to each
measurement, the detector housing with ribbon is mechanically driven on the Cu platform (3)
with a translational screw (4) towards the sample holder mounting (5). An Allen wrench wobble
stick ((9) in Fig. 4.3) is used to drive the detector housing on two sapphire plates (6).
A good reproducibility of the contact between sample and pyroelectric ribbon is established by
the cone on the calorimeter head (7) with the corresponding counterpart on the sample holder
(8). During the gentle mechanical contact to the sample holder, the flexible ribbon flattens and
covers about 6 x 6 mm2 of the crystal, which allows for heat transfer between sample and rib-
bon.
The adsorption/reaction processes produce a temperature change in the pyroelectric detector,
which results in a transient face-to-face voltage. After amplification by a factor of 100, a mea-
surable signal in the order of 10 V is recorded. The charge is conducted to a high impedance
amplifier circuit, which is described in detail in [193]. Reduction of electromagnetic noise is
achieved by applying a guarding potential to the coaxial cables. A band pass filter is used to
additionally reduce noise in the signal.
To minimize the electric noise due to temperature fluctuations during the measurement on the
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detector head, the sample holder is connected to a large 2 kg Cu thermal reservoir, which can
be cooled with liquid nitrogen or precooled gases. The good thermal contact between sample
holder and detector head leads to a fast temperature equilibration within a few minutes. A lower
equilibration time increases the accuracy due to reduction of surface contamination, resulting
from gas adsorption. To attenuate the vibrational noise in the detector signal, the Cu platform
(3) in Figure 4.4, carrying the microcalorimeter is situated on a vibration damping stack, which
consists of six stainless steel plates, separated by Viton plates of 5 mm thickness. Four support
columns (9) have been used to connect the Cu platform to the upmost plate of the stack. As the
Viton material becomes stiff at cryogenic temperatures, the contact between the thermal reser-
voir and the damping stack is established by four thin-walled stainless steel tubes with a low
thermal conductance to avoid stiffening of the viton rings.

Abbildung 4.4: Essential parts of the microcalorimeter (from [123]): (1) pyroelectric ribbon, (2)
detector housing, (3) Cu platform carrying the detector housing and the sample
holder mounting, (4) translation screw, (5) sample holder mounting, (6) sapphire
plates (7) conical head of the detector housing, (8) sample holder, (9) support
columns

4.2.3 Energy calibration system

Due to changes in each mechanical/thermal contact between sample and pyroelectric ribbon, the
detector voltage has to be calibrated directly after each microcalorimetric measurement. This is
established by using light pulses from a He-Ne laser (Linos, 632.8 nm, 2 mW, continuous wave)
according to the procedure described by Stuckless et al.. Figure 4.5 schematically represents the
laser calibration system. The laser light is spread and collimated by a lens system and directed
to one of six filters, mounted in an externally controlled wheel. By using six filters with the
transmissions 1, 0.285, 0.104, 0.079, 0.068, 0.053, calibration with six different light intensities
can be achieved.The laser beam passes through a window into the molecular beam source, where
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it is deflected by a prism onto the sample. The chopper cuts the laser beam in an identical way as
the molecular beam. Because it is essential for the accuracy of the SCAC experiment, that laser
and molecular beam are aligned, their position with respect to each other is frequently checked.
The detector response during impingement of molecular pulses can be directly compared to
the signal due to heating by laser pulses. Because of a temporal drift in the laser power and
variations in the prism position, the laser power is measured in each experiment by a photodiode
(Silicon Sensor PS95-4), which has been externally characterized by a reference photodiode
(Thorlabs, FDS1010, (4) in Figure 4.3). The sensitivity of the photodiode was determined to be
350.3 ± 0.49 mA/W, the wavelength of the laser is 632.8 nm. Details about the evaluation of
microcalorimetric measurements will be given in section 5.

Abbildung 4.5: Schematic representation of the laser calibration system (from [123]). Laser, lens
system and filter wheel are outside the UHV system.

4.2.4 Molecular beam

The molecular beam source was designed to provide a well defined, homogeneous gas flux and
to allow a fast and variable chopping of the molecular beam. In addition to that, the possibility
for directing the laser beam into the molecular beam path is provided.
Figure 4.6 shows a cross section of the molecular beam source. A glass capillary array (1)

Abbildung 4.6: Profile of the molecular beam source (from [123]).

(Galileo, 50 µm channel diameter, 1 mm thickness) was used to collimate the molecular beam.
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It is mounted in an inner pumping stage (2), which is pumped by a 500 l/s TMP (Pfeiffer, TMU
521 P) and connected to a gas inlet system (3). By using a flexible bellow (4) for mounting the
inner pumping stage, the position of the glas capillary array can be adjusted with two translator-
screws (5). To achieve a high pumping speed and a small distance to the beam aperture (6), the
outer pumping stage (7) has been designed to be a part of the adsorption/reaction chamber. The
gas exits this pumping stage through a nozzle aperture (8) (4 mm) to the outer pumping stage,
which is pumped by a separate TMP. A remotely controlled chopper (9) is used to generate the
pulses, which can be as short as 150 ms. For the energy calibration of the SCAC experiment, a
prism (10), mounted on a translational stage can be coupled into the beam path.
The sample position is chosen as close as possible to the outer beam aperture (6), through which
the molecular beam enters the UHV chamber to minimize the divergence of the gas flux, before
the beam impinges on the sample.
As the detected heat linearly depends on the molecular beam flux and the area of the beam, an
accurate determination of the spatial distribution and molecular flux of the gas is essential for
performing accurate SCAC measurements. Therefore, a beam monitor, based on a high accuracy
ion gage (Granville-Phillips, 370 Stabil-Ion), was mounted on the rotational platform ((5) in
Figure 4.4), to measure the pressure in front of the molecular beam. To detect the molecular flux
in the center of the molecular beam, the beam monitor is situated at a distance of 7 mm to the
beam aperture. The pressure can be converted into a beam flux by the following relation derived
from kinetic gas theory, for further details see e.g. reference [10]:

Flux =
P√

2πMkBT
(4.2)

The flux is given in molecules per time interval and area, P is the pressure, M the molar mass,
kB the Boltzmann constant and T is the temperature. To measure the flux, Argon has been used,
for the adsorption of other gases, the flux was recalculated according to equation 4.2. A tunable
beam flux was achieved by varying the backing pressure.
Figure 4.8a (a) shows the molecular beam flux as a function of the backing pressure. In the
pressure range 1· 10 -3 mbar to ∼2· 10 -1 mbar, the molecular flux increases linearly with incre-
asing backing pressure. At higher backing pressures, the flux levels of at an intensity of ∼1.5
10↑ molecules cm–2 s. The lowest flux that can be achieved with the beam source is ∼5 · 10 12

molecules cm–2 s–1.
Figure 4.8b (b) shows a 3D representation of the beam profile at a source pressure of 3.75 · 10 -3

mbar. This measurement was performed by positioning the beam monitor in front of the mole-
cular beam and adjusting the vertical and horizontal position. Variations in the beam intensity
on the central plateau are less than 3 %. The beam diameter has been recently measured to be
4.2 mm.
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Abbildung 4.7: Performance of the molecular beam source (from [123]): (a) molecular flux as a
function of backing pressure, (b) beam profile

(a) (b)

4.2.5 Simulation of the beam profile

A two dimensional cross section of the beam intensity as a function of x or y shows, that the
molecular flux decays within one millimeter from the maximum value to the background value.
If this was the actual profile of the beam, it would significantly affect the sticking coefficients, as
∼50 % of the beam area would be within the region of this decay. It can be speculated though,
that this behavior can be mainly attributed to the fact, that the beam monitor aperture has a
diameter of 1 millimeter (measured with an optical microscope). To validate this hypothesis, the
beam profile resulting from a perfectly rectangular beam profile has been simulated.
The scheme in Figure 4.9a (a) illustrates, that the measured beam profile is proportional to
the cross section between molecular beam and beam monitor aperture. Therefore, an algorithm
that calculates this cross section for different positions of the beam monitor is able to take into
account the effect of the finite beam aperture size. Figure 4.9b (b) shows the data points, obtained
by a measurement of the beam profile with the beam monitor normalized two dimensional beam
profile (red circles). Furthermore, Fig. 4.9b (b) shows the simulated beam profile in case the
intensity drops within 1 µm from the maximum to the background value (violet line) and a
simulated beam profile, that originates from a beam profile with half the intensity within 0.5 mm
radius (green line).
It is obvious from Fig. 4.9b (b), that the agreement between the profile, where the intensity drops
within 1 µm from the maximum to the minimum value and the measured beam profile is almost
perfect, whereas the agreement is significantly worse for the other profile.
Accordingly, this simulation shows, that the beam profile decays from the maximum value within
a fraction of a millimeter. The resulting error for the sticking measurements is insignificant
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Abbildung 4.8: Simulation of the measured beam profile: (a) drawing of the overlapping cross
section of the beam monitor aperture and the molecular beam. (b) the normalized
beam profile compared to the simulated beam profiles: the violet line shows the
simulated beam shape for a profile, where the intensity decays within 1 µm from
the maximum to the minimum value. The green line shows the simulated beam
profile for a beam with half of the maximum flux within 0.5 mm

(a) (b)

4.3 Statistical and systematic errors

The error in the measured adsorption heat plays a central role in how useful the obtained results
are for further evaluations and for comparisons with results from theoretical calculations. It is
customary to divide errors into two categories, the accuracy of a measurement relates to sys-
tematic errors and the precision to statistical errors. As statistical errors depend on the number
of performed measurement, they can be significantly reduced by performing more experimental
runs. Table 4.3 lists different experimental errors separated by error sources in the energy mea-
surement and in the determination of the number of adsorbed molecules.
The major error source in the energy measurement arises from the determination of the laser
energy, which is adsorbed by the sample per pulse and includes the photodiode sensitivity, the
pulse length and the sample reflectivity. The systematic error in the reflectivity has the largest
contribution to the total error. The precision on supported nanoparticles is worse than on single
crystal surfaces, as additional errors in the thickness of the oxide film linearly influence the re-
flectivity.
A reduction of the precision and accuracy in the determination of the sticking probability arises
due to errors in the determination of the beam intensity, the molecular beam stability, the beam
profile area and the sticking probability. The error in the sticking coefficient has been discussed
by King and Wells in [188] and depends on the pressure gage (in this case the QMS) and the
position of the zero sticking reference. To test the experimental setup, the statistical error of the
sticking coefficient measurement has been tested for the case of CO adsorption on Pd(111) for
six independent measurements. The precision depends on the magnitude of the sticking coeffi-
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cient: it amounts to ∼1 % if the sticking coefficient is high (>0.7) and is ∼30 % for low values
of the sticking coefficient (<0.3). Thus for high coverages, the statistical error in the sticking
coefficient has by far the largest contribution to the overall error.
For the case of a high sticking coefficient, the overall accuracy of the adsorption energy measu-
rement is in the range 7-9 % for gas adsorption on a model oxide-supported catalyst for gases
that do not stick on the chamber walls.

Adsorption heat
photodiode sensitivity Accuracy: 0.1% Error of the mean, 62000 measu-

rements
Precision: <0.1% Accuracy determined by calibra-

tion lab
Laser power stability Precision: <0.08% Standard deviation, 120000

measurements
Reflectivity Accuracy: <1.3 % Determined by using mirrors

with known reflectivity
Reflectivity (single crystal surfa-
ces)

Precision: <0.07% Determined from 20 measure-
ments on Pt(111)

Reflectivity (Pt(111)/Fe3O4
thickness ∼50 Å)

Precision: ≤1.3% Maximum error in three diffe-
rent preparations

Pulse length Accuracy: ≤0.4 % Standart deviation over 50 pul-
ses

Sticking probability
Molecular beam intensity Accuracy: 4% Standard deviation from 46 mea-

surements
Precision: <1.1% Accuracy as stated by the manu-

facturer
Molecular beam stability Precision <0.2 % Upper limit, set by the detection

limit of the beam monitor;
Beam profile area Accuracy: <5 % The error in beam diameter is

≤0.1 mm
Sticking probability Accuracy 2-6% [188] Dependent on the gas and

total magnitude of the sticking
probability

When ≥0.7 Precision: 1 % Standard deviation for six mea-
surements of CO adsorption on
Pt(111),

When ≤0.3 Precision: 30 % Standard deviation for six mea-
surements of CO adsorption on
Pt(111),

40



5 Evaluation of SCAC experiments

Information from a microcalorimetric measurement includes several data sets from the SCAC
detector and data from the QMS. In addition to that, data from the photodiode when measuring
the energy of the laser beam is acquired. How this in situ obtained information is combined with
ex situ determined observables to obtain the adsorption energy and the sticking coefficient as
a function of the surface coverage, will be the subject of this chapter. First, the evaluation of
the SCAC detector signal and the data from the microcalorimeter detector calibration will be
explained. Subsequently, the evaluation of the QMS data for the determination of the sticking
coefficient, the surface coverage and the calculation of the adsorption heat/adsorption energy
per unit of molecules will be discussed. In the end, it will be introduced how the desorption rate
constant and the desorption prefactor can be evaluated in cases where this is possible.

5.1 Determination of the adsorption heat

For the evaluation of the data from the microcalorimeter detector, a medianfilter has been used,
which replaces each data point with the median of 4 circumjacent data points. In addition to
that, a low pass filter removes frequencies which are significantly higher than 3.5 Hz. Figure 5.1
shows a comparison between the original and the filtered signal, obviously the filtering proce-
dure only leads to insignificant changes the signal shape. The dotted line represents the detector
signal caused by a laser pulse with the transmission 1 scaled to≈20 % of the original signal. The
signal shape, in detail discussed in [193], is influenced by the the heat transfer between sample
and the sample holder, the pyroelectric ribbon and in addition by the electronics for filtering and
amplification of the signal.
As shown in Figure 5.1, the signal shape for an adsorption experiment is exactly the same when
pulsing with a molecular beam and with a Laser. This is true for adsorption processes, in which
the surface reaction occurs on a timescale which is short in comparison to the time constant of
the detection system. In such cases, any observable that is proportional to the signal intensity as
the background substracted peak height or the initial slope [58, 58, 62] of the detector signal can
be used for the evaluation, as long as the same procedure is used to evaluate the detector signal
during the molecular beam experiment and during the laser calibration procedure. Figure 5.2
shows the evaluated detector signal in V on the left axis versus the pulse number, evaluated with
two different procedures for an SCAC measurement of Propylene oxide on a partially covered
Pd surface. As the peak height of the detector signal is proportional to the evolved heat on the
surface, it can be used to calculate the adsorotion heat: the peak height of the microcalorimetry
signal versus the pulse number is represented by black square scatters in Fig. 5.2.
The influence of the low frequency noise in the detector signal on the relative error can be mi-
nimized by fitting each pulse to a reference pulse, which is obtained by averaging over several
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Abbildung 5.1: The original SCAC detector signal for a typical experiment (black) is shown with
the filtered signal (grey). As a comparison, the detector signal during pulsing
with the laser beam is shown as a dotted line

laser pulses. The relative scaling factor of this reference pulse, multiplied by the pulse height of
the Laser pulse (in V) is shown by the gray circular scatters (shifted relative to the original result
by -0.2 V) in Figure 5.2. The standard deviation is reduced by ≈30 % when using this method.
In the scope of this work, the adsorption energy is evaluated by determining the peak height of
the detector signal.
The detector voltage is proportional to the heat release on the sample [123]. Accordingly, the
evaluation of the evolved heat requires the determination of the contact sensitivity of the pyro-
electric detector in V/J, which is the proportionality factor between the detector voltage (in V)
and the heat release (in J). Therefore, laser pulses of identical length than the molecular beam
pulses impinge on the sample to produce a detector voltage. The laser power and the reflectivity
of the sample are then used to determine the amount of absorbed energy by the sample per pulse.
With this information, the contact sensitivity of the detector can be determined.
For each microcalorimetry measurement, the incident laser power is determined in situ with a
calibrated photodiode. This is necessary due to the laser drift and slight variances in the prism
position for each measurement. Figure 5.4a (a) shows a typical photodiode response during an
incident laser pulse. The on and off time of the Laser was chosen to be 5 seconds to obtain suf-
ficient statistics. The amplitude of 290 mV corresponds to a laser power PLaser of 13.6 µW.
The contact sensitivity of the pyroelectric detector is calibrated for each new contact between
ribbon and sample in order to take into account changes in the heat transfer. The incident laser
power on the sample is varied by the use of filters with the transmissions 1, 0.285, 0.104, 0.079,
0.068, 0.053. To obtain the absorbed energy during a laser pulse on the sample, the reflectivity,
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Abbildung 5.2: Evaluated detector signal obtained via two different evaluation procedures (for
details, see text). The gray circular scatters are shifted by -0.2 V with respect to
the original signal

which is measured with the procedure described in subsection 4.1.1 has been used. For sup-
ported catalysts, it is essential, that the thickness of the oxide layer amounts to ≈50 Å, as the
reflectivity decreases approximately linearly with the oxide thickness. The heat release during
Laser pulses qcal,L on the sample is calculated as

qcal,L = PLaser ·T · t · (1−α) (5.1)

, where T is the transmission coefficient of the filter, t is the pulse time and α is the reflectivity.
A plot of qcal,L, corresponding to a pulse time of 266 ms as a function of the detector voltage
of a typical measurement is given in 5.4b (b). Usually, the calibration is performed with 10
laser pulses for each filter. The standard deviation in that example is ≈2.7 nJ. As the evolved
heat increases linearly with the detector voltage, the heat release for the pulsed molecular beam
experiment can be calculated by multiplying the detector signal in V with the sensitivity factor,
which is 0.09 µJ/V in the this case.
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Abbildung 5.3: In situ calibration of the SCAC detector signal: (a) Voltage of the photodiode
detector during impingement of the laser beam and (b) correlation between the
heat release on the sample and the detector voltage

(a) (b)

5.2 Sticking coefficient

In general, the sticking coefficient strongly depends on the coverage, therefore, an exact measu-
rement of the fraction of adsorbed molecules versus the pulse number is necessary to evaluate
the heat release per unit of molecules and the coverage.
For many large organic molecules on cold surfaces, however, the sticking coefficient is one and
independent of the coverage. In this case, the number of adsorbed molecules can be determined
without performing a sticking coefficient measurement, if the molecular flux has been determi-
ned. To calculate the coverage, the number of adsorbed molecules in a filled monolayer has to be
known. If this number is not known or adsorption in multilayer occurs, I will refer to the number
of adsorbed molecules or number of adsorbed atoms instead of the coverage.
In cases, where the sticking coefficient is non unity and coverage dependent, the King-Wells
sticking coefficient is evaluated as discussed in section 3.3. Therefore, the QMS signal taken for
this evaluation is filtered with a median filter, which replaces each data point with the median
of 5 circumjacent data points and a frequency filter, that removes frequencies which are higher
than 4 Hz. This significantly reduces the noise and facilitates the evaluation of the signal. Figure
5.4 shows the original signal (gray) along with the filtered QMS signal (black). Not only the
noise is removed by using the data processing procedure, but also the signal shape is influenced.
Therefore, several tests with different data sets were performed to confirm, that the accuracy is
not influenced by the filtering procedure.
A small amount of gas exits the molecular beam in case the chopper is closed but the gas inlet
to the molecular beam is open. Although the flux on the sample is only 1-2 % compared to the
flux in case of an open chopper, a noticable rise in the background pressure can be detected in
this case. This background is substracted from the QMS signal before the analysis.
Fig. 5.5 shows a schematic representation of QMS signals, which are processed to determine

the King-Wells sticking coefficients. In principle, the sticking coefficient can be obtained by
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Abbildung 5.4: QMS signal during pulsing on a Pd(111) crystal surface with a chopper opeing
time of 266 ms compared with the filtered signal used for the evaluation

Abbildung 5.5: Schematic representation of the QMS signal during a pulsed molecular beam
experiment on the gold flag/gold reference (a) and on the gold flag/reference (b)
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calculating the difference QMS signals from sample and gold flag. However, the slightly diffe-
rent position of sample and gold flag lead to different scattering conditions for the two cases.
Therefore, a systematic error would be introduced when using this procedure. To take this into
account, a separate measurement with a gold reference is performed [194]. The sticking proba-
bility S versus the pulse number i can be calculated as follows:

Si =

∫ i·t0+tend
i·t0 (Igold f l− Isample)

Fcorr
∫ tend

0 Igold f l
(5.2)

Igold f l is the average intensity of all pulses on the gold flag and Isample is the signal intensity on
the sample. The correction factor Fcorr includes the above mentioned correction due to the diffe-
rent scattering geometries during measurement with the gold flag and with the gold reference. t0
is the time between two pulses (typically 2000 ms), tend is the time until which the integration is
performed. Accordingly, the sticking coefficient can be calculated versus the pulse number with
Equ. 5.2 after integration over the QMS signals from sample, gold flag and gold reference.
For the choice of tend , two cases have to be considered. If the pulse shape from the sample and
the gold flag are identical, as depicted in Figure 5.7a (a), tend can be chosen arbitrarily as long as
t0 ≥ tend > 0.
Figure 5.7b (b) shows a case, where the QMS signal shapes from sample and gold reference are

Abbildung 5.6: Comparison of the QMS signal shape during a pulsed molecular beam experi-
ment on the sample and on the gold reference: (a) O2 adsorption on Pd(111) at
300 K (b) CO adsorption on 1.5 Å Pd/Fe3O4 at 110 K

(a) (b)

significantly different. Such a situation can arise, when molecules desorb in between the pulses
from the sample. In the present work, such a behavior has only be observed for CO adsorption
at low temperatures (≈110 K) and close to the saturation of the adsorption sites with CO.
Campbell et al. described a procedure in which they used two different procedures for the evalua-
tion of the QMS data in an SCAC measurement in case transient adsorption/desorption occurs in
the timescale of the pulse period. For the evaluation of the surface coverage, the sticking proba-
bility for a given pulse is defined as the fraction of the molecules, which have not desorbed from
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the surface before the next pulse starts to hit the surface. Accordingly, tend = t0. This sticking
probability has been defined as the long-time sticking probability [58].
For the determination of the adsorption heat per mole adsorbed, it has to be considered that
molecules initially adsorb on the surface and deposit heat. However, some of these molecules
desorb later while removing heat from the sample. These desorbing molecules only influence
the peak height if they desorb in between the beginning of the pulse and the time when the pulse
maximum is reached, as only this time frame in the SCAC signal is used to determine the ad-
sorption heat. Accordingly, integration of the QMS signal is performed from the beginning of
the pulse until the maximum of the pulse,

tend = t0 + pt (5.3)

where pt is the time until the pulse maximum. The sticking probability, calculated by this pro-
cedure has been defined by Campbell et al. to be the short-time sticking probability [58]. As the
effect of molecules, which desorb in between the pulses close to saturation cannot be fully ta-
ken into account by determining the long-time sticking probability. Accordingly, an error in the
determination of the number of adsorbed molecules is introduced. In that case, the determined
number of adsorbed molecules is not accurate at high surface coverages where desorption of
molecules between the pulses is significant.
The long-time and the short-time sticking coefficients coincide in the low coverage regime. At
high coverages, however, the long-time sticking coefficient is lower compared to the short-time
sticking coefficient due to desorption in between the pulses. An example is shown in Fig. 5.7,
where the long-time and the short-time sticking probability for CO on 1.5 ÅPd/Fe3O4, measured
at 110 K is plotted as a function of number of adsorbed molecules.
It should be mentioned, that Campbell et al. made an additional correction for the sticking pro-
bability in case the line shape of the heat signal changes due to transient adsorption/desorption
[58]. This sticking probability has been termed the weighted short-time sticking probability. As
a change in the line-shape of the SCAC signal has never been observed in our experiments, this
correction has not been applied in the current work.
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Abbildung 5.7: Short-time and long-time sticking probabilities for CO adsorption on 1.5 Å
Pd/Fe3O4 at 110 K as a function of the number of adsorbed CO molecules

5.3 Determination of the adsorption energy and the adsorption
enthalpy

According to the first law of thermodynamics, the change in the internal energy ∆U is the dif-
ference between the heat, supplied to the system and the work, which is exerted by the system.
For a microcalorimetric measurement, the determined heat qcal has the same modulus than the
internal energy change of the system, ∆U. This change in the internal energy can be separated
into two contributions due to the change in the energy of the adsorbing molecules (-∆Uads) and
of the molecules, which are scattered from the surface (-∆Ure f l) [58].

qcal =−∆U =−(∆Ure f l +∆Uads) (5.4)

Considering, that the heat capacity of a flux of molecules is 1/2 R larger as that of a correspon-
ding volume of an ideal gas [173], the energy change on the sample due to the molecules being
reflected from the surface is given as follows:

∆Ure f l =−Nre f l

∫ T source

T sample
dT (Cv +1/2R) (5.5)

Nre f l is the number of reflected molecules (in moles), Cv is the heat capacity at constant volume.
The assumption, that all molecules, being scattered from the surface, are thermally accommo-
dated with the surface, is implicit in this formula. The energy difference between the adsorbed
species and a flux of gas at 1 bar pressure and the sample temperature, ∆U0

ads, is related to the
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measured energy contribution ∆Uads by the following equation:

∆Uads = ∆U0
ads−Nads

(
1/2RTsource +

∫ T source

T sample
dT ·Cv

)
(5.6)

The summand −1/2NadsRTsource, in which Nads is the number of adsorbed molecules in moles,
arises because of the difference in the energy of a directed and a non directed volume of gas. The
third term arises due to cooling/heating of a volume of molecules from the temperature of the
beam source to the sample temperature. By inserting 5.6 and 5.5 into 5.4, it is straightforward
to obtain U0

ads from the measured calorimetric heat qcal by dividing by the number of adsorbed
molecules. The constant volume heat capacities for the molecules, which are used in this work
can be found in [195].
For the case, that the gas temperature and the surface temperature are the same, the measured
heat and the adsorption energy per mole of adsorbed molecules differs by 1/2 R T, which is ∼1
kJ/mol. As this difference is small in comparison with the magnitude of the measured energies,
this contribution is neglected in the following.

Eads =
U0

ads
Nads

(5.7)

After dividing by the number of adsorbed molecules, U0
ads is normalized to Joules per mole.

The standard enthalpy of adsorption includes the pressure volume work. Due to the adsorption
process, ∆(pV ) =−RT . Thus, the standard enthalpy of adsorption can be calculated as follows.

∆Hads = Eads−RT (5.8)

In general, I refer to the adsorption energy in the following, which I define here as the negative
of the standard energy of adsorption, -U0

ads.

5.4 Determination of the desorption prefactor

In cases, where the temperature of the measurement is similar to the desorption temperature of
the molecules from the sample, molecules adsorb during the pulse (while the chopper is open)
and desorb in between the pulses (while the chopper is closed). The gradual decay of the QMS
signal to the background level occurs due to desorption of molecules from the active surface
area. As this QMS signal is to a first approximation proportional to the desorption rate from the
surface, it can be used to determine the desorption rate constant: the determination of the desorp-
tion rate constant/preexponential factor for desorption will be the subject of this chapter. Such
an experiment is comparable to molecular beam relaxation spectroscopy [30, 50], in which in-
formation on the desorption energy and the preexponential factor is extracted from investigating
the desorption transient with molecular beam techniques at temperatures close to the desorption
temperature of the adsorbent.
In Figure 5.7b (b), the QMS pulses on the sample and the gold reference are compared for the
conditions, where desorption in the timescale of the pulse period occurs (CO desorption from
Pd/Fe3O4 at high coverages, low temperatures). The time dependent QMS intensity, which is
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measured while molecular pulses impinge on the sample is differs from the QMS intensity,
which is measured while pulses impinge on the gold reference: it is lower at t<300 ms due to
adsorption and higher at 450ms<t<2000ms due to desorption from the sample. Kinetic informa-
tion on the adsorption and the desorption process are included in these slowly varying parts of
the pulse.
It will be explained in the following, how the desorption rate can be determined from the QMS
data if desorption from the sample in between the pulses is significant. This analysis implies
the following assumptions: The order of the desorption process is known and the coverage de-
pendence of the desorption rate can be be neglected for the increase in the adsorbate coverage
within one pulse.
A slow decay of the QMS signal after the chopper closes may not only be caused by desorption
from the sample but may also arise due to the chamber behavior. As the signal decay due to the
chamber behavior also occurs on the gold reference, the time dependent QMS intensity that is
measured on the gold reference is substracted from the QMS intensity, measured on the sample.
In this way, the chamber behavior is removed from a further analysis. In a first step, the area of
the QMS peak which is measured on the gold reference is normalized to the area on the QMS
peak, measured on the sample:

Igold,norm =

∫ t2
t1 Isample∫ t2

t1 Igold
Igold (5.9)

In Equ. 5.9, Igold,norm is the normalized QMS intensity on the gold reference and Igold is the
measured QMS intensity on the gold reference. t1 is the beginning of the pulse and t2 is the
end of the pulse. To obtain the adsorption/desorption rate from the sample Iads,des, Igold,norm is
substracted from QMS intensity on the sample:

Iads,des = Isample− Igold,norm (5.10)

Isample and Igold,norm are plotted together with Iads,des for the example of CO adsorption on 1.5 Å
Pd/Fe3O4 in Fig. 5.8 .
For the case of a first order desorption process, Iads,des is proportional to the desorption rate

between the time when the chopper closes until the time, when the next pulse hits the surface.
The desorption rate ∂ [A]des/∂ t can be expressed as,

∂ [A]des

∂ t
=−∂ [A]ads

∂ t
= kdes · [A]ads (5.11)

where ∂ [A]des/∂ t is the desorption rate, kdes the desorption constant and [A]ads the surface con-
centration of the adsorbate. It has to be mentioned, that kdes is a function of the coverage and
with that also of t. However, the increase in the coverage within one pulse is typically 1-2 % and
the approximation, that kdes is approximately constant within this coverage regime is usually
good.v It is assumed in the following, that kdes is independent of the coverage within the cover-
age increase of one pulse.
By integration with respect to ∂ [A]ads and ∂ t and subsequent derivation with respect to t, one
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Abbildung 5.8: QMS signal during the impingement of molecular pulses on the sample (black
line) and on the gold reference (dark grey signal). The dotted signal represents
the difference of the two signals (Iads,des).

obtains the following equation:

∂ [A]ads

∂ t
= [A]ads,0 · kdes ·Exp[−kdes · t] (5.12)

After conversion, this equation yields:

Log
(

∂ [A]des

∂ t

)
= Log([A]ads,0 · kdes)− kdes · t (5.13)

Consequently, by plotting an observable, which is proportional to the desorption rate versus the
time, the desorption constant can be determined. The difference between the QMS intensity on
the sample and on gold, plotted as a dotted line in Figure 5.8 is such an observable. Figure 5.9
shows a corresponding plot of Log(∂ [A]des/∂ t) versus the time: the slope, determined from the
the shown linear fit, equals kdes.
For first order adsorption/desorption processes, it can be anticipated, that the adsorption energy
equals the desorption barrier due to the low activation energy for desorption processes, which
is assumed here. As the adsorption energy is determined in the microcalorimetric measurement,
the preexponential factor νdes for desorption can be determined from the desorption rate constant
by using the Arrhenius equation.

kdes = νdes ·Exp
(
−Edes

kT

)
(5.14)
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Abbildung 5.9: Plot of the Logarithm of the difference QMS signal, plotted in Figure 5.8, versus
the time and a corresponding linear fit to obtain kdes
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6 Pd particles on Iron oxide supports

Structural studies in combination with reactivity measurements on single crystal surfaces are
essential for the understanding of heterogeneous catalysis. Despite the importance of such in-
vestigations, single crystals only poorly resemble industrial catalysts, which mostly consist of
supported nanoparticles in the size range 3-20 nm [3]. These catalysts exhibit various additional
features including different sites, support effects, size effects and many more. As the high degree
of structural complexity in these systems makes atomistic-level studies difficult, model systems
have been developed on which the interplay between structure, adsorption properties and reacti-
vity can be investigated. Model systems closely resemble industrial catalysts but a higher control
of the chemical composition and the structure compared to industrial catalysts is possible. Such
systems can be oxide single crystals [16], ordered oxide films which are grown on metal sub-
strates [17–21] or well defined metal nanoparticles, grown on oxide substrates [19, 22]. They
usually exhibit a homogeneous, planar surface structure, and the thickness of the insulating oxi-
de films is generally small to allow for tunneling of electrons through the oxide. Thus, standard
surface science techniques can be applied to investigate these systems [21].
Model systems in general will be introduced in the first section and information on the properties
of Fe3O4 model catalysts will be given. Subsequently, the preparation and structural properties
of Pd/Fe3O4 systems, used in the present work will be explained. In the end of this chapter, it
will be shown how structural information on Pd/Fe3O4 catalysts can be used to model some of
its properties on the nanoscale.

6.1 Introduction

Model systems generally exhibit many features of industrial catalysts and they were designed to
allow the study with surface science techniques.
To address fundamental questions on the catalysis of nanodispersed metals supported on oxi-
des, metals can be vapor deposited from the gas phase onto well defined oxides under UHV
conditions. To overcome the problem, that the use of electron and ion spectroscopic techniques
is generally restricted on insulating oxides, the preparation of thin oxide films was developed
through which electrons are able to tunnel. These oxide films, which are usually grown in situ
can be obtained by oxidation of the host metal or metal alloys as for the growth of Al2O3 on
NiAl alloys [196–198] or the growth of NiO on Ni substrates [199, 200]. In many cases, the pre-
paration relies on the evaporation of a metal on a host crystal. The oxide is formed by annealing
at elevated temperatures in an ambient oxygen atmosphere. In general, a low lattice mismatch
between oxide and host crystal is favorable for the structural properties of the oxide.
Such supported systems exhibit a wide range of new features compared to single crystals, the

most important ones are represented in Figure 6.1 together with a schematic representation of
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Abbildung 6.1: Schematic illustration of the most important features of supported systems with
in comparison to single crystals

a supported particle. Supported catalysts display different facets, edge sites, corners and defect
sites. The adsorption and reaction properties differ on the various surface sites.Adsorption sites
are not independent from each other and diffusion between them can additionally influence the
reactivity as observed by Libuda et al. in the transient experiments of the CO oxidation reaction
on Pd/Al2O3 [78, 79]. The different geometric and electronic structure of supported particles
compared to single crystals might strongly influence the reactivity, these differences are most
prominent for small particles. For example, it has been observed, that particles with a smaller
diameter than 4 nm, supported by mica [20, 201, 202], MgO [203] or γ-Al2O3 [29, 44, 72, 74]
partially dissociate CO, whereas this has not been observed for larger particles. In addition, the
support may influence the reactivity of the supported nanoparticles by the metal-particle support
interaction [29, 204] or by diffusion of reactants from the oxide (so called capture zones) to the
catalytically active metal [29, 73, 75]. Examples for the strong influence of the latter process
on the reaction kinetics of the CO oxidation reaction on supported Pd particles can be found in
[27, 46, 50, 73, 205].
The metal support interaction might strongly influence the reactivity and shape of the Pd na-
noparticles [44], strong metal support interactions may even lead to the encapsulation of metal
nanoparticles by the oxide [206–211].
The preparation and growth of the Fe3O4 film on a Pt(111) substrate has been discussed in detail
in the literature [212–218]. A clean Pt(111) crystal is cleaned by repeated cycles of sputtering

Abbildung 6.2: Schematic illustration of the preparation of supported model catalysts, more de-
tailed information is in the text

with Ar+ ions, oxidation at ∼1000 K and annealing at ∼1250 K.
The catalyst preparation, which follows this cleaning step is schematically shown in Figure 6.2.
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Step 1 represents the preparation of the oxide. Starting from a clean Pt sample, the Fe3O4 film is
prepared by repeated cycles of Fe deposition and oxidation. In the present setup, the deposition
has been performed at ≈110 K, initially 1 ML of Fe has been deposited. After oxidation for 5
minutes at 1000 K with an oxygen pressure of PO2=10 -6 mbar, the sample is cooled in O2. Sub-
sequently, six cycles of 4 Å iron deposition at ≈110 K and oxidation at T≈875 K in PO2=5-10
10 -7 mbar are performed to obtain a ≈ 50 Å thick Fe3O4 film.
The Fe3O4 film has been characterized in detail using several surface science techniques. After
deposition of 1 ML Fe and subsequent oxidation, a Morié pattern, corresponding to the FeO(111)
structure is formed. The LEED pattern which corresponds to this structure is shown in Figure 6.3
(a). This structure has been observed by various authors [47, 216, 217, 219], the oxygen layer
on top is contracted by ≈0.6 Å compared to bulk FeO [215]. The LEED pattern of a typical
Fe3O4(111) film, observed in the present studies is shown in Fig. 6.3 (b)
The deposition of a larger amount of Fe than necessary for the formation of a FeO(111) layer
[214] leads to the growth of three dimensional Fe3O4 islands. After preparation of a 50 Å thick
Fe3O4 layer, a closed, Fe3O4 film is formed. It consists of islands which are ≈50 nm wide with
steps of ≈ 5 Å or a multiple of this height [47, 220].
It has been established by PES and XRD, that the deposited Fe3O4 forms an inverse spinell
structure [215], in which the O2− ions are arranged according to an ordered fcc lattice. The Fe3+

ions fill the tetraedric vacancies and the octaedric vacancies are filled with Fe2+ and Fe3+ ions.
A schematic representation of this structure is given in Figure 6.3 (c).
The surface termination strongly depends on the preparation conditions [221]. Many authors
found a structure in which 1/4 ML of iron ions over a closed oxygen lattice terminate the surface
[47, 213, 216, 217, 222], both, the termination with Fe3+ and with Fe2+ has been suggested.
Such structures have mainly been found, when the final oxidation step has been carried out at
high temperatures (T=1000 K) or after annealing the prepared film in UHV at T=900-1000 K.
Using lower oxidation temperatures of 870 K, also different structures which were often oxy-
gen terminated were found [217, 223]. Sala et al. showed, that the surface of Fe3O4(111) oxide
films, prepared by repeated cycles of Fe deposition and oxidation at elevated temperatures is
terminated by 1/4 ML Fe ions after final annealing at 900 K in UHV [219]. A different surface
termination has been observed before this final annealing step.

Abbildung 6.3: LEED image of FeO (a), LEED image of Fe3O4 (b) and a schematic representa-
tion of the inverse spinell structure of Fe3O4 (c)

(a) (b) (c)
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6.2 Pd particles supported on Fe3O4

Investigations on the morphology and reactivity of Pd/Fe3O4 catalysts, which have been prepa-
red with the identical procedure as in our studies, have been performed by D. Starr et al. with
STM [46–48]. Further studies on the adsorption properties and reactivity in the CO oxidation
reaction have been done by Schalow et al. with molecular beam studies in combination with
IRAS [46, 48, 83–87].
After preparation of the ≈50 Å thick Fe3O4 film as described above, Pd particles were formed
by physical vapor deposition from an electron beam evaporator. During the deposition, the po-
tential of the Pd rod is held at 800 V and the Pd ions are accelerated towards the sample. Hereby,
the Pd coverage and thus the particle size is controlled by the deposition time. To avoid dama-
ging of the surface by sputtering, the sample is held at a potential of 800 V. Subsequent to the
Pd deposition, the crystal was heated to 580 K - 600 K.
Figure 6.4 shows the STM images for three different Pd coverages. The Pd particles are ran-

Abbildung 6.4: STM images of the Pd model catalyst supported on 50 Å Fe3O4/Pt(111) with
different Pd coverages (a) 0.3 Å Pd (b) 4 Å Pd, (c), 7 Å Pd. The experiments
were performed by D. Starr and S. Shaikhutdinov.

domly distributed on the substrate, no preferential decoration of step edges can be observed. The
insets show close-ups of individual Pd islands. The nanoparticles, corresponding to a coverage
of 7 Å and 4 Å Pd exhibit a hexagonal, crystalline shape with rather flat top facets. This in-
dicates, that the particles grow in the (111) direction, accordingly, their sides are terminated by
(111) or (100) facets. ≈ 80% of the particle surface is terminated by the (111) facet and 20%
by the (100) facet. Measurements of the particle height for an intermediate particle size reveals,
that the aspect ratio (height/diameter) is about 1/3.5 [46].
An important information from the STM images is the island density, which is given together
with the number of Pd atoms per area in Table 6.1. At Pd coverages, which are smaller than 4
Å, an increasing metal coverage leads to further nucleation of Pd particles and thus to a higher
particle density. For Pd coverages, which are larger than 4 Å, coalescence leads to the formation
of large, elongated crystallites. No STM experiments have been performed for Fe3O4 oxides
with the deposition coverages 0.6 Å Pd and 1.5 Å Pd. To a first approximation, the particle
density can be assumed to increase linearly with the deposition coverage for low Pd coverages
[21]. Accordingly, the particle density for the intermediate deposition coverages were estimated.
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Nominal Pd coverage 0.3 Å 0.6 Å 1.5 Å 4 Å 7 Å
Nominal Pd coverage / atoms cm−2 2 ·1014 4 ·1014 1 ·1015 2.7 ·1014 4.8 ·1015

Island density / cm−2 1.7 ·1012 1.9 ·1012 2.4 ·1012 3.8 ·1012 1 ·1012

Number of Pd atoms per particle 120 218 429 716 4762

Average Pd particle diameter 1 1.9 2.3 2.9 3.4 6.4
Surface Pd atoms atoms 2 / cm−2 1.6 ·1014 2.7 ·1014 5.3 ·1014 12 ·1014 11 ·1014

Pd atoms at edges2 / cm−2 9.9 ·1013 1.3 ·1014 2.1 ·1014 4.0 ·1014 2.0 ·1014

Tabelle 6.1: Structural data of the Pd/Fe3O4 model catalyst. The Pd coverage and the particle
density were determined experimentally. The particle diameter, the number of sur-
face atoms per particle and the number of Pd atoms on edge sites were obtained by
assuming a particle shape

The structural properties, obtained by using this assumption are shown in a gray color in Table
6.1.
Dividing the Pd coverage by the island density, obtained from the STM images, the number of
Pd atoms per particle, shown in Table 6.1 is obtained. Assuming a halfspherical particle shape,
the particle volume and the diameter can be calculated from the number of Pd atoms per particle
(the contraction of nanoparticles has been disregarded for these estimations).
The particle diameter, shown in Table 6.1 is a convenient number to express the particle size.
However, care has to be taken to not confuse it with the particle diameter in the surface plane.
STM experiments show, that the aspect ratio for intermediate Pd nanoparticles is 1/3.5. Thus a
better approximation for the particle shape is a half oblate spheroid. The according diameter in
the surface plane is 21 % larger compared to the one calculated with a hemispherical particle
shape. In principle, the particle diameter could be also obtained from the STM experiments, ho-
wever, the tip convolution effect would lead to inaccurate results.
The number of surface atoms per nanoparticle, shown in Table 6.1 is calculated by using the
shape of a truncated triangular pyramid. This choice is somewhat arbitrary but the difference in
the surface area between different particle shapes is expected to be small (the surface area using
an half oblate spheroid is 20 % smaller).
It is interesting to consider how many of the surface Pd atoms correspond to atoms on edge sites
either on the particle support boundary or between the different facets. This number is shown in
the last row of Table 6.1. A differentiation between facet sites and edge sites only makes sen-
se for the largest Pd particles. For the deposition coverages 0.3 Å and 0.6 Å Pd, the number
of edge sites is comparable to the total number of adsorption sites per unit area, the surface is
expected to be rather homogeneous in these cases. This is indicated in the STM experiments
shown in Figure 6.4, where the smaller particles rather exhibit a round shape in contrast to the
hexagonal shape of larger particles, which are terminated by facets.

1these properties were calculated assuming a halfspherical particle shape
2these properties were calculated assuming the shape of a truncated triangular pyramid
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7 Interaction of CO and O2 with the support

The interaction of CO and O2 with Fe3O4 influences the adsorption kinetics of both molecules
on Pd/Fe3O4, which in turn affects the reactivity in the CO2 evolution reaction.
In this chapter the experimental data is discussed which was obtained on the influence of the
support on the CO and O2 adsorption properties on Pd/Fe3O4. After a short literature summary
on the interaction of CO and O2 with oxides and the capture zone effect, the results of the
SCAC measurements of CO and O2 on Fe3O4 will be discussed. Subsequently, the initial sticking
coefficients of CO and O2 on Pd nanoparticles of different sizes will be explained with a model,
which includes a direct and an indirect adsorption channel, the latter proceeding via trapping on
the Fe3O4 support.

7.1 Introduction

Table 7.1 summarizes some literature data on the adsorption properties of CO on different oxi-
des. Column three of Tab. 7.1 shows that Eads on these oxides is 10-30 kJ/mol. As a comparison,
the adsorption energy of CO on group ten elements is >100 kJ/mol [132]. These low adsorption
energies on oxides result in a non-permanent adsorption of O2 on the oxides, shown in Tab. 7.1
at 300 K. Nevertheless, to understand the reactivity of supported nanoparticles at elevated tem-
peratures, it is essential to obtain information on the interaction of the reactants with the support.
Ladas et al. observed in 1981, that the CO oxidation rate increases with decreasing particle size
on Pd nanoparticles of the size range 1.5 nm - 8 nm, supported on polycrystalline α-Al2O3. This
which was originally attributed to the higher sticking probability on irregular sites, which are
more prominent on small particles [25]. Matolin et al., who observed the same trend, proposed
that the effect arises from trapping and diffusion of reactants from the support to the particles
[28]. Other observations of reactant diffusion from the support to the catalytically active metal
can be found in the works of Henry and Chapron on the study of CO adsorption on supported
catalysts [26, 27]. Boudart et al. carried out quantitative studies, where the model of circular col-
lection zones around the Pd particles was applied to fit the CO oxidation rate in the temperature
range 550 K - 650 K [227]. Since then, numerous studies with more advanced models have been
carried out. These studies demonstrate that the adsorption and reaction properties of supported
catalysts are significantly altered by reactant diffusion from the support to the active metal.
Table 7.1 displays the CO adsorption probability on Pd (SPd(0)) and the CO trapping probabi-
lity on the oxide (α oxide) from some of the literature results. The former was either assumed to
be unity or the same as that on Pd(111), whereas the latter has been obtained by modeling the
experimental data.
As can be seen, the trapping probability largely varies on different oxides. More detailed infor-
mation on the mechanism of adsorption via trapping on the capture zone will be given below.
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System SPd(0) αoxide Edes,oxide XD Ref.

MgO(100) 1 0.50 13.8 kJ/mol 38 nm [20, 50]
α-Al2O3 1 0.46 31-41 kJ/mol 35 nm [27]
TiO2(110) 0.5 0.18 38 kJ/mol - [207]
α-Al2O3(0001), oxidized 0.93 0.68 20-28 kJ/mol 9 nm [75]
α-Al2O3(0001), annealed in HV 0.93 0.4 15-20 kJ/mol 3 nm [75]
α-Al2O3(0001), sputtered 0.93 0.46 11-14 kJ/mol 2 nm [75]
α-Al2O3(0001), reduced 0.93 0.73 28-38 kJ/mol 35 nm [75]
Fe3O4(111) - - 28 kJ/mol 2 nm [47, 87]
γ-Al2O3 0.96 1 16-21 kJ/mol 4 nm [224]
α-Al2O3, oxidized 0.96 1 17-22 kJ/mol 4 nm [224]
α-Al2O3(0001), annealed in HV 0.93 1 13-17 kJ/mol 2 nm [224]
α-Al2O3(0001), sputtered 0.93 1 13-17 kJ/mol 2 nm [224]

Tabelle 7.1: Literature data on the diffusion and adsorption properties of CO on different oxides
at 300 K on which Pd nanoparticles were deposited. SPd(0) is the initial sticking
probability on Pd, αoxide is the trapping probability on the oxide, Edes the energy
of desorption from the oxide, Xd is the mean diffusion length of CO on the oxide
and Ref. is the reference from which the results were extracted. The entries in gray
have been estimated in the present work by assuming that the activation energy
for diffusion is in between 0.12 and 0.33 of the activation energy for desorption
[225, 226].
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7.2 SCAC experiments on Fe3O4

In this section, CO adsorption on Fe3O4 studied with SCAC at 110 K will be discussed. The
preparation and cleaning of the Pd/Fe3O4 model catalyst has been discussed in the previous
chapter. Figure 7.1 shows the CO sticking coefficient (7.1 (a)) and the adsorption energy (7.1

Abbildung 7.1: The initial sticking coefficient (a) and the Adsorption heat of CO (b) as a function
of the number of adsorbed molecules on Fe3O4. The black square scatters shows
the results on Fe3O4 as prepared, the results indicated by the gray triangular
scatters were obtained after exposure to 4·10 16 mbar at 300 K. The error bars
correspond to the error of the mean

(b)) on Fe3O4 as a function of the number of adsorbed CO molecules at ≈110 K. As discussed
in Chap. 5.2, the sticking coefficient decays to a constant, nonzero value in cases where adsorp-
tion/desorption occurs in the timescale of the pulse period close to saturation of the adsorption
sites. This is the case here as discussed in more detail below.
The gray triangular scatters show the results of an analogue experiment after an exposure to
3·10 16 O2 molecules cm–2 at 300 K. The shown data represents the average of typically three
independent measurements. For these experiments, a CO flux of 1.2 ·10 14 molecules cm–2 s–1,
a chopper opening time of 266 ms and a pulse period of 2-2.5 s has been used.
Figure 7.1 shows, that exposure of the oxide to oxygen does not influence the properties of Fe3O4
with respect to CO adsorption. The CO sticking coefficient is initially 0.73 ± 0.01, decreases
during the first three CO pulses and reaches a steady-state value of ≈0.38.
By comparing the QMS pulse shape on Fe3O4 and on the gold reference, it is evident that transi-
ent adsorption/desorption in the timescale of the pulse occurs at high CO exposures. Therefore,
the sticking coefficient does not decay to values lower than ≈0.38.The number of irreversibly
adsorbed CO molecules is 6±1 ·10 13 molecules cm–2. The initial adsorption energy is 46±1
kJ/mol and drops within three pulses to a value of ≈25 kJ/mol. If we assume, that CO-CO inter-
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actions are negligible at such small coverages, these results suggest the existence of at least two
different adsorption sites for CO.
Lemire et al. observed three TPD peaks after adsorption of CO on Fe3O4 with TPD maxima
at 110 K (α-state), 180 K (β -state) and 230 K (γ-state) [47]. Based on the CO stretching fre-
quencies, these peaks have been assigned to weakly bound, mobile CO (α-state), CO adsorbed
on Fe2+ (β -state) and CO adsorbed on Fe3+(γ-state), respectively. By using the Redhead ass-
umption, the corresponding desorption energies of the 3 desorption peaks can be estimated as
28 kJ/mol (α-state), 46 kJ/mol (β -state) and 59 kJ/mol (γ-state) (the entry in Table 7.1 shows
only the adsorption energy corresponding to the α-state). The desorption energy of the α-state
is slightly higher than the bond energy of the weakly adsorbed species, observed in our SCAC
experiments at the highest CO exposures. The adsorption energy of the β -state is in agreement
with the more strongly bound CO species, observed in our experiments in the limit of zero CO
coverage. The α-state desorption temperature (110 K) is similar to the temperature of our SCAC
experiments, therefore, molecules adsorbing in this state are expected to desorb in between pul-
ses in our experiments.
In many of the structural investigations of Fe3O4, a model in which the oxide is terminated by
1/4 ML iron ions on an oxygen layer was suggested [47, 213, 216, 217]. In the CO titration
experiments of Shaikhutdinov et al., the β -state has been assigned to CO adsorption on regu-
lar Fe2+-sites. Schalow et al. performed IRAS studies in combination with sticking coefficient
measurements on hydroxylated and non-hydroxylated Fe3O4-films: based on these studies it
was suggested that the β - and γ-state corresponds to CO adsorption on defect sites [221]. This
would suggest a termination by oxygen ions, which has also been suggested in other studies
[217, 223, 228]. It has been discussed in the previous chapter, that the surface termination is
expected to be sensitively dependent on the preparation conditions.
That 6±1 ·10 13 molecules cm–2 adsorb permanently on the oxide could be explained with a
surface that consists of two phases: one which is terminated by oxygen ions (82±3 %) and one
which is terminated by iron ions (18±3 %). CO would occupy the iron sites on this phase but
would not adsorb on the oxygen terminated phase at T≥110 K. This would require however that
the oxygen terminated surface would be absolutely defect-free, which is a very unlikely scena-
rio.
The presence of 2 different phases agrees with the structural model of Sala et al. [219] proposed
for similar preparation conditions as those which were used for the present work.
According to our data, the occupation of defect sites by the 6±1 ·10 13 more strongly adsorbed
CO molecules per cm–2 is equally likely. In the latter case, the defect concentration would be
5±0.8 %. In both cases, no CO would adsorb on the major fraction of the surface, which sug-
gests that this fraction (at least 82 %) is oxygen terminated.
In SCAC experiments on O2 adsorption on Fe3O4 at 110 K, neither oxygen sticking on Fe3O4
nor a heat release could be detected. This shows that oxygen does not adsorb on Fe3O4 at 110
K.
As stated in section 5.4, the prefactor for desorption can be determined in cases where the mea-
surement is carried out at temperatures which are similar to the desorption temperature of the
adsorbate. This is the case for CO desorption from the adsorption state with an adsorption ener-
gy of ≈25 kJ/mol. To determine the desorption rate, it is assumed, that CO desorption is a first
order process and that the coverage dependence of the desorption rate can be neglected. The
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latter assumption is justified by the fact, that only ≈7·10 13 CO molecules adsorb on Fe3O4 du-
ring one pulse. For the determination of νdes, it is assumed that the desorption energy equals the
adsorption energy. From a plot of δ CO2/δ t versus the time, a desorption rate of kdes=2.1±0.2
s–1 is calculated. Subsequently, the desorption prefactor is determined as 2 ·10 11 - 2 ·10 12 s–1.
Using this result to calculate the desorption energy of the α-state, introduced by Lemire et al., a
desorption energy of 24-26 kJ/mol is obtained, which agrees with the adsorption energy of ≈25
kJ/mol, determined by SCAC for this state.

7.3 The capture zone effect for CO on Pd/Fe3O4

Abbildung 7.2: The initial sticking probability (black scatters) of CO on Pd/Fe3O4 and the cor-
responding modeled data (gray scatters), see text for details. The data shows the
average of three to six independent measurements at 300 K, the error bars show
the error of the mean.

As discussed in the introduction of this chapter, the sticking coefficient of molecules on sup-
ported particles can be significantly increased due to trapping of molecules on the oxide and
diffusion to the Pd particles. Figure 7.2 shows the initial sticking coefficient of CO on Pd(111)
and on Pd/Fe3O4 for the Pd deposition coverages 7 Å (6.4 nm), 4 Å (3.4 nm), 1.5 Å (2.9 nm),
0.6 Å (2.3 nm) and 0.3 Å (1.9 nm) 1. This data, which has been measured with the present se-
tup was obtained by J.-H. Fischer-Wolfarth and M. Flores [205, 229]. A molecular flux of ≈1.2

1The numbers in brackets indicate the average particle diameter
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·10 14 molecules cm–2 s–1 and a shutter opening time of 266 ms has been used. Accordingly,
the fraction of surface Pd atoms, which is covered by CO after the first pulse is typically a few
percent. Therefore, one can assume, that the plotted initial sticking coefficient corresponds to
the sticking coefficient in the zero coverage limit, S(0).
It is expected that the initial sticking coefficient of CO on Pd is structure insensitive. For mo-
deling of CO sticking data on supported Pd nanoparticles, it is therefore usually assumed that
the sticking probability on the Pd nanoparticles is the same as that on Pd(111) [29, 36, 73, 75,
207].Neglecting the capture zone effect, the CO sticking probability on Pd/Fe3O4 Stot,1(0) can
be calculated in the following way,

Stot,1(0) = SPd(0) ·FPd (7.1)

where SPd(0) is the initial sticking coefficient on Pd(111) and FPd is the fraction of the surface
covered by Pd. SPd(0) has been determined to be 0.74±0.01 with the present setup on Pd(111)
[205], FPd can be estimated based STM results, introduced in Section 6.2. The sticking probabi-
lity of CO on the Pd nanoparticles of different sizes, estimated with Equ. 7.1 is shown in Fig. 7.2
(dark gray circles). For all particle sizes, the modeled initial sticking coefficient is much lower
than the experimentally observed values (black squares). The large difference between S(0) and
Stot,1(0) is because the capture zone effect has been neglected in this model.
In a second model for the initial CO sticking probabilities on Pd/Fe3O4, the capture zone effect
has been included.
It has to be considered that a fraction of the CO molecules which impinge on the oxide diffuse
to the Pd nanoparticles and are adsorbed on the Pd nanoparticles. In the following, this effect is
taken into account by a simple model in which concentration gradients of the adsorbate on the
oxide and a possible difference between the desorption prefactor and the prefactor for diffusion
are neglected 2. As discussed in the first chapter, the mean diffusion length of a molecule on
a surface before desorption depends on the difference in the activation energy for desorption
and diffusion and the hopping distance of the molecule on the surface. Accordingly, the mean
diffusion length strongly depends on the composition of the surface and the temperature. In a
simple model, it is assumed that molecules which impinge at a distance from the nanoparticles
which is smaller than the mean diffusion length are adsorbed on the nanoparticles. Molecules
which impinge at a distance to the nanoparticles which is larger than the mean diffusion length
do not adsorb. This is equivalent to assuming a circular collection zone around the nanoparticles,
molecules which impinge within this so called capture zone are adsorbed.
The initial sticking coefficient can be calculated as the sum of two contributions, adsorption via
trapping on the capture zone and adsorption via direct impingement on Pd:

Stot,2(0) = αFe3O4 ·FCZ +SPd(0) ·FPd (7.2)

αFe3O4 is the trapping coefficient on Fe3O4 and FCZ is the fraction of the surface that corresponds
to the capture zone. Stot,2(0) is the initial sticking probability of CO on Fe3O4, calculated within
this model. Here, the notation of Cassuto and King is applied, who use the letter S for sticking
coefficients and α for trapping coefficients [156]. For case that the capture zone radius Xd is

2Modeling of sticking data with a more advanced model can be found in the literature [27, 230]
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smaller than the distance between the particles, FCZ can be calculated as follows:

FCZ = NPd ·π · ((rPd +Xd)
2− r2

Pd) (7.3)

NPd is the Pd island density and rPd is the radius of the Pd nanoparticles. Xd is assumed to

Abbildung 7.3: Schematic illustration of the capture zone effect (a) large Pd particles with over-
lapping capture zones and (b) small particles with non overlapping capture zones
(modeling of the S(0) values is performed by assuming an oblate particle shape)

(a) (b)

be equivalent to the mean diffusion length of CO on the oxide. For the case that the distance
between the Pd nanoparticles is small compared to Xd, the capture zones overlap and FPd is
approximately the fraction of the surface which is not covered by Pd. The two situations are
schematically shown in Figure 7.3 (a) and (b). In Fig. 7.3 (a), the distance between the Pd par-
ticles is small compared to Xd and thus diffusion from the oxide to the particles occurs from
the whole fraction of the surface which is not covered by Pd. In Figure 7.3 b on the other hand,
the situation is depicted where the distance between the particles is large in comparison to Xd.
Diffusion from the oxide to the Pd particles occurs from a circular area around the particles.
In the following, the S(0) values for CO at 300 K on Pd nanoparticles of five different sizes is
rationalized based on the capture zone model. Based on the structural properties of the various
Pd/Fe3O4 systems, given in 6, FPd is determined. It is assumed that SPd(0) equals the CO ze-
ro sticking probability on Pd(111), so only αFe3O4 and rPd are to be varied to model the zero
sticking coefficient of CO on Pd/Fe3O4.
In the following, it will be estimated if the capture zones completely cover the oxide surface

for Pd nanoparticles with a deposition coverage 4 Å. Towards this goal, the distance between Pd
nanoparticles is estimated. A uniform distribution of the Pd nanoparticles on the surface, as indi-
cated in Fig. 7.4, is considered. In Fig. 7.4, the surface area per Pd nanoparticle is a2, the radius
of the Pd nanoparticles is rPd and the distance between second next nearest Pd nanoparticles is
dPd−Pd . If dPd−Pd is smaller than the diffusion length of the adsorbates on the oxide, the capture
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Abbildung 7.4: Catalyst with a uniform distribution of Pd nanoparticles to illustrate how the
distance between neighboring Pd nanoparticles is determined. a2 is the surface
area per Pd nanoparticle, rPd the nanoparticle radius and dPd−Pd the distance
between neighboring Pd nanoparticles

zones completely cover the oxide.
From the particle density 3.8·10 12 for the Pd deposition coverage 4 Å , the average surface
area per nanoparticle is determined to be 5.13 nm2. This area equals a2 in Fig. 7.4. It has be-
en discussed in Chapter 6 that the aspect ratio of the Pd nanoparticles was determined to be
1/3.5. Accordingly, rPd is the radius of an oblate shaped Pd nanoparticle with this aspect ratio.
The distance between second next nearest Pd nanoparticles is given according to the following
formula:

dPd−Pd =
√

2 ·a−2 · rPd (7.4)

For the deposition coverage 4 Å Pd, dPd−Pd is 3 nm. Accordingly, the capture zones completely
cover the surface if Xd≤1.5 nm. Some values for Xd which have been determined in previous
studies are displayed in Tab. 7.1 for CO. These values are all larger than 1.5 nm. Accordingly,
it can be anticipated that the capture zones completely cover the oxide for that case. For the
deposition coverage 7 Å Pd, a capture zone radius of∼3 nm would be required in order that the
capture zones cover the oxide completely. For this deposition coverage, the capture zones may
only cover 75 %-95 % of the oxide.
Using equation 7.2 and assuming that the capture zones completely cover the oxide for the Pd
deposition coverage 4 Å, the CO trapping coefficient on Fe3O4 (αFe3O4) is modeled to be 0.61.
If the capture zones would overlap for all particle sizes, Stot,2(0) could not be smaller than 0.61,
which is clearly not the case for the Pd deposition coverages 0.3 Å (1.9 nm) and 0.6 Å (2.3
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nm). Having determined αFe3O4, Xd can be fitted to the S(0) values for the two smallest particle
sizes. The obtained capture zone radius Xd is 2.4±0.3 nm. The modeled data compared to the
experimental data is shown in Figure 7.2 with light, gray triangles. Considering, that only 2 para-
meters (αFe3O4 and rPd) have been varied to model five data points, the agreement is surprisingly
good.
Table 7.1 displays values for Xd, obtained by different groups. The capture zone radius of 2.4
nm obtained in this study is similar to the one determined by Matolin et al. on α-Al2O3 [75, 224]
and is in good agreement with the estimation of Libuda et al. in [87]. The reported values for Xd
from the studies of Henry et al. on α-Al2O3 and MgO are somewhat higher.

7.4 The capture zone effect for O2 on Pd/Fe3O4

Figure 7.5 shows the initial sticking coefficient for O2 on Pd(111) and on Pd/Fe3O4 for the Pd
deposition coverages 0.6 Å (2.3 nm), 1.5 Å (2.9 nm), 4 Å (3.4 nm) and 7 Å (6.4 nm). The
experiments were performed at 300 K with a molecular flux of ≈1.1 ·10 14 O2 molecules cm–2

s–1 and a shutter opening time of 266 ms. The fraction of Pd surface atoms, covered after the
first pulse is a few percent. Accordingly, one can assume, that the plotted sticking probability
corresponds to an initial sticking coefficient in the zero coverage regime.
S(0)-values of 0.21-0.8 have been found for O2 adsorption on Pd nanoparticles of different sizes,
deposited on Al2O3 and MgO at 300 K [20, 50, 75, 207, 224]. The wide range of values can
be explained by the strong correlation between S(0) and particle size/nature of the support.
Therefore, only S(0)-values, measured at identical preparation conditions of the catalysts can be
compared.
It is striking, that the initial sticking coefficients of 0.53 and 0.55 for the deposition coverages
7 Å Pd (6.4 nm) and 4 Å Pd (3.4 nm) are higher than the S(0) value of 0.47 on Pd(111). In
the analysis of the CO sticking data, it has been assumed, that S(0) on Pd(111) and on the Pd
particles are the same. When using the same assumption for the O2 adsorption data, only an
extraordinary high trapping probability of O2 on Fe3O4 could explain the high S(0) values for
O2 on supported Pd nanoparticles with the Pd deposition coverages 7 Å Pd (6.4 nm) and 4 Å
Pd (3.4 nm).
In contrast to CO however, O2 adsorbs dissociatively on Pd surfaces at 300 K via a precursor
state, as demonstrated for example in [91]. Winkler et al. showed, that S(0) of O2 on Pt(111)
(S(0)=0.05) is significantly lower than on Pt(112) (S(0)=0.53) at 300 K. This difference has been
attributed to the activation energy for dissociative adsorption of the molecular precursor, which
is strongly structure sensitive on Pt group metals [231]. For this reason, precursor mediated
adsorption leads to a higher sticking coefficient on Pt(112). As expected, S(0) values for O2
vary on the different Pd surfaces at 300 K. Values between 0.6 and 0.74 have been observed on
Pd(111) [91, 232, 233],≈0.75 on Pd(100) [234] and 0.86-0.96 on Pd(110) [97, 235, 236]. Thus,
S(0) is higher on more open surfaces. Pd nanoparticles exhibit more open structures than the
facets, they do not only contain different facets but additionally low coordinated sites as edge
and corner sites. Accordingly, the initial sticking probability on Pd nanoparticles is expected to
be higher than on Pd(111).
Also in this case, an attempt is made to model the initial sticking probability S(0) on the basis
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Abbildung 7.5: The initial sticking probability of O2 on Pd/Fe3O4, measured at 300 K. The
data was obtained as the average of three to six independent measurements, the
plotted error bars indicate the error of the mean
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of the model which takes into account the capture zone effect (Equ. 7.2). As described in the
previous paragraph, SPd is not expected to be equal to the initial sticking probability of oxygen
on Pd(111). Therefore, SPd(0), αFe3O4 and rPd are varied to model the sticking probability of
oxygen on Pd nanoparticles of four different sizes. As the number of independent parameters is
similar to the number of data points, this procedure is expected to give rather semiquantitative
results.
The mean error of 0.05 is quite high for the deposition coverage 7 Å (6.4 nm). All data, plotted
in Figure 7.5 have been obtained in a close timely proximity to each other but after remeasuring
the data for the deposition coverage 7 Å (6.4 nm), an Stot,2(0) value of 0.53 and an error of
0.01 has been obtained. That the initial sticking probability for O2 on Pd/Fe3O4 for the two
largest nanoparticle sizes is higher than on Pd(111) indicates that the capture zones cover all
of the oxide area for these two cases. This assumption is made in the following. Solving Equ.
7.2 for the deposition coverage 7 Å (6.4 nm) and 4 Å (3.4 nm) leads to an oxygen sticking
coefficient of 0.9 on Pd nanoparticles and a trapping probability of 0.2 on Fe3O4. As αFe3O4
and SPd(0) have been determined, Xd can be estimated on Pd nanoparticles for the smallest
nanoparticles (deposition coverage 0.6 Å (2.3 nm)). Using Equ. 7.3, a capture zone radius of
2.4 nm is calculated. This value for Xd is comparable to the capture zone radius of 0.5 nm -
2.4 nm on Pd/Al2O3, which has been obtained by Matolin et al. for O2 on α-Al2O3 [29, 73]. It
was assumed above that the capture zones completely cover the oxide for nanoparticles with a
Pd deposition coverage 7 Å. For the determined Xd value of 2.4 nm however, adsorbates would
only diffuse from∼95 % of the oxide area to the Pd nanoparticles and adsorb for this deposition
coverage. It is anticipated however that the corresponding error only has a minor influence on
the variables Xd, αFe3O4 and SPd(0).
Inserting Xd into Equ. 7.3 and using Equ. 7.2 gives Stot,2(0)=0.41 for nanoparticles prepared with
the Pd deposition coverage 1.5 Å (2.9 nm). This is in good agreement with the experimentally
observed sticking probability of 0.43 for this particle size.

7.5 Summary

The SCAC experiments on Fe3O4 have been discussed in the first section of this chapter. 6±1
·10 13 CO molecules occupy adsorption sites with a binding energy of 46±1 kJ/mol and at least
one additional type of adsorption site with a sticking probability of≈0.4 and an adsorption ener-
gy of ≈25 kJ/mol. The adsorption energies agree very well with the TPD maxima of the α- and
β -state from the data of Lemire et al., who assigned these two states to adsorption on iron ions
and adsorption in a weakly bound, mobile adsorption state. That only a small amount of CO mo-
lecules adsorb in the strongly bond adsorption state would be consistent with an O-termination
of the major fraction of the surface. The desorption prefactor for CO from the weakly bound
state has been modeled as 2 ·10 11 - 2· 10 12 s–1.
In the second section of this chapter, the capture zone effect has been introduced. On the basis
of a simple model which takes this effect into account, the structure dependence of the initial
sticking coefficient of CO and O2 on Fe3O4 supported Pd particles of different sizes can be ex-
plained. The parameters, used in/obtained with the model are given in Table 7.2. In agreement
with earlier studies, modeling of the initial CO sticking coefficient could be performed by ass-
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Eads,Fe3O4 νdes,Fe3O4 SPd(0) αFe3O4 Xd

CO on Pd Fe3O4 25 kJ/mol 2 ·10 11 - 2 ·10 12 s–1 0.74 0.61±0.01 2.4±0.3 nm
O2 on PdFe3O4 - - 0.9 0.2 2.4 nm

Tabelle 7.2: Summary of the results on CO and O2 interaction with Fe3O4 and the capture zone
effect

uming that S(0) for CO is identical on Pd(111) and on Pd nanoparticles. S(0) values for O2 on
Pd nanoparticles strongly suggest that the initial sticking coefficient is higher on Pd nanopartic-
les than on Pd(111), which has been postulated for modeling the S(0) values for O2. A mean
diffusion length, Xd, of ≈2.4 nm on Fe3O4 was obtained for CO and O2.
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8 Oxygen adsorption on Pd(111) and Pd/Fe3O4

The interaction of oxygen with Pd surfaces is of immense importance for a variety of industrial
processes such as CO oxidation and methane combustion in exhaust catalytic converters. The
catalysts used for these processes consist of nanoparticles which are supported on oxides.
Due to the disadvantages of temperature programmed desorption methods to determine oxygen
binding energies on supported catalysts, investigations with a direct measurement technique are
necessary to address this issue.
First, an introduction to the literature on oxygen adsorption on Pd is given. Subsequently, the
experimental data on the sticking coefficient and the adsorption energy as a function of the co-
verage on Pd(111) and supported nanoparticles will be discussed. In the following, the influence
of the particle size on the initial adsorption energy of O2 will be addressed. How particle size
effects are influenced by the adsorbate coverage is discussed in the end of the chapter.

8.1 Introduction

At T«100 K, oxygen is found to adsorb molecularly on Pd surfaces, dissociation takes place at
higher temperatures where oxygen adsorbate phases may form. Annealing to elevated tempera-
tures in oxygen results in the formation of subsurface oxygen species and surface oxides. At the
highest oxygen pressures, these may react to form stoichiometric bulk oxides.
It has been found in low temperature oxygen adsorption experiments, that molecular oxygen
adsorbs in a peroxo-like state and a superoxo-like state at 30 K on Pd(111), a second peroxo-
species was found at slightly higher temperatures [237, 238]. According to isotopic exchange
experiments in combination with TPD and HREELS, adsorbed oxygen molecules dissociate
upon heating to 130 K-160 K on Pd(111) [166, 237, 239, 240]. The dynamics of the adsorption
process has been investigated by Sjovall et al. [232]: at T≤600 K O2 dissociation was found
to occur via a molecularly chemisorbed state. This molecular adsorption state may be either
directly formed upon O2 adsorption or via trapping into a physisorbed precursor state. At oxy-
gen translational energies of more than 0.13 eV (TO2»300 K), oxygen may also be adsorbed
via a direct dissociative adsorption channel which does not proceed through a molecular pre-
cursor. Upon dissociation, oxygen atoms preferentially occupy the fcc hollow sites on Pd(111)
[166, 233]. At T>180 K and low oxygen exposures, agglomeration to clusters with a distance of
twice the Pd-Pd distance has been observed [166]. Higher oxygen exposure leads to the forma-
tion of a closed p(2x2) monolayer, which saturates at Θ 0.25 [88–90, 166]. In most studies, this
coverage is suggested to be the saturation coverage at 300 K, although ordering to more dense
structures has also been reported [14, 166]. An initial sticking coefficient of 0.6-0.74 was found
in molecular beam studies on Pd(111) [91, 232, 233]. At T=300 K, the O2 sticking probability
only gradually decreases with increasing coverage. Close to ΘO=0.25, a pronounced decay of
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the sticking probability has been observed [63, 232, 233]. This type of coverage dependence
strongly suggests that adsorption may proceed via a precursor state, i.e. oxygen molecules are
trapped in a physisorbed state before chemisorption occurs. Klötzer et al. found a decay of the
sticking probability to S(Θ)<10−3 at Θ>0.25. The saturation coverage was found to be Θ>0.36
at T=323 K [91, 233]. Subsurface oxygen diffusion has been suggested to proceed in an activa-
ted process at ΘO>0.25. On the basis of UPS studies on crystals with different defect densities,
oxygen subsurface diffusion at T=300 K and high oxygen exposures has been suggested to occur
via diffusion from steps or defect sites [241]. The probability for subsurface oxygen formation
upon O2 exposure has been found to increase with increasing surface temperature. At T>500
K, a subsurface species has been detected with PES, HREELS and oxygen titration experiments
already after an oxygen exposure of ≈40 L [89, 91, 233, 242]. TPD and STM studies have been
performed in combination with DFT on Pd(111) surfaces, which have been exposed to PO2>10 -6

mbar at T>500 K: it was observed, that the formation of several surface oxides can be kinetically
stabilized at these temperatures. [90, 170, 243, 244]. These include Pd9O8, Pd20O18, Pd23O21,
Pd19O18 and Pd5O4. At the highest oxygen chemical potentials (e.g. at an NO2 exposure of 60
L at T=500 K), the formation of bulk PdO occurs [90, 170].
On Pd(100), initial adsorption of oxygen has been been observed to be dissociative at 80 K but
a molecular state has been observed upon additional oxygen exposure [93, 94, 245–247]. At
T>125 K, only an atomic oxygen species could be detected, which occupies the fourfold hollow
sites. The initial sticking probability at 300 K is ≈0.75 on Pd(100) [234]. At ΘO>0.25, S(Θ)
has been found to decrease by a factor of 100 [93, 94, 96, 248, 249]. This drop of the sticking
probability has been connected with the transformation of the p(2x2) structure, observed at low
oxygen exposures into a c(2x2) structure which saturates Θ = 0.5. By comparing the Auger
intensity of the oxygen and the Pd peak, Chang et al. found indications for the formation of
a subsurface oxygen species at 300 K<T<400 K [96]. LEED experiments in combination with
AES and HREELS showed, that a Pd surface oxide with a p(5x5) pattern starts to evolve at 400
K<T<500 K, depending on the oxygen pressure [93, 95, 96, 248, 249]. The saturation coverage
of this species has been found as 0.64. At T>500 K, this structure has been observed to transform
into a (

√
5x
√

5)R27 overlayer which is saturated at Θ=0.8. The formation of the p(5x5) and the
(
√

5x
√

5)R27 phase is found to be an activated process and it has been shown conclusively, that
the surface structures correspond to surface planes of PdO [243, 248, 250, 251].
On Pd(110), partial oxygen dissociation has been observed at temperatures as low as 85 K [252–
254]. At T>120 K, oxygen was found to adsorb dissociatively with oxygen atoms occupying
the threefold sites on Pd(110) [255]. The molecular beam experiments by Junell et al. show
that oxygen adsorbs via two adsorption channels at T∼300 K [236]: Firstly direct dissociati-
ve adsorption may occur. Secondly, oxygen may adsorb in a molecular precursor state from
which they may dissociate. At this temperature, S(0) has been found as 0.86-0.96 on Pd(110).
At 300 K and Θ<0.5, adsorption was observed to occur via a precursor state [97, 235, 236]. In
several investigations, a (1x3) phase was found at low coverages which saturates in a c(2x4)
structure at ΘO=0.5 [235, 252, 256]. At higher exposures, a (1x2) and a (2x3)1D phase has
been observed by different groups, which is associated with a disorder of the Pd(110) surface
[12, 97, 160, 252, 257]. Most interestingly, in contrast to the 100 and 111 facet, subsurface oxy-
gen diffusion has been already observed at T<300 K in numerous studies with work function
measurements, AES and XPS [97, 98, 160, 235, 256, 258, 259]. At 300 K, ΘO has been found
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to be ∼0.75. Upon annealing to T>500 K, the formation of a c(2x6) phase, which has been as-
sociated with a surface oxide takes place [160].
As steps exhibit a closer structural resemblance to the edge sites of nanoparticles than facet si-
tes, it is interesting to consider how oxygen adsorbs on faceted crystals. LEED and STM results
show, that oxygen preferentially adsorbs on step edges of stepped surfaces. A zig-zag pattern is
formed, so that on the average, every edge Pd atom is bound to one oxygen atom [101, 260, 261].
After adsorption on the step sites, the facet sites become occupied. No formation of an oxide pha-
se has been found on the stepped surfaces Pd(331) and Pd(119) at 300 K [101, 261] with work
function measurements and measurements of the surface core level shift. At higher temperatures
and pressures, surface oxides may be formed [260–262]. Oxygen exposure at pO2=5 10 -8 mbar
and T=580 K was observed to lead to step bunching [261].
STM studies of Besenbacher and Hansen on ≈7.5 nm-sized Pd nanoparticles, supported on
α-Al2O3 show that oxygen initially occupies the edge sites. A zig-zag pattern in which on the
average one O atom is bound to one Pd atom is formed. After adsorption on the edges, adsorption
occurs on the (111) and (100) facet sites [32]. After high oxygen exposures of Pd nanoparticles
supported on α-Al2O3 and TiO2 with a diameter of more than 7.5 nm, oxygen adsorbate structu-
res could be resolved. On the Pd(111) facet, a p(2x2) phase forms at 300 K which is equivalent
to what is observed on the Pd(111) single crystal at oxygen saturation [32, 33].
Different groups have studied the interaction of O2 with supported Pd nanoparticles at 300 K.
In the majority of the studies, no formation of a subsurface oxygen species has been found
[32, 45, 84]. In oxygen sticking measurements, Matolin et al. obtained an unusually high number
of adsorbed oxygen atoms for Pd nanoparticles supported on α-Al2O3 which has been explained
with the formation of a subsurface oxygen species [29, 68]. It could be demonstrated with ion
scattering techniques, that oxygen diffusion into subsurface sites may occur upon annealing to
400 K - 525 K [45]. Molecular beam measurements on Pd/Fe3O4 showed that an oxide species
forms at T=500 K [46, 48, 83–85]: the oxygen content of this oxide species is higher when oxidi-
zing at T=600 K and the number of adsorbed oxygen atoms per surface area was observed to be
the highest for small Pd nanoparticles (≤4 nm). With IRAS and PES measurements, it could be
shown that the oxide is preferentially formed at the metal/oxide interface. At high oxygen pres-
sures, PdO forms. It was observed, however, that even after oxidation at 503 K and atmospheric
oxygen pressures, a metallic Pd core remains on Pd/α-Al2O3 [45, 167]. The decomposition of
the PdO-species, present on/in Pd nanoparticles is observed at temperatures which are ∼200
K higher than for bulk PdO, which was attributed to the higher stability of this species. Gas
exposure at elevated temperatures may also lead to a change in the surface structure: faceting
of an oxygen covered Pd tip with a diameter of 27 nm has been observed at T=400 K-450 K
and sintering of oxygen covered Pd nanoparticles was found upon annealing to the desorption
temperature [45, 103, 105]. Upon performing several times a procedure that consists of oxygen
exposure, CO exposure and annealing at elevated temperatures, a decrease of the particle densi-
ty by 80 % has been observed by STM on ∼4 nm-sized Pd nanoparticles, supported on Fe3O4.
This sintering process was suggested to occur via the diffusion of a PdOX species between the
Pd nanoparticles [86].
As discussed in chapter 2, the desorption energy is in general strongly coverage dependent and

different for the various adsorbate structures. An overview of the literature data is given in Table
8.1, where two distinct coverages with corresponding desorption energies from different Pd fa-
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Θ1 Edes1 Θ2 Edes2 Ref.
Pd(111)

≈0.025% 230 kJ/mol ≈0.15 230 kJ/mol [88]
≈0.02% 201 kJ/mol ≈ 0.24 198 kJ/mol [89]
≈0.1 % 215 kJ/mol 0.25 195 kJ/mol [90]
≈0 % 222 kJ/mol 0.25 221 kJ/mol [91]
≈0.1 % 210 kJ/mol 0.25 200 kJ/mol [92]

Pd(100)
≈0.1 210 kJ/mol 0.25 200 kJ/mol [93]
≈0.04 210 kJ/mol ≈0.24 205 kJ/mol [94]
≈0 251 kJ/mol 0.25 42 kJ/mol [95]
≈0.01 205 kJ/mol 0.25 200 kJ/mol [96]

Pd(110)
≈0.01 190 0.25 230-240 kJ/mol [97]
≈0.02 200 - - [98]
≈0.15 198 - - [256]

Stepped Pd surfaces
≈0.01 228 kJ/mol Θsat 210 kJ/mol [101]

Tabelle 8.1: Desorption energies Edes,1 and Edes,1 of oxygen from the literature at two distinct
coverage Θ1 and Θ2 from Pd(111), Pd(100), Pd(110) and stepped Pd surfaces. Ref.
is the reference from which the results were extracted. The energies in gray have
been estimated either by the authors or in the current work based on a Redhead
analysis

cets and stepped Pd surfaces are listed. The values in gray correspond to results from a Redhead
analysis of TPD data. The desorption energies in black correspond to an analysis that does not
require assumptions on the preexponential factor νdes (Leading edge analysis, Full analysis...).
On Pd(111), the initial desorption energy was found to be 200-230 kJ/mol and is approximately
constant until the saturation coverage of 0.25 is reached. The desorption energies, obtained with
the Redhead analysis are ∼15 kJ/mol lower than the ones obtained otherwise.
On Pd(100), an initial desorption energy of 205-251 kJ/mol has been detected. The desorption
energy, obtained with the leading edge analysis [95] is significantly higher at ΘO→0 and signi-
ficantly lower at Θ = 0.25 than the results, which have been obtained with the Redhead analysis.
A single desorption feature with a maximum at ≈650 K - 700 K is detected from the c(2x2)O
structure on Pd(100). The desorption energy of this phase has been estimated to be 205-210
kJ/mol [263].
According to the results of Yagi et al., based on a complete analysis of the TPD data, the desorp-
tion energy of O2 on Pd(110) is initially 190 kJ/mol. The desorption energy at low coverages,
based on a Redhead analysis was found to be 8-10 kJ/mol higher. At ΘO ≈0.25, the desorp-
tion energy was observed to increase to 230-240 kJ/mol and to decreases again at higher co-
verages. It was explained above, that numerous studies suggest subsurface oxygen diffusion
from O/Pd(110) at T≤300 K, and desorption from subsurface sites has been associated with
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a TPD peak at T=710-775 K [98, 256]. Subsurface diffusion and restructuring of the surface
at 300 K and high oxygen exposures make it difficult to estimate the oxygen desorption ener-
gies at high oxygen coverages. For TPD studies on these systems, I refer to the References
[97, 98, 160, 235, 256, 258].
Lambert et al. studied oxygen desorption from stepped Pd. The obtained desorption energy at
ΘO≈0.01 from Pd(331) is measured as 228 kJ/mol. In agreement with the results from the DFT
study of Reuter et al., a similar oxygen binding energy is obtained on the steps and on the facets
of stepped Pd surfaces [264].
Several TPD studies of oxygen desorption from Pd nanoparticles of different sizes have been
performed: Xu et al. observed a desorption maximum at 850 K for an oxygen coverage of 0.1
on ∼50 nm-sized Pd nanoparticles on SiO2 which shifted to 800 K upon oxygen saturation (a
heating rate of 10 K/s was used) [100]. Putna et al. observed TPD maxima at 800 K and 875 K
on Pd nanoparticles with a diameter of 9.1 nm supported on α-Al2O3, whereas only one desorp-
tion feature at ∼950 K was observed on 2.1 nm-sized Pd nanoparticles (heating rate 15 K/s)
[99]. Similarly, Campbell et al. found a small shift of the TPD peak to higher temperatures on
smaller Pd particles and an additional low temperature shoulder on large particles in the particle
size range <3 nm-5 nm [45]. These results could be explained with stronger oxygen-Pd inter-
actions on smaller Pd nanoparticles. As mentioned above, however, oxygen has been observed
to diffuse into subsurface sites and Pd nanoparticles may sinter upon annealing to the desorp-
tion temperature. These additional processes affect the reversibility of the adsorption process.
But only for fully reversible process, it is possible to associate oxygen desorption energies with
oxygen binding energies. In addition to that, the majority of the oxygen TPD experiments on Pd
nanoparticles have been performed at oxygen saturation, where adsorbate-adsorbate interactions
are prominent. Accordingly, the above results may not reflect the particle size dependence of the
oxygen binding energy in the low oxygen coverage regime.

8.2 Oxygen sticking coefficient and adsorption energies on Pd(111)

In this section, the results from the measurement of the sticking coefficients and adsorption ener-
gies of oxygen on Pd(111) are discussed. The Pd(111) single crystal was cleaned by repeated
cycles of sputtering with Ar+ ions at a potential of 800 eV, oxidation at 700 K and annealing at
1000 K. The measured sticking probability of O2 on Pd(111) as a function of the coverage is
shown in Figure 8.1 (a). The adsorption energy versus the coverage is shown in Figure 8.1 (b).
A molecular beam flux of ≈1.1 ·10 14 cm–2 s–1 and a chopper opening time of 266 ms has been
used. The data represents the average of four independent measurements.
As the coverage reached after the first pulse is 0.01, the initial sticking coefficient and adsorption
energy can be considered as the respective limiting values at ΘO=0.
The measured initial sticking probability of 0.47±0.03 is slightly lower than the values of
S(0)=0.6-0.74 obtained in earlier studies [91, 232, 233]. The qualitative coverage dependence of
S(Θ) is in agreement with the literature data [65, 91, 232].
As discussed above, O2 dissociation on Pd(111) has been observed to occur via a molecularly

chemisorbed state which may be either directly formed upon O2 adsorption or via trapping into a
precursor state. That adsorption proceeds via an precursor is also evident from Figure 8.1 (a). In
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(a) (b)

Abbildung 8.1: O2 sticking probability (a) and adsorption energies (b) on Pd(111) as a function
of the coverage, measured at T=300 K. The error bars show the mean error from
four independent measurements. A molecular flux of ≈1.1·10 14 cm–2 s–1 and a
pulse time of 266 ms has been used.

the case of immobile adsorption, S(Θ) would be proportional to (1−Θ)2. The gray line in 8.1 (a)
shows the fit of the sticking probability with the Kisliuk expression for precursor mediated first
order adsorption, discussed in 2.3.3 with a K-value of 2.3±0.3. As a K-value of 0 corresponds
to a completely mobile precursor and a value of ∞ to a completely immobile precursor, this sug-
gests a very mobile precursor state at ΘO<0.25. At higher coverages, the difference between the
fit and the experimental data increases. This could be caused by the lower probability of finding
two empty sites for the dissociation of O2 at high coverages. The sticking coefficient levels off
at Θ=0.3-0.35, which is slightly higher than the literature value of 0.25.
Figure 8.1 (b) shows the adsorption energy, plotted versus the coverage, on the right hand axis.
Also shown in Fig. 8.1 (b) is the Pd-O binding energy, which is calculated as follows:

EPd−O =
1
2
(Eads +EO−O) (8.1)

EO-O is the dissociation energy of an oxygen molecule (494 kJ/mol). The determined initial
adsorption energy of O2 on Pd(111) is 206±7 kJ/mol and is slightly lower than the average of the
literature values, shown in Table 8.1. It has to be considered though, that the activation energy for
desorption is generally higher than the adsorption energy, the difference might not be negligible
in this case 1. The activation energy for adsorption can explain the small discrepancy between
the SCAC data and the TPD literature data. The adsorption energy decreases to 186 kJ/mol at
an oxygen coverage of 0.08 and is roughly constant until ΘO=0.22, and decreases prominently
at higher coverages to a value of ≈130 kJ/mol at the saturation coverage of 0.3-0.35. It has been
observed, that oxygen initially occupies the steps on high Miller index surfaces [101, 261, 264],
and the slightly higher adsorption energy at ΘO<0.08 might be caused by initial adsorption on

1For further details, I refer to Chapter 2 (Equ. 2.4)
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steps or defect sites with a higher adsorption energy than on the facets. The constant adsorption
energy for intermediate coverages reproduces the trend observed in previous TPD studies. Table
8.1 shows similar desorption energies at ΘO→ 0 and at ΘO ≈0.25. Such an adsorption behavior
represents the case where adsorbate-adsorbate interactions are negligible. The decrease in the
adsorption energy observed at ΘO>0.22 may be caused by either direct repulsive adsorbate-
adsorbate interactions or by through-surface interactions.

8.3 Sticking of oxygen on Pd/Fe3O4

In the following, the oxygen sticking coefficients on Pd nanoparticles deposited on Fe3O4 will
be discussed. The Pd/Fe3O4 catalysts have been prepared according to the procedure, described
in Chapter 6. After preparation, the Pd/Fe3O4 catalysts were annealed to 580 K-600 K, Direct-
ly following preparation, the adsorption measurements were carried out. Figure 8.2 shows the

Abbildung 8.2: Sticking coefficient S(NO) of O2 measured at 300 K plotted versus the number
of adsorbed oxygen atoms on Pd nanoparticles with the Pd deposition coverage
0.6 Å (2.3 nm), 1.5 Å (2.9 nm), 4 Å (3.4 nm) and 7 Å (6.4 nm), supported on
Fe3O4/Pt(111). A molecular flux of ≈1.1·10 14 cm–2 s–1 and a pulse time of 266
ms has been used. The error bars correspond to the error of the mean

sticking coefficient at 300 K as a function of the number of adsorbed atoms for four different
Pd deposition coverages. The number of adsorbed atoms is the total number of oxygen atoms
which is initially adsorbed on the surface, regardless of subsequent processes.
These results were obtained as the average of three to five independent measurements, carried
out in an identical way to the experiments on Pd(111). The sticking coefficient of O2 on Fe3O4
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has been determined to be 0 at 300 K, thus sticking on Pd/Fe3O4 can be attributed to sticking on
the nanoparticles. The initial sticking coefficient has been discussed in the previous section and
has been explained with a model that includes the capture zone effect.
For the deposition coverage 7 Å Pd (6.4 nm), the initial sticking probability is 0.53±0.05 and
gradually decreases until the number of adsorbed atoms is 0.10·10 15 cm–2 and S∼0.51. At higher
oxygen exposures, S decreases more sharply until the number of adsorbed atoms is ≈0.44·10 15

cm–2. An additional adsorption regime can be identified in Fig. 8.2 (a) in which the number of
adsorbed O atoms decays more gradually is in the range 0.44·10 15- 1.35·10 15 cm–2. The latter
regime is termed regime II, whereas the regime in which S decays gradually and subsequently
sharply is termed regime I. To determine the boundary between the two regimes, the region of
the sharp decrease in S in regime I and the region of the gradual decay of S in regime II are fitted
linearly. These linear fits are indicated with gray dotted lines in Fig. 8.2 (a). The intersection
between the two lines is defined to be the boundary between regime I and regime II.
A gentle decay at the smallest oxygen exposures, a more prominent decay at higher oxygen ex-
posures and a very gradual decay of the sticking coefficient at high oxygen exposures can be
also identified in the sticking data for the deposition coverage 4 Å Pd (3.4 nm), shown in Fig.
8.2 (b). For the Pd deposition coverage 1.5 Å, a pronounced decay of the sticking probability is
already observed at the lowest oxygen coverages. The more gradual decay of the sticking coeffi-
cient in regime II occurs after the decay of the sticking probability to ≈0.13, where the number
of adsorbed oxygen atoms is ≈0.23·10 15 cm–2. The boundary between regime I and II for the
two smaller Pd nanoparticle sizes has been determined with the same procedure as the boundary
for the largest particle size, described above. Due to the more gradual transition between the two
regimes for the Pd deposition coverage 1.5 Å, this determination may be less accurate in this
case. The two regimes are shown for all three cases in Fig. 8.2.
For the Pd deposition coverage 0.6 Å Pd (2.3 nm), the oxygen sticking probability is initially
0.25±0.08 and strongly decays with increasing oxygen exposure until saturation is reached at
approximately 0.10·10 15 oxygen atoms cm–2.
A similar coverage dependence of the sticking coefficient as observed in regime I for the two
largest nanoparticles has been measured in oxygen sticking measurements on Pd single crystals
[63, 91, 97, 232–236, 236]. The gradual decay of the sticking coefficient at low exposures is
attributed to precursor mediated adsorption and trapping in the capture zone. The latter effect
is not expected to be dependent on the oxygen coverage. Regime II will be discussed in detail
in the next chapter. Evidence will be given that this regime corresponds to the formation of a
species other than adsorbed oxygen on the Pd nanoparticles.
Although it would be an exciting challenge to model the coverage dependent adsorption pro-
bability as a function of the particle size, more information on the adsorption dynamics on the
different adsorption sites and processes such as diffusion on and between the adsorption sites
and diffusion from the support are necessary to perform such a task in a meaningful way.
In the following, the coverage at which oxygen saturates the surface Pd sites is discussed, which
is assumed to be reached after the prominent decay of the sticking probability in regime I. This
assumption is based on the following observations: in contrast to regime II, regime I has been
observed in oxygen adsorption experiments on Pd single crystal facets at conditions in which
only the formation of an adsorbate layer on Pd occurs. The high number of oxygen atoms which
is adsorbed in regime II cannot be explained with the saturation of surface Pd atoms without the
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Abbildung 8.3: Number of on Pd adsorbed oxygen atoms (a) and the number of on Pd adsorbed
oxygen atoms divided by the number of surface Pd atoms. The particle size is
given next to the data point for each respective deposition coverage

occupation of additional sites.
The number of on Pd adsorbed oxygen atoms is plotted for the four different Pd deposition co-
verages and for Pd(111) in Figure 8.3 (a). As the number of surface Pd atoms decreases with
decreasing Pd deposition coverage, the total number of on Pd adsorbed oxygen atoms follows
the same trend. The oxygen coverage on the nanoparticles can be obtained by dividing the num-
ber of adsorbed O atoms by the number of Pd atoms at the particle surface, which is shown in
Figure 8.3 (b). Details on how the number of surface Pd atoms has been estimated are given in
Chapter 6.
Figure 8.3 (b) shows, that the estimated oxygen coverage at saturation is quite similar for the
four different Pd particle sizes, the average oxygen coverage is 0.38±0.04.
STM experiments have been performed at 300 K on Pd nanoparticles supported on α-Al2O3 and
TiO2 with a diameter of more than 8 nm: it could be shown, that the oxygen overlayer structures
are the same on the facets of the Pd nanoparticles and on the corresponding single crystal facets
[32, 33]. Therefore, the saturation coverage of the Pd/Fe3O4 systems can be estimated based on
the ratio of (111) facets (80%) to (100) facets (20%) and the saturation coverage on these facets.
In most studies, a p(2x2) structure with a saturation coverage of 0.25 has been found on Pd(111)
[88, 166, 233], although large O2 exposures have been found to result in higher O coverages
(Θ>0.36) [91, 233]. Hansen et al. observed the formation of a p(2x2)O structure on ∼7.5 nm
Pd particles, supported by Al2O3 after an oxygen exposure that was higher than in our studies.
Therefore, the formation of a p(2x2)O phase is expected to form on the Pd(111) facets with
the conditions, used here. Based on the literature, the saturation coverage on the Pd(100) facet
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is assumed to be 0.50 [93, 94, 249]. This gives an average saturation coverage of 0.30 on the
Pd nanoparticles. In the present sticking probability measurements, described above, an oxygen
coverage of 0.30-0.35 has been determined on Pd(111). When using this for the estimation, an
oxygen coverage of 0.34-0.38 is obtained.
This range of oxygen coverages is in agreement with the experimentally obtained oxygen cover-
age of 0.38±0.04 on Pd nanoparticles. Henry et al. obtained a saturation coverage of 0.40±0.08
[77] on Pd nanoparticles, supported on MgO(100), which also agrees quite well with the oxygen
coverage, determined here.

8.4 Adsorption energy of oxygen on Pd/Fe3O4

In this section, the adsorption energies of O2 on Pd nanoparticles of four different sizes, which
have been determined from the same data as the sticking coefficients, will be discussed. The
adsorption energies as a function of ΘO are shown in Figure 8.4 for all investigated particle si-
zes. For the deposition coverage 7 Å Pd (6.4nm), the initial adsorption energy is 247±9 kJ/mol
and decays roughly linearly to ≈105 kJ/mol as the number of adsorbed oxygen atoms reaches
0.43·10 15cm–2s–1, which corresponds to the saturation of the Pd surface sites. A similar trend
can be observed for the other particle sizes.
On single crystals, direct adsorbate-adsorbate interactions, which are mostly electrostatic in-

Abbildung 8.4: Oxygen adsorption energy for O2, plotted versus the number of adsorbed atoms
on Pd particles with the Pd deposition thickness 0.6 Å (2.3 nm), 1.5 Å (2.9
nm), 4 Å (3.4 nm) and 7 Å (6.4 nm) supported on Fe3O4/Pt(111). The error
bars correspond to the error of the mean
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teractions can be responsible for the decay of the adsorption energy with increasing coverage.
Through-surface interactions, which have been discussed in detail in Chapter 2 can result in a
decrease of the adsorption energy at high adsorbate exposures.
On nanoparticles, a different effect can result in the same trend: the successive occupation of
sites with different oxygen binding energies, such es edge and corner sites, and the different
facet sites could lead to a decrease in the adsorption energy with increasing adsorbate coverage.
A separation between changes in the binding energy due to adsorbate-adsorbate interactions and
due to the occupation of different binding sites is not possible here without theoretical investi-
gations.
In Fig. 8.4 (a), higher initial adsorption energy for large Pd nanoparticles (275±14 kJ/mol at
0.01 ·10 15 O atoms cm–2) in comparison to Pd(111) (205±7 kJ/mol at 0.01 ·10 15 O atoms
cm–2) is be observed. Such a high binding energy for oxygen on Pd nanoparticles has not been
found in TPD studies so far, neither on low Miller index surfaces nor on stepped single crystals
[45, 88, 89, 89–98, 100, 101, 238, 252, 264, 265]. Thus, this high initial adsorption energy must
be related to some structural features inherent to Pd nanoparticles, which cannot be reproduced
even by the steps of the high Miller index Pd surfaces. Such adsorption sites on Pd nanoparticles
might be the low coordinated surface sites (edges or corners), which are occupied before the
facet sites according to [32].
CO titration experiments in combination with IRAS have been carried out in order to verify this
explanation. CO was previously stated to be a suitable probe molecule for the identification of
different adsorption sites on Pd nanoparticles, such as low-coordinated adsorption sites and re-
gular adsorption sites on the terraces [266]. Figure 8.5 shows an IRAS spectrum on 6 nm-sized
Pd nanoparticles, obtained at 120 K after dosing ≈8 ·10 15 CO molecules cm–2 at 300 K on the
clean Pd nanoparticles (black curve). Fig. 8.5 also shows the IRAS spectrum on the identical
sample on which ≈10 14 O atoms cm–2 were adsorbed at 300 K to produce a sub-monolayer
coverage of oxygen (gray curve) followed by adsorption of the same amount of CO as in the
previous experiment. The spectrum of CO on pristine Pd nanoparticles is dominated by a sharp
adsorption feature at 1980 cm–1 (1). Additionally, a peak of lower intensity at 1956 cm–1 (2)
is observed together with a broad low-frequency shoulder at 1950-1820 cm–1 (3). For Pd nano-
particles of a similar size, the low frequency features (between 1820 cm–1 and 1970 cm–1) have
been previously assigned to CO adsorption on bridge and hollow sites on on the (111) facet.
The strong absorption band at 1980 cm–1 (1) has been found to originate from a superposition of
bridge-bonded CO, adsorbed at low coordinated surface sites (edges/corners) and on (100) facets
[266]. However, since the (100) facets are tilted with respect to the surface plane, the relative
contribution of the CO molecules, adsorbed on these sites are expected to be small [146]. It has
to be noted, however, that the relative intensities of the vibrational features do not directly reflect
the relative abundance of the corresponding sites due to dipole-coupling effects [267, 268]. After
adsorption of oxygen, drastic changes are observed in the CO spectrum. The edge-related peak
at 1980 cm–1 (1) is strongly attenuated, whereas the feature at 1956 cm–1 gains in intensity. This
indicates that CO adsorption at particle edge/corner sites is blocked by adsorbed oxygen. The
gain in intensity at 1956 cm–1 is most likely from the reduced intensity transfer to high frequen-
cy features.
From these observations, it can be concluded that oxygen preferentially adsorbs at the low-
coordinated sites (particle edges and corners). Furthermore, the high initial adsorption energy

81



(275±14 kJ/mol) measured in a calorimetric experiment on supported Pd nanoparticles, can be
attributed to oxygen adsorption at edge and corner sites. However, further experimental or theo-
retical studies are needed in order to rationalize why the edge sites of Pd nanoparticles interact
so strongly with adsorbed oxygen [32, 104, 105].

Abbildung 8.5: IRAS spectra for CO, adsorbed on Pd nanoparticles (Pd deposition thickness 4
Å(6 nm)) supported on Fe3O4/Pt(111). The black curve corresponds to adsorpti-
on on the pristine sample, the gray curve to the sample which has been exposed
to ≈ 1014 O atoms/cm−2.

8.5 The effect of the particle size on the oxygen binding energy

The particle size dependence of the oxygen adsorption energies can be best understood by com-
paring the oxygen adsorption energies in the zero coverage limit, where adsorbate-adsorbate
interactions are negligible. To estimate the coverage after the first pulse of oxygen molecules,
the average number of adsorbed oxygen atoms after the first pulse has been determined and is
given in Table 8.2. The average oxygen coverage is obtained by dividing this number by the
number of Pd atoms on the particle surface, which is given in the 4th row of Table 8.2. That the
average surface coverage is 0.02-0.05 after the first pulse suggests that adsorbate-adsorbate in-
teractions are negligible. Thus, the initial adsorption energies represent the values in the limiting
case of a single molecule interacting with a nanoparticle.
A plot of the initial oxygen adsorption energies for the Pd deposition coverages 0.6 Å (2.3 nm),
1.5 Å (2.9 nm), 4 Å (3.4 nm), 7 Å (6.4 nm) and for Pd(111) is given in Figure 8.6 (a), the data
has been extracted from the data set of the coverage dependent adsorption energies, shown in
Fig. 8.4. The right ordinate axis shows the Pd-O bond energy which is calculated according to
Equ. 8.1. The dependence of the initial oxygen adsorption energy on the particle size shows a
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Nominal Pd coverage 0.6 Å 1.5 Å 4 Å 7 Å
Particle diameter / nm 2.3 2.9 3.4 6.4
NO per particle 7 10 8 28
NO per surface Pd, / cm–2 0.05 0.04 0.02 0.03
NO on edge sites / cm–2 0.1 0.11 0.07 0.14

Tabelle 8.2: Number of adsorbed oxygen atoms during the first pulse, abbreviated with NO per
particle, per Pd atoms at the surface UHV interface and per Pd atoms on edge sites

(a) (b)

Abbildung 8.6: Initial adsorption energy for O2 (a) and CO (b) molecules plotted plotted versus
the nominal Pd coverage on the Fe3O4/Pt(111) samples. The error bars show the
error of the mean. In (a), the Pd-O bond energy is given on the right abscissa

clear trend. It strongly increases from ≈205 kJ/mol on Pd(111), where oxygen adsorbs in the
threefold hollow site to 250-275 kJ/mol on large Pd nanoparticles, where oxygen adsorbs at the
edge site sites, as evidenced by the IRAS data. A reduction of the particle size, however, results
in a decrease of the initial adsorption energy to a value of 205 kJ/mol on the smallest Pd nano-
particles. The shift in binding energy caused by the reduction of the particle size is comparable
to the binding energy shift caused by a change of the local adsorption environment. The decre-
asing adsorption energy with decreasing particle size coincides with the findings obtained with
the same experimental setup for CO adsorption on Pd particles, which have previously been re-
ported [123, 205]. The Pd/Fe3O4 systems in these studies have been prepared in the same way
as the ones used for the present study. As a comparison, the initial CO adsorption energies are
given in Figure 8.6 (b), these results show a pronounced decrease in the adsorption energy for
small clusters. In contrast to O2, the change of the adsorption site from a three-fold hollow site
on Pd(111) to the strongest binding site on Pd nanoparticles does not result in an increase of
the CO adsorption energy. 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 [101, 269, 270].
Comparing the CO and O2 adsorption data on Pd(111) and Pd nanoparticles of different sizes
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leads to the conclusion that two effects can be clearly separated, which affect the binding ener-
gy: a change of the local adsorption environment and a change in the particle size. For O2, the
change in the local adsorption site from three-fold hollow on Pd(111) to edge sites on Pd nano-
particles leads to an increase of the O2 adsorption energy by ≈70 kJ/mol. No comparable effect
can be observed for CO. The higher adsorption energy of oxygen on edge sites is in agreement
with the findings that O-atoms first adsorb on steps of stepped crystals and on edge sites of Pd
nanoparticles [32] before the facet sites are occupied [101, 260, 261].
The second effect, the decrease of the initial adsorption energy with decreasing Pd nanoparticle
size, has been observed both for oxygen and CO. This effect can be explained with two micros-
copic effects: weakening of the chemisorptive interaction and reduction of the VdW-interaction.
The decrease of the adsorption energy of CO has been predicted in a recent theoretical study for
Pd clusters [271]. According to these results, the interatomic Pd-Pd bond length in small metal
particles decreases with decreasing particle size, which results in lower adsorption energies than
on the bulk metal. A contraction of small nanoparticles has also been observed in electron mi-
croscopy studies [40–42]. According to the BOC model, introduced in chapter 2, an increased
bond order of the surface Pd-Pd bond caused by the contraction of Pd nanoparticles results in a
decrease of the bond order to the adsorbate. This would result in a smaller adsorption energy.
A second reason for the decrease of the adsorption energy of a gas-phase molecule on the small
metal clusters is a feasible weakening of the VdW interaction strength. As discussed above, this
type of interaction is induced by charge density fluctuations, which result in an induced dipole.
Since smaller clusters contain fewer electrons, available for this dynamic response, the dispersi-
ve interaction strength can weaken. The relative magnitude of both effects has to be still tested
with theoretical calculations.
It is an interesting question why the adsorption energy for the Pd deposition coverage 7 Å (6.4
nm) is somewhat lower than for the Pd coverage 4 Å (3.4 nm). Because in both cases, oxygen
adsorb on edge sites. One possible explanation is that the adsorption energy for the Pd deposition
thickness 7 Å (6.4 nm) is decreased due to coverage effects. Table 8.2 shows the fraction of edge
sites, which are occupied during the first pulse. The coverage is twice as large on the edge sites
for the Pd deposition coverage 7 Å (6.4 nm) than for the deposition coverage 4 Å (3.4 nm). At
ΘO=0.14, direct intermolecular repulsions are expected to be weak but a through-metal interac-
tion could lead to a decrease of the adsorption energy. Although this is a plausible explanation
for the lower adsorption energy for the largest particles, further experimental or theoretical effort
is necessary to understand this observation.

8.6 Particle size effects at higher coverages

Particle size effects in the zero coverage regime have been discussed in the previous section. It is
now an interesting question how the difference between the adsorption energies on the different
systems changes with increasing oxygen coverage. To examine this effect, the oxygen coverage
for the different particle sizes and Pd(111) was normalized to the total number of adsorbed
oxygen atoms, shown in Figure 8.3 (a). The normalized coverage ΘN(NO,ads) for the different
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Pd nanoparticle sizes has been determined in the following way:

Θ
N(NO,ads) =

NO,ads

NPd,sur f
(8.2)

NO,ads is the number of adsorbed oxygen atoms, which is dependent on the pulse number and
NPd,surf is the number of Pd surface atoms, which is shown in Fig. 8.3 for the different Pd cover-
ages.
The oxygen adsorption energy versus this normalized coverage, ΘN(NO,ads), for the investigated
Pd/Fe3O4 systems and Pd(111) is shown in Figure 8.7. The difference in the adsorption energy

Abbildung 8.7: Oxygen adsorption energy versus the normalized coverage, ΘN(NO,ads), for Pd
nanoparticles of different sizes and Pd(111)

between the different systems is large in the zero coverage regime (70±17 kJ/mol). At high oxy-
gen coverages, the difference in the binding energies for the different Pd surfaces become less
pronounced. At saturation of the surface Pd sites, this difference in the binding energies decays
to ≈35 kJ/mol.
It has been shown with IRAS experiments, that oxygen initially adsorbs on low coordinated sites
such as edge and corner sites. Accordingly, the strong particle size dependence of the oxygen
adsorption energy at low coverages results from the different binding energies of oxygen on
these low coordinated adsorption sites. After saturation of the edge sites, oxygen occupies the
(100) and (111) facets on large nanoparticles. Adsorption on sites with weaker oxygen binding
energies and prominent adsorbate-adsorbate interactions at higher oxygen coverages could be
responsible for the smaller difference in the adsorption energy between the different Pd/Fe3O4
systems.
A significant higher binding energy on edge sites of Pd particles has not been found in earlier
TPD studies [45, 99, 272]. This disagreement can be, besides to the limitations of TPD to probe
oxygen adsorption energies, attributed to the fact that these studies were performed mostly at the
oxygen saturation coverage. The major contribution to the desorption peak at oxygen saturation
arises due to desorption from ordered adsorbate structures from facet sites on large nanopartic-
les or sites with a similar adsorption energy in comparison to these sites on smaller particles.
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The oxygen desorption energy on these sites is similar to that on the Pd(111) facet, which could
explain why such effects have not been observed in TPD studies so far.

8.7 Summary

The coverage dependent adsorption energy and sticking coefficient of O2 has been measured
on Pd(111) and on Pd nanoparticles with the Pd deposition coverage 0.6 Å (2.3 nm), 1.5 Å
(2.9 nm), 4 Å (3.4 nm) and 7 Å (6.4 nm). The sticking probability and the adsorption energy,
measured as a function of the coverage, on Pd(111) are in good agreement with the literature
results. The coverage dependence of the sticking coefficient on the Pd nanoparticles shows a
complex behavior. Saturation of the surface Pd sites has been determined at an oxygen coverage
of 0.38±0.04, which is in good agreement with the findings of Henry et al. [77]. The adsorption
energy of O2 on Pd nanoparticles decreases strictly monotonically until the saturation coverage.
The initial adsorption energy of 275±14 kJ/mol on large Pd nanoparticles is significantly higher
compared to the initial adsorption energy of 206±7 kJ/mol on Pd(111). With complementary
IRAS measurements, it was found that this high initial adsorption energy results from a change
of the adsorption site from threefold hollow on Pd(111) to edge sites on Pd nanoparticles. By
comparing the oxygen adsorption energy on Pd nanoparticles of different sizes, a second effect
has been found to influence the oxygen binding energy. The decrease of the Pd nanoparticle
size results in a decrease in the oxygen binding strength which has also been measured for CO
adsorption on Pd/Fe3O4. This general phenomenon can be explained with two microscopic ef-
fects: weakening of the chemisorption interaction and reduction of the VdW-interaction due to
a contraction of small Pd nanoparticles.
It has been observed that the difference in the oxygen adsorption energy between Pd nanopar-
ticles of different sizes strongly decreases with increasing coverage. Accordingly, differences in
the oxygen binding energy between the different systems are less pronounced at high oxygen
coverages.
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9 Interaction of oxygen with Pd particles at
high oxygen exposures

At the lowest temperatures, oxygen adsorbs molecularly on Pd surfaces. Between 85 K and 200
K, dissociation takes place [94, 166, 237, 239, 246, 252, 254] and atomic overlayer structures
are formed, which have been discussed in the previous chapter. At even higher temperatures and
pressures, oxygen atoms diffuse into the substrate. Subsurface diffusion and surface oxide for-
mation may occur and oxygen may form bulk oxides at high oxygen chemical potentials. The
catalytic properties generally change with the oxygen concentration in the catalyst [160, 167].
In this chapter, oxygen adsorption on Pd nanoparticles at 300 K will be discussed. It will be
shown with combined microcalorimetry and sticking coefficient measurements, that a large num-
ber of oxygen atoms occupy sites which do not correspond to adsorption sites on surface Pd
atoms. Oxygen could be quantitatively converted to CO2 upon titration with CO at 300 K.
After showing the oxygen sticking probabilities on Pd/Fe3O4 systems, the CO titration measu-
rements on oxygen covered Pd will be discussed. Subsequently, the number of adsorbed oxygen
atoms and evolved CO2 molecules on Pd/Fe3O4 catalysts are compared and discussed.

9.1 Oxygen sticking measurements on Pd particles

In this chapter, oxygen adsorption on Pd(111) and two kinds of Pd/Fe3O4 systems will be discus-
sed. Both Pd/Fe3O4 systems have been prepared according to the procedure described in chapter
6. The first Pd/Fe3O4 systems was directly transfered as prepared into the reaction chamber to
perform the microcalorimetry experiments. This system will be referred to as [Pd/Fe3O4]1 in
the following. The second substrate was exposed to ≈1.1·10 14 O2 molecules cm–2s–1 for ≈50 s
and subsequently to a CO flux of ∼1.5 ·10 14 CO molecules cm–2s–1 for t=20 min at 490 K and
annealed to T=580 K without CO exposure for t=5 min. The surfaces, which have been subject
to this procedure once or twice are referred to as [Pd/Fe3O4]2 and [Pd/Fe3O4]3.
The sticking probability measurements for O2 on Pd(111) and on Pd nanoparticles of different
sizes, deposited on Fe3O4, have already been discussed in the previous chapter. Figure 9.1 shows
the oxygen sticking probability as a function of the number of adsorbed oxygen atoms (NO). In
these experiments, a chopper opening time of 266 ms, a pulse period of 2 s and a beam intensity
of 1.1 10 14 molecules cm–2 s–1 was used. The black squares, the red circles and the olive tri-
angles show the sticking probability on the freshly prepared systems and after one or two cycles
of O2 and CO exposure at 300 K and cleaning in CO at 490 K before annealing to ≈580 K.
Each plotted data set is the average of three to seven independent measurements. The error bars
indicate the error of the mean.
As discussed above, S(0) on Pd(111) (black squares) is 0.47±0.03 and decays strictly mono-

tonously with increasing coverage until the saturation coverage is reached. As the number of
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Abbildung 9.1: Oxygen sticking probability plotted versus the number of adsorbed oxygen
atoms on Pd(111) and on Pd/Fe3O4 for three different Pd coverages. The black
scatters show the sticking probabilities on the freshly prepared catalysts after
annealing to 600 K. The red and green scatters show the oxygen sticking proba-
bilities for the same catalysts, once or twice exposed to O2 at 300 K and cleaning
in CO at T=490 K before annealing to ≈580 K.

adsorbed oxygen atoms reaches 0.45-0.5 10 15 cm–2, saturation of the Pd surface sites is reached
on Pd(111).
Figure 9.1 also shows the coverage dependent sticking coefficient for O2 after one (red circles)
and two (green triangles) cycles of O2 and CO exposure at 300 K, extended CO exposure at
T=490 K and annealing at T=580 K. It can be observed, that the coverage dependent sticking pro-
bability is similar to that on [Pd/Fe3O4]1. This demonstrates the reproducibility of the sticking
probability measurements.
On large Pd nanoparticles, the sticking probability decays gradually at low oxygen exposures. A
more pronounced decay is observed as the number of adsorbed oxygen atoms increases. For the
deposition thickness 1.5 Å, a pronounced decay of the sticking probability is already observed at
the lowest oxygen exposures. The sticking data at a lower number of adsorbed atoms as the end
of this prominent decay of the sticking probability is denoted as regime I. It has been argued in
Chap. 8 that the number of adsorbed molecules in regime I corresponds to an average coverage
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of 0.38±0.04 on the Pd nanoparticles. Similar values for the oxygen saturation coverage on Pd
nanoparticles have been found in previous studies [77]. Accordingly, regime I can be assigned
to the saturation of the surface Pd sites. In regime II, a slow decrease of the sticking coefficient
with further exposure can be observed on [Pd/Fe3O4]1. For the deposition coverage 7 Å Pd,
there is a clear separation between regime I and II on [Pd/Fe3O4]1. A more gradual transition
between the two regimes is observed for the deposition coverage 4 Å Pd, and even more for
1.5 Å Pd. The total number of adsorbed oxygen atoms is determined to be 14.7 10 14 cm–2, 9.6
10 14 cm–2 and 4 10 14 cm–2 for the deposition coverages 7 Å (6.4 nm), 4 Å (3.4 nm) and 1.5 Å
(2.9 nm), respectively.
The oxygen sticking probability is much different on [Pd/Fe3O4]2 and [Pd/Fe3O4]3 than on
[Pd/Fe3O4]1 for all three particle sizes. The measured initial sticking probability is lower by
0.15, 0.1 and 0.12 for the Pd deposition coverages 7 Å, 4 Å and 1.5 Å. The determined total
number of adsorbed oxygen atoms on [Pd/Fe3O4]2 and [Pd/Fe3O4]3 is significantly lower com-
pared to the systems directly after preparation and amounts to 0.5 10 14 cm–2, 0.39 10 14 cm–2

and 0.16 10 14 cm–2 for the Pd deposition coverages 7 Å (6.4 nm), 4 Å (3.4 nm) and 1.5 Å (2.9
nm).
The gradual decay of S(NO) in regime II cannot be observed on [Pd/Fe3O4]2 and [Pd/Fe3O4]3.
Therefore, the sites which are saturated in regime II on [Pd/Fe3O4]1 cannot be occupied on
[Pd/Fe3O4]2 and on [Pd/Fe3O4]3.

9.2 CO titration experiments

To check, if the sites, which are covered in regime II on [Pd/Fe3O4]1 are irreversibly occupied,
CO titration experiments have been performed.
Initially, the Pd surfaces have been exposed to 3·10 16 O2 molecules cm–2. Subsequently, CO
titration experiments are performed with a CO beam intensity of 1.8·10 14 molecules cm–2 s–1, a
chopper opening time of 500 ms and a pulse period of 8 s.
The number of CO molecules, which occupy the Pd surface sites and react with adsorbed oxygen
to CO2 can be determined from the CO adsorption experiments. The number of evolved CO2
molecules can be evaluated from the QMS intensity data of CO2.
In the following, the CO adsorption experiments are discussed. Upon CO adsorption at 300 K,
two processes may occur: CO molecules either react with adsorbed oxygen atoms on the Pd
nanoparticles to form CO2 or adsorb without reaction. The total CO sticking probability is the
fraction of the initially adsorbed CO molecules that undergo either process. Similarly, the num-
ber of adsorbed CO molecules corresponds to the number of CO molecules which react with
oxygen and the number of CO molecules which are adsorbed without reaction.
As the CO titration experiments have been performed on catalysts which have been saturated
with oxygen, these systems are referred to as O/[Pd/Fe3O4]1, O/[Pd/Fe3O4]2 and O/Pd(111) in
the following.
Figure 9.2 shows the total CO sticking coefficient versus the number of adsorbed CO molecules
on oxygen covered Pd(111) and on O/[Pd/Fe3O4]1 and O/[Pd/Fe3O4]2 for the Pd deposition co-
verages 7 Å and 4 Å. On Pd(111), S(0) is 0.72 and decays with increasing number of adsorbed
CO molecules. Saturation is reached as the number of adsorbed CO molecules reaches ∼10 15
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Abbildung 9.2: CO sticking coefficient vs the number of adsorbed CO molecules following oxy-
gen adsorption on Pd/Fe3O4]1 and on [Pd/Fe3O4]2 on Pd(111) and Pd nanopar-
ticles of two different sizes. A chopper opening time of 500 ms and a pulse
period of 8 s has been used

cm–2.
Significant transient adsorption/desorption from Pd nanoparticles at high CO exposures, which
cannot be quantified from the present measurements at the conditions used here [205, 273],
hampers the determination of the exact number of adsorbed molecules at high CO coverages.
Nevertheless, the qualitative change in the total CO sticking coefficient as a function of the
number of adsorbed CO molecules gives valuable information on the change in the adsorption
behavior due to the cleaning procedure.
The initial total sticking probability of CO on O/[Pd/Fe3O4]1 with the Pd deposition coverages 7
Å Pd and 4 Å Pd is 0.6 and 0.67 and decays strictly monotonically with increasing CO expos-
ure. On O/[Pd/Fe3O4]2, the initial total sticking coefficient of CO is reduced to 0.49 and 0.6 for
the Pd deposition coverages 7 Å Pd and 4 Å Pd. It is also evident that the number of adsorbed
CO molecules is significantly lower on the Pd nanoparticles after O2 and CO exposure at 300 K
and cleaning at elevated temperatures (O/[Pd/Fe3O4]2).
These results can be compared with the oxygen sticking measurements: the higher number of
adsorbed oxygen atoms on [Pd/Fe3O4]1 compared to [Pd/Fe3O4]2 agrees with a higher number
of adsorbed CO molecules on O/[Pd/Fe3O4]1 in comparison to O/[Pd/Fe3O4]2. The large num-
ber of adsorbed CO molecules on O/[Pd/Fe3O4]1 may occur due to CO adsorption and reaction
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Abbildung 9.3: Intensity of the CO2 signal as a function of the time, measured on Pd(111) (a)
and Pd nanoparticles corresponding to the Pd deposition coverages 7 Å and
4 Å Pd after oxygen exposure. The black and red line correspond to the CO2
intensities on O[PdFe3O4]1 and O/[PdFe3O4]2. A chopper opening time of 500
ms and a pulse period of 8 s has been used

with oxygen that adsorbs in regime II of the oxygen sticking data.
To find further evidence for this hypothesis, the CO2 QMS signal, measured during the CO ti-
tration measurements, can be considered. Figure 9.3 shows the CO2 signal, which is measured
during CO exposure of oxygen covered Pd(111) and Pd nanoparticles of two different sizes. The
corresponding total sticking probabilities for CO are given in Figure 9.2.
The background of the CO2 signal from O/Pd(111), shown in Fig. 9.2 (a), increases prominently,
then is approximately constant for a few seconds, and then gradually decreases. This behavior
has been measured and modeled by several authors on supported nanoparticles in molecular
beam measurements with continuous beams. A discussion on this subject can be found in the
references [20, 77–79]. The strong variations of the signal, which are most prominent during
the rise of the CO2 intensity occur due to an increasing CO2 evolution during the on time of
the pulse (500 ms) and a decay during the off time of the pulse. These variations can be clearly
distinguished from the rise in the CO2 background in the inset of Fig. 9.2 (a).
Fig. 9.2 (b) and (c) show the CO2 signals on oxygen covered Pd nanoparticles for the Pd depo-
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sition coverages 7 Å and 4 Å for the freshly prepared system (black line) and for the catalysts
after one cycle of oxygen and CO exposure and cleaning at elevated temperatures (red line). It
can be clearly seen that the CO2 release is significantly higher on O/[Pd/Fe3O4]1 compared to
O/[Pd/Fe3O4]2. To obtain a quantitative measure for the amount of oxygen that reacts during
CO exposure, the background substracted CO2 peak area was integrated. By calibrating the CO2
peak area from O/[PdFe3O4]1 and O/[PdFe3O4]2 to the CO2 area from O/Pd(111), the number
of evolved CO2 molecules has been determined. Note, that adsorbed oxygen atoms on Pd nano-
particles can be completely removed upon CO exposure at 300 K on O/Pd(111) [65, 69, 70, 233].
The CO2 release, obtained in this manner can be compared to the number of adsorbed oxygen

Abbildung 9.4: Comparison of the number of adsorbed molecules on [PdFe3O4]1 (squares) and
[PdFe3O4]2 (circles): the filled symbols indicate the number of adsorbed oxy-
gen atoms which are obtained by sticking coefficient measurements, the hollow
symbols show the measured CO2 release, the error bars indicate the standard
deviation

atoms on Pd/Fe3O4 systems, determined from the oxygen sticking measurements (Fig. 9.1).
Both quantities are shown for the investigated Pd deposition coverages on [Pd/Fe3O4]1 (black
scatters) and on [PdFe3O4]2 (red scatters) in Figure 9.4. The filled black squares indicate the
number of adsorbed oxygen atoms, the hollow black squares show the measured CO2 release
on [Pd/Fe3O4]1. The number of adsorbed oxygen atoms and the CO2 release on [Pd/Fe3O4]1
is very similar for the three particle sizes, thus the major oxygen fraction can be removed upon
CO exposure at 300 K. The number of adsorbed oxygen atoms is 1.26-1.47 ·10 15 cm–2, 0.9-0.96
·10 15 cm–2 and 0.37-0.4 ·10 15 cm–2 for the deposition coverage 7 Å Pd , 4 Å Pd , 1.5 Å Pd on
the freshly prepared system. The filled and the hollow red circles show the number of adsorbed
oxygen atoms and the number of evolved CO2 molecules on [Pd/Fe3O4]2. Also in that case, the
number of adsorbed oxygen atoms and the CO2 release is in good agreement but the number of
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adsorbed O atoms is significantly lower than on [Pd/Fe3O4]1.

9.3 Discussion of the oxygen adsorption and CO titration results

To obtain a better measure for the amount of adsorbed oxygen, the number of adsorbed oxygen
atoms, NO,tot, is divided by the number of surface Pd atoms NPd,surf. NPd,surf for [Pd/Fe3O4]1 has
been estimated in Chap. 6.
NO,tot/NPd,surf, which is equivalent to the determined oxygen coverage on the Pd nanoparticles is
plotted in Fig. 9.5. This ratio is 1.3, 0.8 and 0.8 for the nanoparticles after preparation with the
Pd deposition coverages 7 Å, 4 Å and 1.5 Å. Such a high NO,tot/NPd,surf ratio by far exceeds the
oxygen coverage on the Pd nanoparticles which has been determined as ∼0.38 in the previous
chapter. Figure 9.5 also shows NO,tot/NPd,surf for the Pd/Fe3O4 systems after oxygen and CO ex-

Abbildung 9.5: Number of adsorbed oxygen atoms in total (NO,tot) divided by NPd,surf for
[Pd/Fe3O4]1 (black squares) and [Pd/Fe3O4]2 (green triangles)

posure at 300 K and by cleaning at elevated temperatures ([Pd/Fe3O4]2). It has to be mentioned
that NPd,surf has been assumed to be the same as on the freshly prepared systems. As discus-
sed below, the possibility has to be considered that the particle morphology changes during the
cleaning procedure. When neglecting possible structural changes during the cleaning procedure,
the oxygen saturation coverage on [Pd/Fe3O4]2 is in reasonable agreement with what would be
expected if oxygen exclusively saturates the Pd surface sites on the Pd nanoparticles.
As the number of adsorbed O atoms on [Pd/Fe3O4]1 is significantly higher than the number of
oxygen atoms that are expected to adsorb on the Pd nanoparticles, the question arises what the
nature of the additional sites, occupied by oxygen, are.
Different possibilities for O incorporation are are schematically shown in Fig. 9.6. Option one is
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Abbildung 9.6: Schematical illustration of various possibilities for oxygen incorporation into the
Pd/Fe3O4 catalysts.

dissociative oxygen adsorption on Fe3O4 and O diffusion into Fe3O4. This possibility can be ex-
cluded from oxygen adsorption measurements on Fe3O4 in which neither a measurable amount
of adsorbed oxygen nor a heat release upon oxygen adsorption could be detected.
A second possibility, shown in Fig. 9.6, is dissociative O2 adsorption on Pd, oxygen spillover
onto Fe3O4 and O diffusion into Fe3O4. Upon CO exposure, O atoms within Fe3O4 would react
with CO to CO2. Schalow et al. performed isotopic exchange experiments in which they prepa-
red the Fe3O4 film with 18O2 and exposed the Pd/Fe18

3 O4 catalyst subsequently to 130 L 16O2 at
500 K [84, 221]. In case of oxygen diffusion into the oxide, a fraction of the 16O atoms would
exchange the 18O atoms in Fe3O4, which could react with C16O to C16O18O. At T=500 K,∼5 %
of the total CO2 release was observed to be C16O18O. It was concluded in this work, that oxygen
exchange between the Pd nanoparticles and the Fe3O4 support is slow at 500 K. The oxygen
exchange is expected to be even lower at T=300 K, the temperature at which the CO titration
experiments, described here, are performed. Oxygen could however occupy interstitial sites or
oxygen vacancies in the surface region of Fe3O4 which could react to CO2 upon CO exposure.
This has been discussed by Meyer et al., who suggested reaction of CO with the iron oxide du-
ring TPR experiments on Pd/Fe3O4 (Tmax∼480 K) [220]. It is however an open question if O
atoms can occupy these interstitial sites or oxygen vacancies on Fe3O4 at T=300 K and if CO
can react with these oxygen species at 300 K.
The third possibility, indicated in Fig. 9.6 is dissociative oxygen adsorption on Pd nanoparticles
and subsequent subsurface oxygen diffusion into the nanoparticles. As discussed in the previous
chapter, subsurface oxygen diffusion and the formation of surface oxides starts with a signifi-
cant rate at T>500 K on Pd(111), at T>400 K on Pd(100) but already at T<300 K on Pd(110).
Quantitative measurements of the O storage on the present system have only been published for
Pd/Fe3O4 after performing a stabilization procedure: The Pd/Fe3O4 systems were exposed 5-6
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Pd coverage 1.5 Å Pd/Fe3O4 4 Å Pd/Fe3O4 7 Å Pd/Fe3O4
[Pd/Fe3O4]1

Adsorbed O atoms in total / 1015cm2 0.4 0.96 1.47
Fraction of O in bulk 0.31 0.34 0.29
Estimated energy of additional species
/ kJ/mol

160-200 160-200 120-130

[Pd/Fe3O4]2
Adsorbed O atoms in total / 1015cm2 0.16 0.36 0.5
Fraction of O in bulk 0.04 0.04 0.04

Tabelle 9.1: Number of adsorbed oxygen atoms in total and per Pd atom in the bulk of the Pd
nanoparticles for the case that oxygen diffuses into Pd. For [Pd/Fe3O4]1, an estima-
tion for the formation energy of the oxygen species, which is formed in addition to
adsorbed oxygen on the Pd nanoparticles is given

times to ∼10 17 O2 molecules cm–2 and to 5 ∼10 17 CO molecules cm–2 at 500 K. During this
procedure, the catalyst structure has been observed to change dramatically. Oxygen incorpora-
tion into the Pd nanoparticles on these stabilized catalysts was not detected below 400 K-500
K [46, 48, 84]. As the Pd/Fe3O4 systems which have been used here have not been subject to
this stabilization procedure, the adsorption properties may be different in that case. It has been
shown above, that also the adsorption/reaction properties of the Pd/Fe3O4 systems directly after
preparation and after cleaning at elevated temperatures significantly differ from the adsorpti-
on/reaction properties of the freshly prepared systems.
Libuda et al. performed PES studies on Pd/Fe3O4 systems and Campbell et al. on Pd/α-Al2O3
directly after preparation and annealing: in both studies, absorption on the 3d edge of Pd was
measured but no indication of the formation of a palladium oxide has been found [45, 84].
Matolin et al. on the other hand found an unusual high number of adsorbed oxygen atoms on
Pd/Al2O3 catalysts at 410 K and 300 K directly after preparation, which has been explained by
Pd subsurface oxygen diffusion [29, 68]. Subsurface oxygen diffusion would also provide a pos-
sible explanation for the high number of adsorbed oxygen atoms observed in the present work
on [Pd/Fe3O4]1.
Both possibilities, oxygen diffusion into Fe3O4 (2 in Fig. 9.6) and oxygen diffusion into the

Pd nanoparticles (3 in Fig. 9.6) are consistent with the available experimental data. Based on
our experimental data and the available literature data [29, 45, 46, 48, 68, 84, 87, 93, 160, 220,
221, 233], we cannot say conclusively whether the “additional” oxygen goes (1) exclusively into
the oxide or (2) exclusively into the subsurface region of the Pd nanoparticles. It is likely that a
fraction of the oxygen atoms diffuses into the oxide and a fraction into the Pd nanoparticles.
For the case that oxygen diffusion into Pd would take place, it is interesting to consider the
oxygen content in the Pd nanoparticles FO,bulk, which can be estimated as follows:

FO,bulk =
NO,tot −NO,sur f

NPd,tot −NPd,sur f
(9.1)
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where NO,tot is the total number of adsorbed oxygen atoms and NO,surf is the number of adsorbed
oxygen atoms on Pd nanoparticles. NPd,tot is the total number of Pd atoms on the surface and
NPd,surf the number of surface Pd atoms.
It has been determined above, that NO,sur f ∼ 0.38 ·NPd,sur f . Within this approximation, the oxy-
gen content in the Pd nanoparticles has been estimated and is given in Table 9.1. The resulting
oxygen content in the Pd bulk would be roughly 30 %, independent of the Pd nanoparticle size.
It is remarkable that the number of adsorbed oxygen atoms is not proportional to the surface area
but to the particle volume and is an indication that oxygen may diffuse into the bulk of the Pd
nanoparticles. A similar estimation for [Pd/Fe3O4]2 gives an oxygen content in the Pd bulk of
∼4 %. An oxygen content of 4 % is within the error of this estimation.
Although oxygen diffusion into Pd could explain the high number of adsorbed oxygen atoms
on [PdFe3O4]1, oxygen spillover and diffusion into Fe3O4 provides an alternative explanation
for our experimental observations. From the microcalorimetry experiments, the initial formation
energy of the oxygen species which is formed in addition to adsorbed oxygen on the Pd nanopar-
ticles can be estimated. The initial formation energies are given in Table 9.1 and are estimated
as 120-130 kJ/mol, 160-200 kJ/mol and 160-200 kJ/mol for the Pd deposition coverages 7 Å
(6.4nm), 4 Å (3.4 nm) and 1.5 Å (2.9 nm).
It has been discussed above, that the adsorption and reaction properties of the Pd nanoparticles
are significantly different after one experimental cycle of O2 and CO exposure at 300 K and
cleaning at elevated temperatures compared to the system directly after preparation. One expla-
nation for the changed reaction properties of the [Pd/Fe3O4]2 catalysts would be changes in the
catalyst structure during the cleaning procedure. These structural changes could be responsible
for modifications in the reactivities towards O2 and CO.
Numerous studies have been performed which demonstrate changes in the particle morpholo-
gy and structure of supported Pd catalysts upon annealing in combination with gas exposure.
Granoui et al. observed the formation of well defined facets on sputtered Pd tips with field ion
microscopy during annealing at 450 K and exposure to 3 L O2 [105]. Penner et al. measured an
onset of the sintering process upon annealing to T>670 K [45]. Shaikhutdinov et al. performed
STM experiments on Pd/Fe3O4 which have been studied directly after preparation. The prepa-
ration procedure for these systems is identical to the one used here. Secondly, they performed
STM experiments on supported model systems which have been subject to a stabilization pro-
cedure: The Pd/Fe3O4 systems were exposed 5-6 times to ∼10 17 O2 molecules cm–2 and to 5
∼10 17 CO molecules cm–2 at 500 K. Significant changes in the catalyst structure mainly due to
Pd nanoparticle sintering have been observed in STM experiments subsequent to this procedure.
As the cleaning procedure applied in the present work significantly differs from this stabilization
procedure, no information on the catalyst structure after the present cleaning procedure exists.
Evidence for structural changes can be found by comparing S(0) of O2 on [Pd/Fe3O4]1 with
S(0) on [Pd/Fe3O4]2. The oxygen sticking probability is reduced by 0.15, 0.1 and 0.12 for the
Pd deposition coverages 7 Å , 4 Å and 1.5 Å on [Pd/Fe3O4]2. A reduction of the initial sticking
probability would be also expected after nanoparticle sintering, as the fraction of the area cover-
ed by Pd and the area of the capture zone would significantly decrease in that case. The changes
in the adsorption/reaction probabilities of [Pd/Fe3O4]2 may however also be connected to mo-
difications in the surface structure of Fe3O4 [220], changes in the Pd-oxide interface structure
or other modifications in the Pd nanoparticle morphology that do not include Pd nanoparticle
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sintering.
To summarize this section, two possibilities were found that could explain the high number
of adsorbed oxygen atoms on [Pd/Fe3O4]1 which cannot be rationalized by only considering
saturation of the oxygen adsorption sites on Pd: firstly dissociative oxygen adsorption on Pd,
spillover onto Fe3O4 and diffusion into Fe3O4 and secondly oxygen subsurface diffusion into
the Pd nanoparticles. The different adsorption/reaction properties of [Pd/Fe3O4]2 compared to
[Pd/Fe3O4]1 may be caused by a change in the catalyst structure as e.g. during sintering of the
Pd nanoparticles.

9.4 Summary

In this chapter, it has been shown with oxygen sticking coefficient measurements, that in ad-
dition to the regime in which oxygen saturates the Pd surface sites, a second regime exists,
which has only been measured on Pd/Fe3O4 catalysts directly after preparation and not on the
Pd/Fe3O4 systems after performing a cleaning procedure, which is described above. Comple-
mentary CO titration experiments showed that the number of adsorbed CO molecules is higher
on O/[Pd/Fe3O4]1 than on O/[Pd/Fe3O4]2. The number of adsorbed O atoms is determined to
be 3-4 times higher on [Pd/Fe3O4]1 in comparison to [Pd/Fe3O4]2. The number of evolved CO2
molecules and the number of adsorbed O atoms are in good agreement.
Two possibilities were found which could explain the higher number of adsorbed oxygen atoms
on [Pd/Fe3O4]1: Firstly, dissociative oxygen adsorption on Pd, spillover onto Fe3O4 and diffu-
sion into Fe3O4 or secondly oxygen diffusion into the Pd nanoparticles. Based on the present
results and the available literature data, both processes are feasible. For the case that oxygen
diffuses into the Pd nanoparticles, the oxygen content in the Pd nanoparticles would be ∼30%,
independent of the nanoparticle size.
The formation energy of the species, which is formed in addition to the adsorbate layer on the
Pd nanoparticles has been estimated as 160-200 kJ/mole for the deposition coverages 1.5 Å Pd,
4 Å Pd and and 120-130 kJ/mole for the Pd deposition coverage 7 Å .
The different adsorption/reaction properties of [Pd/Fe3O4]2 compared to [Pd/Fe3O4]1 may be
caused by a change in the catalyst structure as e.g. during sintering of the Pd nanoparticles.
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10 Interaction between CO and oxygen on
Pd(111) and supported Pd particles

The formation of the various adsorbate phases on surfaces are governed to a large extent by the
energetics of adsorbate-adsorbate and adsorbate-surface interactions. Although adsorbate struc-
tures can be studied with various surface science tools, quantitative information on adsorbate-
adsorbate interaction energies can often only be obtained indirectly as e.g. with desorption based
techniques. Our SCAC-setup provides the possibility to examine adsorbate-adsorbate interacti-
ons directly with a full control of the adsorbate coverage.
In this chapter, the interaction between CO and O in mixed adsorbate structures on Pd(111) and
on Pd/Fe3O4 is discussed. After a short literature summary, I will show results, obtained in the
present work, on the sticking coefficients and the adsorption energies of CO on bare Pd(111)
and on oxygen covered Pd(111). Afterwards, I will focus on the CO adsorption experiments on
bare and oxygen covered Pd/Fe3O4 systems with the Pd deposition coverages 4 Å (3.4 nm) and
1.5 Å (2.9 nm). Before giving a short summary, adsorbate-adsorbate interactions on all three
systems are discussed.

10.1 Introduction

The term adsorbate-adsorbate interaction has been introduced in chapter 2 for one adsorbate spe-
cies on a substrate. If different kinds of adsorbates are present, mixed adsorbate structures may
form which are often structurally significantly different from the adsorbate phases of one of the
species. In such cases, changes in the adsorption energy may not exclusively result from direct
and indirect adsorbate-adsorbate interactions. Modifications in the adsorbate structure (geome-
tric effects) may additionally lead to energetic changes. In the most general definition, which
will be used in the following, adsorbate-adsorbate interactions include all changes in the binding
energy of one surface species due to the presence of the same and/or other surface species in
some concentration [122].
CO has been found to adsorb non dissociatively on Pd facets with the molecular axis perpen-
dicular to the surface [269, 274]. On Pd(111), CO randomly occupies fcc hollow sites at low
coverages, higher exposures have been found to lead to island formation in a p(

√
3x
√

3)R30◦

structure with a saturation coverage of 1/3 [146, 161, 162]. Upon further CO exposure, a c(2x4)
overlayer is formed which saturates at a coverage of 0.5, where both, fcc and hcp hollow sites
are occupied [163–165]. At T»200 K, this structure is observed upon saturation of Pd(111) with
CO [146], but at T≤200 K the transformation into a more dense structure occurs. A high den-
sity CO phase with a diffuse LEED pattern was found at a coverage of 0.6-0.66 in early studies
[14, 82, 146, 275]. CO was suggested to occupy threefold hollow sites and presumably on top si-
tes in this adsorbate phase [146]. Saturation of the surface leads to the formation of a (2x2)3-CO
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structure with a coverage of 0.75 below room temperature [82, 146, 162, 165, 275]. The IRAS
features for this phase were assigned to CO adsorption on fcc and hcp hollow sites and on top
sites.
As the Pd nanoparticles are terminated by (111) and (100) facets, CO adsorption on Pd(100)
is relevant as well. On Pd(100), CO adsorbs in islands and forms a (2

√
2x
√

2)R45◦ structure
which saturates at a coverage of 0.5. This adsorbate phase is compressed into a (3

√
2x
√

2)R45◦

overlayer with ΘCO=0.67 upon further exposure. Saturation is reached at a coverage of ΘO=0.75,
where a (4

√
2x
√

2)R45◦ phase is formed [146, 276–281].
The structure dependence of the CO adsorption energy was found to be relatively moderate on
Pd surfaces. An initial adsorption energy of 142 kJ/mol has been found on Pd(111), which in-
creases by 4-7 kJ/mol on stepped surfaces and by up to 11 kJ/mol on Pd(100), according to the
results of Ertl et al. [269]. Other authors found that the adsorption energy is 1-15 kJ/mol higher
on Pd(100) in comparison to Pd(111) [101, 270], which is in agreement with results from theo-
retical investigations [282].
CO adsorption on an oxygen saturated Pd(111) surface was found to result in separate oxy-
gen and CO domains: a (

√
3x
√

3)R30◦CO and a (
√

3x
√

3)R30◦O phase were suggested to co-
exist on the surface [14, 106]. CO2 evolution in this phase was observed at T>180 K. Upon O2
and CO adsorption below room temperature, the formation of a (2x1) phase was found, which
has been always accompanied by a p(

√
3x
√

3)R30◦ phase [14, 69, 70]. The p(
√

3x
√

3)R30◦

structure has been assigned to a pure CO phase with ΘCO=1/3. It has been suggested that the
(2x1) phase is a mixed oxygen-CO phase which consists of alternating O and CO rows with
ΘO=ΘCO=0.5 [14, 69, 106, 107]. Other results suggested, that the (2x1) phase is a pure oxygen
phase [108, 109].
Adsorption of CO on Pd(100) with ΘO<0.25 was found to result in separate O and CO domains,
in which CO forms a (2

√
2x
√

2)R45◦ structure with ΘCO = 0.5 whereas oxygen was suggested
to adsorb in p(2x2) and c(2x2) islands, in which no CO is adsorbed at low CO coverages. Indi-
cations for the formation of O-Pd-O complexes in the interior of the O islands were found upon
higher CO exposures [94]. Unfortunately, no experimental information on mixed CO-O adsor-
bate structures at higher oxygen coverages are available in the literature on Pd(100), although
theoretical investigations on different hypothetical coadsorbate phases have been performed by
Scheffler et al. [281].

10.2 Experimental strategy

In Chapters 8 and 9, results from O2 adsorption experiments probed by SCAC on Pd(111) and
Pd nanoparticles of different sizes, supported by Fe3O4, have been shown. These results are
relevant for determining how the catalyst structure influences the oxygen adsorption behavior,
but may additionally contribute to understanding the energetics of the CO oxidation path.
In the limiting case of a reaction on an oxygen covered Pd catalyst, the CO oxidation reaction
may be separated into the three steps, schematically shown in Fig. 10.1. The first step would be
O2 adsorption on oxygen covered Pd. ∆E1 can be extracted from the SCAC measurements of
oxygen adsorption on Pd(111) and on Pd nanoparticles of different sizes. In order to probe the
second step of the reaction path, CO adsorption on oxygen covered Pd, measurements have to
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Abbildung 10.1: Schematic illustration of the reaction steps of the CO oxidation in the limiting
case of a reaction on an oxygen covered surface. A sketch of an experimental
procedure for determining the energetics of these three steps is shown.

be performed at temperatures at which no CO oxidation occurs. The results of these experiments
are discussed in the present Chapter, in which CO adsorption on O/Pd is compared with CO
adsorption on bare Pd. As indicated on the right hand side of Fig. 10.1, where the gas intensities
on the catalysts are schematically shown, the surface is first exposed to oxygen at T=300 K.
SCAC measurements of CO adsorption are then performed at a temperature of 110 K. The
initial adsorption energy of CO on the oxygen covered Pd catalysts corresponds to ∆E2.
In principle, the CO oxidation energy on the Pd surfaces, ∆E3, can be probed by CO adsorption
experiments on oxygen covered Pd surfaces at a temperature of 300 K, at which CO2 evolution
takes place. ∆E3 will be discussed in the next Chapter.

10.3 CO-O coadsorption on Pd(111)

To obtain information on the CO-O interaction on Pd(111), CO adsorption experiments on oxy-
gen covered Pd(111) have been performed at T∼110 K. At such conditions, no CO2 evolution
has been observed previously [14, 70, 108]. CO adsorption on bare Pd(111) is compared with CO
adsorption on oxygen covered Pd(111), to obtain information on the CO-O interaction. Oxygen
saturation has been achieved by exposure at PO2=5 ·10 -7 mbar at 300 K for≈5 minutes. Directly
afterwards, the sample was cooled down to perform the CO adsorption experiments at 110 K.
A pulse time of 266 ms and a CO molecular beam flux of 1.2 ·10 14 has been chosen for these
experiments.
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The sticking coefficient and the adsorption energy as a function of the CO coverage is given in
Figure 10.2. All shown results are the average of at least three independent measurements. Due
to transient CO adsorption during the pulse and CO desorption in between the pulses at high CO
exposures, which will be discussed in more detail below, the sticking coefficient remains rela-
tively high close to saturation. On pristine Pd(111) at 110 K, the initial CO sticking coefficient

Abbildung 10.2: Sticking probability and adsorption energy for CO, measured at 110 K, plotted
versus the CO coverage on bare Pd(111) (black square scatters) and after 5 min
oxygen exposure at PO2=5·10 -7 mbar at 300 K (red circular scatters). The green
triangular scatters show the sticking coefficient and adsorption energy for CO,
measured at 300 K on bare Pd(111).

of 0.84 is slightly lower than the literature value of 0.92-0.95, measured under similar conditi-
ons [242, 269, 283]. The initial adsorption energy of 149±2 kJ/mol is in reasonable agreement
with the binding energy, measured by Ertl et al. (142 kJ/mol) with TPD [269] and in excellent
agreement with earlier SCAC-results (149±3 kJ/mol) [205].
The CO sticking coefficient on Pd(111) is approximately constant until a CO coverage of 0.35,
which indicates precursor mediated adsorption. Examples for such a behavior can be widely
found in the literature [156, 284]. Whereas the sticking coefficient is approximately constant
until a coverage of 0.35, the adsorption energy drops to a lower value at a coverage of 0.23. A
sudden decrease in the desorption energy at ΘCO=0.33 has been observed in TPD studies by Ertl
et al. and associated with a transformation of the adsorbate structure. The prominent decay of
Eads and S at the coverage 0.35 can be rationalized with the transformation of the p(

√
3x
√

3)R30◦

phase into the c(2x4) phase at ΘCO≥0.33, observed in previous studies [163–165]. A lower ad-
sorbate binding energy in the more dense c(2x4) phase is expected due to stronger adsorbate-
adsorbate interactions.
The adsorption energy reaches a constant value at a coverage of 0.64±0.05 and the sticking
probability remains constant at a CO coverage of 0.7-0.8. It can be additionally considered at
which coverage the heat, which is evolved per pulse on the sample, reaches a constant value. At
ΘO>0.75, the heat release changes by less than 4 % with respect to the initial heat release. In

102



good agreement between the sticking measurements and the consideration of the heat release per
pulse, saturation of the surface is reached at ΘCO ≈ 0.75. This value agrees with the literature
[82, 146, 146, 162, 165, 275, 275]. As mentioned before, the relatively high sticking coefficient
of ≈0.4 at saturation can be explained with transient CO adsorption of ∼10 13 molecules cm–2

during the pulse and the same amount of molecules desorbing in between the pulses.
S(0) of CO on O/Pd(111) is slightly lower (0.81±0.01) and the adsorption energy is significantly
lowered by 35±4kJ/mol compared to CO adsorption on bare Pd(111). The sticking coefficient
is constant until the CO coverage reaches a value of about 0.2 and decays at higher coverages,
whereas the adsorption energy already starts to decay at higher CO coverages than 0.08. At a
coverage of ∼0.4, Eads and the sticking coefficient remain constant. T0.17 Thus saturation of
the Pd surface sites is reached at this coverage. The measured heat release per pulse remains
constant at a coverage of ∼0.46.
In the following, changes in the sticking coefficient and the adsorption energy as a function of
the CO coverage on oxygen covered Pd(111) are compared with changes in the adsorbate phases
observed in previous structural and spectroscopic studies.
The saturation coverage of CO is in agreement with the structural model of a mixed c(2x1) phase
together with a pure p(

√
3x
√

3)R30◦CO phase, as one expects a total CO coverage of 0.42 from
the adsorbate phases, determined with microscopic studies [14, 69, 70]. If the (2x1) phase was
a pure oxygen phase as has been suggested by other authors [108, 109], the total CO coverage
was ∼0.17, which is definitely not the case.
During the transformation of the oxygen p(2x2) overlayer into the p(

√
3x
√

3)R30◦ phase, which
is completed at ΘCO = 0.08, the sticking coefficient and the adsorption energy are approximately
constant. Upon further CO exposure, the c(2x1) structure is formed, which coincides with a de-
crease of the sticking coefficient at a CO coverage which is higher than 0.08. From the literature
data, it is not clear if the mixed c(2x1) is formed in a stepwise process, i.e. initial formation of
the c(2x1)O phase and subsequent CO adsorption in this phase or if these two processes happen
simultaneously.
In the first case, saturation of the c(2x1)O phase would occur at ΘCO=0.17. Figure 10.2 shows a
pronounced decay of the CO sticking probability and the adsorption energy as the CO coverage
reaches ∼0.2. This indicates, that the mixed c(2x1) phase is formed in a stepwise process. Fur-
ther investigations with IRAS or PES are necessary to verify this hypothesis, however.
As a comparison to the above results, the adsorption energy and sticking coefficient as a functi-
on of the coverage, obtained at 300 K on bare Pd, is shown in Figure 10.2. The initial sticking
coefficient of 0.73 is lower than the sticking probability of 0.85±0.01 measured at 110 K. In
comparison to the measurements at 110 K, the sticking coefficient and adsorption energy decay
prominently at ΘCO∼0.2. The heat release per pulse reaches a constant value at a coverage of
0.47-0.53, the sticking probability remains constant at ΘCO > 0.53. Accordingly, the saturation
coverage, determined in the present studies, is ∼0.5. This is in good agreement with the CO
saturation coverage of 0.5 found in the literature for CO adsorption at 300 K. The adsorption
energy at this coverage is 86±5 kJ/mol.
Compared to the measurements at 110 K, the sticking coefficient, measured at 300 K, starts to
decay at lower coverages. This could be explained by a shorter lifetime of the precursor state at
higher temperatures. Accordingly, less ordered adsorption structures would be formed, resulting
in a decay of Eads at lower CO coverages [165]. Due to the less compact adsorbate structures
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close to saturation, the adsorption energy in this regime is higher at 300 K. Significantly less
transient CO adsorption/desorption at 300 K results in a decay of the CO sticking coefficient to
lower values close to saturation at this temperature.

10.4 CO adsorption on bare and oxygen covered Pd/Fe3O4

10.4.1 Sticking coefficient and coverage

Abbildung 10.3: CO sticking probability on Pd/Fe3O4 at 110 K for the Pd deposition coverage
1.5 Å (2.9 nm) and 4 Å (3.4 nm), plotted versus the number of adsorbed CO
molecules. The black and green scatters show the sticking probability on the
Pd/Fe3O4 systems as prepared and after an oxygen exposure of 4·10 16 mole-
cules cm–2 at 300 K.

Figure 10.3 shows the CO sticking coefficient on supported Pd nanoparticles with the Pd depo-
sition coverages 4 Å (3.4 nm) and 1.5 Å (2.9 nm) after preparation (black squares) and after
oxygen exposure at PO2=5 ·10 -7 mbar for t=5min. The modulation of the molecular beam is
similar to the equivalent measurements on Pd(111).
Based on the results of chapter 7, the diffusion length of CO on iron oxide was estimated to be
in the micrometer range at 110 K. Accordingly, the capture zones would completely cover the
Fe3O4 surface.
The initial sticking coefficient of 0.82±0.02 and 0.79±0.02 for the Pd deposition coverages 4
Å (3.4 nm) and 1.5 Å (2.9 nm) are similar to the sticking coefficient of 0.84±0.01 on Pd(111).
The sticking coefficient is constant over a wide coverage range, both on oxygen covered and on
bare Pd/Fe3O4.
The sticking probability strongly decays as the number of adsorbed CO molecules reaches
0.56·10 15 and 0.39·10 15on bare Pd nanoparticles for the Pd deposition coverages 4 Å (3.4 nm)
and 1.5 Å (2.9 nm). On the oxygen covered Pd nanoparticles, the sticking coefficient decays as
the number of adsorbed CO molecules reaches 0.33·10 15 and 0.22·10 15 for the Pd deposition
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System kdes / s–1 System kdes / s–1

Pd(111) 1.1±0.1 O/Pd(111) 1.1±0.2
4 Å Pd/Fe3O4 2.1±0.1 O/4 Å Pd/Fe3O4 2.1±0.2
1.5 Å Pd/Fe3O4 2.3±0.2 O/1.5 A Pd/Fe3O4 2.2±0.3
Fe3O4 2.1±0.2 O/Fe3O4 2.0±0.3

Tabelle 10.1: Desorption rate of CO from Pd(111), Pd/Fe3O4 and from bare Fe3O4 per time and
number of adsorbed molecules at T=110 K on the bare surfaces and with oxygen
exposure at T=300 K prior to the measurements (O/”catalyst”)

coverages 4 Å and 1.5 Å . The sticking probability decays to a constant, non-zero value which is
the same for the two particle sizes and is not changed by the oxygen treatment. Due to transient
CO adsorption close to saturation, a quasi-steady state regime is reached where the number of
adsorbed molecules during the pulse equals the number of molecules which desorb in between
the pulses.
In this regime, the QMS intensity, which is measured after closing the beam shutter until the
next pulse impinges on the surface can be used to model the CO desorption rate. Details on this
evaluation are given in Chapter 5. Shortly, the QMS intensities on the sample and on the gold
reference are compared to separate the decay of the QMS intensity due to desorption and due to
the chamber behavior. To determine the desorption rate, it is assumed that CO desorbs in a first
order process. Furthermore, it is assumed that the coverage dependence of the desorption rate
can be neglected for the increase in the CO coverage within one pulse.
The desorption rate for CO on Pd(111) and Pd/Fe3O4 with and without O2 exposure is given in
Table 10.1. O/”catalyst” indicates, that the model systems have been exposed to 4·10 16 O2 mo-
lecules cm–2 at 300 K prior to the measurement. Each value is the average of typically three to
six independent measurements. To model the desorption rate, it is assumed that CO desorption
is a first order process and that the coverage dependence of the desorption rate can be neglected.
The latter assumption is justified by the fact that only∼7·10 13 CO molecules adsorb during one
pulse on the model catalysts in the CO saturation regime. It has been often observed, that the
desorption rate in the first ∼1000 ms after the chopper closes is slightly higher than the subse-
quent desorption rate. Table 10.1 shows the initial desorption rate after the chopper closes.
The oxygen desorption rates from Pd/Fe3O4 are identical within the error to the desorption rates
from Fe3O4. Accordingly, transient CO adsorption on Pd/Fe3O4 during the on time of the pulse
can be attributed to CO adsorption on Fe3O4. The observation that the desorption rate is the same
from oxygen covered Pd/Fe3O4 and from pristine Pd/Fe3O4 would be in line with this result. It
is also possible that CO additionally desorbs from the Pd nanoparticles with a similar desorption
rate. The determined desorption rate of 1.1±0.1 s–1 from Pd(111) and from O/Pd(111) is signi-
ficantly lower than the desorption rate from the Pd/Fe3O4 catalysts of ∼2.1 s–1. As discussed in
chapter 7, the desorption prefactor for CO from Fe3O4 is estimated to be νdes=2 ·10 -11-2 ·10 -12

s–1 by assuming that the measured adsorption energy of 25 kJ/mol equals the desorption barrier.
Saturation of the Pd/Fe3O4 model catalysts can be assumed to be reached after the pronounced

decay of the CO sticking probability in Fig. 10.3. The total number of adsorbed CO molecules
may be rationalized by considering the abundance of the different Pd facets on the Pd nanopar-
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Adsorbed CO molecules / 10 15 cm2

as prepared as prepared
estimated measured

Pd(111) 1.14 1.19
4 Å PdFe3O4 0.90 0.84
1.5 Å PdFe3O4 0.40 0.54

Tabelle 10.2: Estimated number of adsorbed CO molecules based on the CO coverage on the
single crystal facets and the particle morphology (see text) compared with the mea-
sured number of adsorbed CO molecules on Pd catalysts.

ticles and their respective CO saturation coverages.
Recent STM studies on 20-30 nm large Pd nanoparticles, supported on TiO2, showed that the
CO adsorbate structures on the (111) facet of supported particles are identical to the ones on
the Pd(111) single crystal [33]. No structural studies on the Pd(100) facet of Pd nanoparticles
have been performed however. It is unclear if ordered adsorbate structures are also formed on
the significantly smaller Pd nanoparticles which are used in the present studies. It is interesting
though to consider the case that the CO phases which have been observed on the Pd(111) and
Pd(100) facets are also formed on the respective facets of the Pd nanoparticles and compare the
corresponding number of adsorbed molecules with the experimentally observed ones.
Based on this consideration, the CO saturation coverage on the Pd nanoparticles can be esti-
mated by taking into account the ratio of (111) facets (80 %) to (100) facets (20 %) and the
saturation coverage of CO at 110 K on these facets. On Pd(100), a saturation coverage of 0.75
has been determined by various groups [146, 276–281] and a saturation coverage of 0.75 has
been determined on Pd(111) in recent studies [82, 146, 162, 165, 275]. Based on the abundance
of the (111) and (100) facets, the CO saturation coverage on these facets and the number of sur-
face Pd atoms, the number of CO molecules that are expected to adsorb on the freshly prepared
Pd/Fe3O4 catalysts was calculated and is given in Table 10.2. Note, that the number of adsorbed
CO molecules is given in 10 15 cm–2 in contrast to Figure 10.2.
Table 10.2 shows, that the estimated CO coverage on Pd(111) of 1.14·10 15 cm–2 is in a good
agreement with the measured value of ∼1.19·10 15 cm–2. For the Pd deposition coverage 4 Å
(3.4 nm), the estimated number of adsorbed CO molecules of 0.90·10 15 cm–2 is in reasona-
ble agreement with the experimentally determined value of ∼0.84·10 15 CO molecules cm–2.
∼0.54·10 15 CO molecules cm–2 are adsorbed for the Pd deposition coverage 1.5 Å (2.9 nm).
This value is significantly higher than the estimated number of adsorbed CO molecules of
0.40·10 15 cm–2. The larger discrepancy between the measured and the estimated number of
adsorbed CO molecules for the smallest particle size can be explained with a larger error in the
estimation of the CO coverage or of NPd,surf. But as mentioned above, it is also possible that no
ordered adsorbate structures are formed on the smaller Pd nanoparticles.
Due to the saturation of the Pd catalysts with O2, the number of adsorbed CO molecules de-

creases. The difference in the number of adsorbed molecules between the bare catalysts and the
oxygen covered catalysts is determined to be ∼0.6·10 15 CO molecules cm–2 , 0.29·10 15 CO
molecules cm–2 and 0.18·10 15 cm–2 on Pd(111), 4 Å Pd/Fe3O4 (3.4 nm) and 1.5 Å Pd/Fe3O4
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(2.9 nm).

10.4.2 Adsorption energy

Abbildung 10.4: CO adsorption energy as a function of the number of adsorbed CO molecules
at 110 K for the Pd deposition coverage 4 Å (3.4 nm) and 1.5 Å (2.9 nm),
supported on Fe3O4. The black square scatters show the adsorption energies
on the freshly prepared systems, the gray triangular scatters show the adsorp-
tion energy after O2 exposure at PO2=5 ·10 -7 mbar for t=5min directly after
preparation.

The adsorption energy of CO on bare Pd/Fe3O4 and on oxygen covered Pd/Fe3O4 is shown in
Figure 10.4 for the Pd deposition coverages 4 Å (3.4 nm) and 1.5 Å (2.9 nm). Analogous re-
sults for adsorption experiments on Pd(111) are shown in Fig. 10.2. The data corresponds to
the same experimental data used to calculate the sticking coefficients, discussed above. The in-
itial CO adsorption energies of 142±6 kJ/mol and 134±4 kJ/mol are in reasonable agreement
with the adsorption energies of 134±4 kJ/mol and 125±5 kJ/mol, measured previously with
SCAC at 300 K on Pd/Fe3O4 systems. The Pd/Fe3O4 catalysts, used for the studies at 300 K
have been prepared with the identical preparation procedure as the systems which are used for
the present studies at 110 K [205, 229]. Figure 10.4 shows that the CO adsorption energy on
Pd/Fe3O4 decreases strictly monotonically with an increasing number of adsorbed molecules,
whereas it is constant until the number of adsorbed CO molecules reaches a value of 0.55·10 15

cm–2 on Pd(111). The CO adsorption energy on O/Pd/Fe3O4 is reduced by 47±6 kJ/mol and
42±5 kJ/mol for the Pd deposition coverages 4 Å (3.4 nm) and 1.5 Å (2.9 nm) with respect
to the bare catalysts. This decrease is the result of adsorbate-adsorbate interactions between CO
and oxygen.
It is remarkable that the slope of the CO adsorption energy as a function of the number of
adsorbed CO molecules on oxygen covered Pd/Fe3O4 is roughly the same as the one on bare
Pd/Fe3O4. On bare Pd(111), the adsorbate structures transform from a p(

√
3x
√

3)R30◦ phase
into a c(2x4) phase, a c(2x2)3-CO phase is formed at the highest CO exposures [14, 82, 146,
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146, 161–165, 275]. On oxygen covered Pd(111), where a p(2x2)O structure is present, separa-
te
√

3x
√

3)R30◦O and
√

3x
√

3)R30◦CO domains are formed upon CO exposure. At the highest
CO exposures, a high density c(2x1) phase was observed which was found to be accompanied by
a p(
√

3x
√

3)R30◦CO phase [14, 69, 70, 106–109]. Thus, CO adsorption on an oxygen covered
Pd(111) surface leads to significantly different CO adsorbate phases than on bare Pd(111). If it
is assumed that similar adsorbate transformations also occur on the Pd nanoparticles, a different
coverage dependence of the CO adsorption energy would be expected on bare and on the oxygen
covered Pd nanoparticles.
But Fig. 10.4 shows a very similar dependence of the CO adsorption energy on the number of
adsorbed molecules on bare and on oxygen covered Pd nanoparticles.
Figure 10.5 shows the difference in the CO adsorption energy between pristine Pd and oxygen

Abbildung 10.5: Difference between Eads for CO on bare Pd and after O2 exposure at PO2=5
· 10 -7 mbar for t=5 min (Ediff) as a function of the number of adsorbed CO
molecules. The black square scatters, the dark gray triangular scatters and the
bright gray circles show Ediff for adsorption on Pd(111), 4 Å Pd/Fe3O4 and
1.5 Å Pd/Fe3O4

covered Pd (Ediff) as a function of the coverage. Ediff is a measure for the change of the CO
binding strength due to the presence of oxygen on the catalyst. Ediff is initially 40-50 kJ/mol and
only slightly differs for the three systems. As discussed above, CO adsorption on oxygen cover-
ed Pd(111) leads to the formation of a dense coadsorbate structure at ΘCO=0.17 on O/Pd(111),
which causes a decay in the CO adsorption energy, whereas an analogous decrease in the adsorp-
tion energy is observed at higher coverages on bare Pd(111). As a consequence, Ediff is roughly
constant until the number of adsorbed CO molecules is 0.17, reaches a maximum shortly before
Eads decays on Pd(111), and decreases at higher CO exposures.
On the supported systems, Ediff is roughly constant until CO saturation is reached for both Pd
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deposition coverages. Accordingly, the difference in the CO adsorption energy due to saturation
with oxygen is largely independent of ΘCO on Pd/Fe3O4.

10.5 Summary

CO-O coadsorption experiments on Pd(111) and Pd/Fe3O4 have been discussed in this chapter.
The experiments were performed at a temperature of 110 K at which no CO2 evolution occurs.
The sticking data shows that CO adsorbs via precursor states on all three substrates. On oxy-
gen covered and bare Pd/Fe3O4, transient CO adsorption occurs in a weakly bound, physisorbed
state on Fe3O4 close to CO saturation, although it cannot be excluded that transient CO adsorp-
tion occurs on the Pd nanoparticles as well. The CO desorption rate was modeled based on the
assumption that CO desorption is a first order process and that the CO desorption energy is con-
stant during the adsorption of ∼7·10 13 molecules cm–2. The desorption rate is determined to be
∼2.1 s–1.
The measured CO coverage on bare Pd(111) and on oxygen covered Pd(111) is in good agree-
ment with the literature data. Based on the number of adsorbed CO molecules on Pd/Fe3O4
catalysts, it can be estimated that the CO coverage on the nanoparticle facets is comparable to
the one on the respective single crystals in both cases.
The initial CO adsorption energy on pristine Pd(111) and on Pd/Fe3O4 is in agreement with
earlier SCAC measurements. Due to CO-O interactions, the CO adsorption energy decreases by
35±4 kJ/mol on Pd(111). This energy difference increases at an intermediate CO coverage and
decreases again close to CO saturation. In contrast, CO-O interactions cause a decrease in the
CO adsorption energy by 40-50 kJ/mol on oxygen covered Pd/Fe3O4 catalysts. This value is
largely independent of the CO coverage until saturation.
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11 CO oxidation

Catalytic oxidation of CO on platinum group metals is one of the most widely studied surface
reactions, partially due to its relatively simple mechanism but also due to its practical importan-
ce. Nevertheless, information from experimental studies on the energetics of the various reaction
steps on single crystal facets and especially on supported nanoparticles is still incomplete.
The energetics of oxygen adsorption and CO adsorption on the oxygen covered catalysts, inves-
tigated with the current SCAC setup, has been discussed in the previous chapters. In this chapter,
our results on transient CO2-evolution and the energetics of the reaction steps of the CO oxida-
tion reaction on oxygen covered catalyst will be discussed.
In the first section of this chapter, the CO oxidation experiments on Pd(111) and Pd/Fe3O4 ca-
talysts with the Pd deposition coverage 4 Å Pd (3.4 nm) and 1.5 Å Pd (2.9 nm) are discussed.
In the second section, an estimate for the surface reaction energies of the three systems is given
and the relative reaction energies on Pd(111) and Pd/Fe3O4 are compared.

11.1 Introduction

An introduction on the CO oxidation reaction on Pd facets and Pd nanoparticles has already been
given in chapter 2. The overall reaction, which occurs via a Langmuir-Hinshelwood-mechanism,
can be separated into several reaction steps: (i) the dissociative adsorption of O2, (ii) the mole-
cular adsorption of CO, (iii) the recombination of adsorbed CO and O and (iv) the desorption
of CO2. The literature on CO oxidation shows that the reaction constant is strongly dependent
on the chemical composition of the surface and the surface concentration of CO and oxygen.
The activation energy for CO oxidation on Pd(111) was found to be ∼105 kJ/mol for small
CO and oxygen coverages [65, 66], ∼67 kJ/mol for ΘCO < 0.25 on an oxygen covered surface
[65, 66, 68] and ∼41 kJ/mol at the highest CO and oxygen exposures [70].
The various mixed CO-O adsorbate structures, introduced in Chapter 10, were observed to ex-
hibit different activities in the CO oxidation reaction. At 300 K on Pd(111), no reaction could
be detected before or during compression of the oxygen p(2x2) phase into the (

√
3x
√

3)R30◦

structure and reaction in the (
√

3x
√

3)R30◦ phase has not been observed below 200 K, while
reaction of the mixed c(2x1) adsorbate structure was found at temperatures as low as 136 K
[69, 70, 108]. Also on Pd(100), an increased reactivity towards CO oxidation has been observed
at higher adsorbate coverages: increasing the oxygen coverage from 0.04 to 0.24 at a fixed CO
coverage of ΘCO=0.05 leads to a decrease of the TPR peak from 422 K to 360 K [94].
Structure, size and support effects for CO oxidation on Pd have been observed. Matolin et al.
found an activation barrier of 32 kJ/mol and 19 kJ/mol for CO oxidation on oxygen covered Pd
nanoparticles with the particle sizes 27 nm and 2.5 nm, supported on α-Al2O3. An activation
energy of 45 kJ/mol was found on oxygen covered Pd(111) [34, 68]. Due to the capture zone
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effect, the turnover rate on Pd nanoparticles of different sizes supported on alumina have been
observed to vary by one order of magnitude [26, 27]. Matolin et al. studied the reactivities of
Pd nanoparticles of similar sizes supported on alumina supports which have been either oxidi-
zed, reduced or annealed prior to the experiment. Qualitative changes in the reactivity have been
observed on these different supports [73]. For Pd nanoparticles with a smaller diameter than 4
nm, supported by mica [20, 201, 202], MgO [203] or γ-Al2O3 [29, 44, 72, 74], dissociative CO
adsorption could be detected in several studies, whereas this has not been observed for larger
particles. Dissociative CO adsorption may lead to carbon poisoning during the reaction.
Libuda et al. studied the particle size dependence of the the CO oxidation reaction with molecu-
lar beam experiments as a function of the relative fluxes of CO and O2 on Pd/Al2O3 [78–80, 82].
At a low relative CO flux, where the nanoparticles are mainly covered by oxygen, CO adsorpti-
on is the rate limiting step: In this regime, the turnover rate was found higher on 6 nm-sized Pd
nanoparticles compared to 1.8 nm-sized Pd nanoparticles by a factor of more than 2. At a high
relative CO flux, the surface is almost completely CO covered and dissociative O2 adsorption is
the rate limiting step: In this regime, the turnover rate was observed to be higher on the smaller
Pd nanoparticles. On 6 nm-sized Pd nanoparticles, strong changes in the IRAS features were
observed as a function of the relative CO flux whereas these changes were found to be signifi-
cantly weaker on Pd nanoparticles with the average size 1.8 nm. Communication effects could
be observed in transient measurements on Pd/Al2O3 [76, 80, 81].

11.2 Reactivity measurements

Abbildung 11.1: Plot of the oxygen and CO coverage together with the CO2 release versus the
pulse number on Pd(111). The corresponding adsorption measurement has be-
en performed on an oxygen covered Pd(111) single crystal at 300 K with a
chopper opening time of 500 ms and a CO flux of 1.8·10 14 cm–2.

In the following section, the CO2 evolution during CO exposure of different oxygen covered Pd
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surfaces at 300 K is compared. Similar to the coadsorption experiments at ∼110 K, described in
the previous chapter, the Pd surfaces have been exposed to 5·10 -7 mbar O2 at 300 K for ∼5 mi-
nutes. Subsequently, CO dosing was performed via the molecular beam with a chopper opening
time of 500 ms and a flux of 1.8·10 14 cm–2 at 300 K.
The CO and oxygen concentration together with the CO2 release from such an experiment on
Pd(111) is plotted versus the pulse number in Fig. 11.1. The CO coverage versus the pulse num-
ber has been measured directly in the CO sticking measurements. The initial oxygen coverage
has been experimentally determined in Chap. 8. The variation of the oxygen concentration with
the pulse number was determined based on the dependence of the CO2 intensity with the pulse
number.
Fig. 11.1 illustrates that CO adsorbs on Pd and additionally reacts with adsorbed oxygen to CO2
at 300 K. With increasing pulse number, the adsorbed oxygen is consumed while CO covers the
catalyst. The initial oxygen coverage of 0.35 decays to zero with increasing pulse number while
the CO coverage increases to 0.5.
The CO2 release is low at the beginning of the reaction and mainly CO adsorption takes place.
With increasing CO coverage, the reaction rate increases and reaches a maximum between pulse
number 8 and 18. The induction period for CO oxidation on Pd(111) is well documented in the
literature [14, 67, 69, 70, 77, 168, 285] and has been attributed to the compression of the p(2x2)
phase into the (

√
3x
√

3)R30◦ overlayer structure, as CO only reacts with the latter phase at 300
K [14, 65, 69, 70].
In Figure 11.2, the CO2-release on O/ Pd(111) and on O/[Pd/Fe3O4]1, for the Pd deposition

Abbildung 11.2: Comparison of the CO2 release on O/Pd(111) (black scatters) and on
O/[Pd/Fe3O4] with the Pd deposition coverage 4 Å (3.4 nm) (wine scatters)
and 1.5 Å (2.9 nm) (olive scatters) Pd at 300 K versus the pulse number.

coverages 4 Å (3.4 nm) and 1.5 Å (2.9 nm), versus the pulse number is shown.
On O/Pd(111), 2·10 12 CO2 molecules cm–2 are evolved during the first pulse, whereas 8·10 12

CO2 molecules cm–2 and 15·10 12 CO2 molecules cm–2 are evolved on Pd nanoparticles with
the Pd deposition coverages 4 Å (3.4 nm) and 1.5 Å(2.9 nm). The CO2 release is significantly
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Surface S(0) NPd,surf /cm–2 NCO/NPd,surf
Pd(111) 0.66 1.53 ·10 15 0.03
4 Å Pd/Fe3O4 0.63 1.20 ·10 15 0.04
1.5 Å Pd/Fe3O4 0.40 5.32 ·10 15 0.05

Tabelle 11.1: Initial CO sticking coefficient, number of surface Pd atoms and ratio of adsorbed
CO molecules to surface Pd atoms after the first pulse on Pd(111) and Pd/Fe3O4
for the Pd deposition coverages 4 Å (3.4 nm) and 1.5 Å (2.9 nm).

higher on the Pd/Fe3O4 catalysts. As only the reactivity on catalysts with a similar surface con-
centration of the reactive adsorbates can be directly compared, the different CO concentrations
on the three catalysts after the first pulse have to be considered. Taking into account the initial
CO sticking coefficient and the number of surface Pd atoms, given in Table 11.1, the fraction of
the number of initially adsorbed CO molecules per surface Pd atom is calculated. Although the
CO coverage on Pd(111) after the first two pulses is 17-50 % larger as that on O/[Pd/Fe3O4]1
after the first pulse, the number of evolved CO2 molecules is 50-73 % lower on O/Pd(111) com-
pared to the oxygen covered Pd nanoparticles. The reaction rate on O/Pd(111) does not reach
the initial reaction rate on Pd nanoparticles with the deposition coverage 1.5 Å (2.9 nm).
Consequently, the CO oxidation rate is higher on Pd/Fe3O4 compared to Pd(111). The higher
initial reaction rate on Pd nanoparticles, and the absence of an induction period, might be caused
by a more rapid reaction on the Pd facets or by a fast reaction on different reaction sites such as
the ones at the particle periphery, which has been suggested in the literature [220, 286].

11.3 Energetics of the CO oxidation reaction

The experimental strategy for determining the energetics of the CO oxidation steps on Pd(111)
and Pd/Fe3O4 is illustrated in Fig. 11.3 and has already been discussed in Chap. 10. ∆E1 can be
determined from the SCAC data of O2 adsorption on Pd, ∆E2 corresponds to the CO adsorption
energy on O/Pd, discussed in the previous Chapter. To obtain ∆E3 experimentally, CO adsorption
measurements on oxygen covered Pd(111) and Pd/Fe3O4 can be performed at temperatures at
which CO2 evolution occurs. This is indicated in Fig. 11.3. During CO adsorption on O/Pd at
T=300 K, CO may react with adsorbed oxygen to CO2 or adsorb permanently on Pd. As the CO
adsorption energy on oxygen covered Pd is known from the CO adsorption measurements on
oxygen covered Pd surfaces at 110 K, this contribution can be taken into account to determine
∆E3.
Attempts to probe ∆E3 with this procedure failed however due to the low reaction probability of
CO with O on Pd at T=300 K of ∼1 %. As the absolute number of evolved CO2 molecules is
very low compared to the number of adsorbed CO molecules on Pd(111) and Pd/Fe3O4 at 300 K,
the error in the determined reaction heat is very high after substraction of the large contribution
due to CO adsorption.
An alternative route to determine ∆E3 is illustrated in Fig. 11.4. The gas phase reaction energy

∆E4 can be obtained from thermodynamic tables, ∆E4 = 282 kJ/mol [287]. As the energy of a
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Abbildung 11.3: Schematic illustration of the reaction steps of the CO oxidation in the limiting
case of a reaction on an oxygen covered surface. A sketch of an experimental
procedure for determining the energetics of these three steps also shown.

system is a state function, the total energy change during a reaction is independent of the reaction
path. Accordingly, ∆E3 can be obtained as follows:

∆E3 = ∆E4−∆E2−∆E1 (11.1)

The estimated energies of the different CO oxidation reaction steps are given in Tab. 11.2. As
discussed below, two different cases which lead to the energy contributions ∆E1,DPd and ∆E1,DO,
are considered for CO2 evolution on Pd/Fe3O4.
∆E1 is the adsorption energy of 1/2 mole oxygen molecules on the oxygen covered surface. On
Pd(111), oxygen was observed to adsorb on Pd(111) in a p(2x2) phase. Accordingly, ∆E1 for
Pd(111) is 1/2 of the O2 adsorption energy at the saturation coverage of this phase and amounts
to 60-93 kJ/mol.
The sticking measurements on Pd/Fe3O4 directly after preparation showed that after formation
of an adsorbate layer on Pd, a second species with a lower formation energy is formed. For the
determination of ∆E1, it is necessary to know whether this weakly bound species participates in
the reaction or not.
It was discussed in Chapter 9, that oxygen may diffuse into the oxide or occupy subsurface Pd
sites at high oxygen exposures. Considering the boundary case that oxygen exclusively diffuses
into Pd, this weakly bound species could participate in the CO oxidation reaction. Accordingly,
∆E1 would be the adsorption energy measured at the highest oxygen exposures in the oxygen
sticking measurements. The corresponding energy values for 1/2 mole of oxygen are denoted as
∆E1,DPd in Tab. 11.2.
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Abbildung 11.4: Schematical representation of the reaction steps of CO oxidation starting from
an initially oxygen covered surface. The corresponding energy changes are in-
dicated together with a sketch of the reaction system at each step.

Catalyst ∆E1 ∆E2 ∆E3
Pd(111) 60-93 104 84-117
Catalyst ∆E1,DPd ∆E1,DO ∆E2 ∆E3,DPd ∆E3,DO

4 Å Pd/Fe3O4 32 - 47 80-100 95 140 - 155 91-111
1.5 Å Pd/Fe3O4 40 - 73 80-100 92 116 - 149 94-114

Tabelle 11.2: Energy changes during the reaction steps of the CO oxidation reaction starting
from an oxygen covered surface, the nomenclature is analogue to Figure 11.4. All
energies are given in kJ/mol. ∆E1,DPd and ∆E3,DPd correspond to ∆E1 and ∆E3 for
the case that CO reacts with the weakly bound oxygen species on Pd. ∆E1,DO and
∆E3,DO correspond to ∆E1 and ∆E3 when assuming that CO exclusively reacts with
adsorbed oxygen on the Pd nanoparticles

The second boundary case that oxygen exclusively diffuses into the oxide at high oxygen ex-
posures has been discussed in Chap. 9 as well. By assuming, that CO does not react with this
weakly bound species at 300 K, ∆E1 would correspond to the oxygen adsorption energy close
to saturation of the surface Pd sites on the Pd nanoparticles. This energy contribution is denoted
as ∆E1,DO in Tab. 11.2. As the coverage at which the saturation coverage is formed had to be
estimated, this value may be subject to an additional systematic error.
The second step in the reaction path is CO adsorption on O/Pd in the limiting case of a zero CO
coverage, the corresponding energy contribution ∆E2 is also shown in Tab. 11.2 for the three
different catalysts.
The surface reaction energy ∆E3 is a very interesting quantity, as it reflects the gain in the total
energy if the reaction takes place. As discussed above, this energy contribution can be estima-
ted by using Equ. 11.1. It is assumed in this evaluation, that adsorbed CO reacts with the most
weakly bound oxygen species on Pd. In case of for example a reaction of trapped CO on Fe3O4
at the particle periphery, ∆E3 may be different.
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Table 11.2 lists two values for the surface reaction energy on the supported catalysts. ∆E3,DPd
corresponds to the energy contribution for the case that CO reacts with the weakly bound O spe-
cies that forms in addition to adsorbed oxygen on the Pd nanoparticles. For this case, the reaction
energy would be ∼40 kJ/mol higher on Pd/Fe3O4 compared to Pd(111) for the two deposition
coverages used here. ∆E3,DO shows the surface reaction energy for the boundary case that oxy-
gen exclusively reacts with adsorbed oxygen on the Pd nanoparticles. The range of ∆E3,DO is
similar to the one of ∆E3, thus the reaction energy for that case would be similar on Pd(111) and
on Pd/Fe3O4 for the two deposition coverages, used here.

11.4 Summary

In this chapter, the CO oxidation reaction on Pd(111) and on supported Pd nanoparticles with
the particle sizes 3.4 nm and 2.9 nm have been discussed. It was shown that the turnover rate is
more than two times higher on Pd/Fe3O4 than on Pd(111) at the lowest CO coverages used here.
The energetics of the CO oxidation path on O/Pd(111) and O/[Pd/Fe3O4]1 has been discussed.
To determine the surface reaction energy ∆E3, two boundary cases have been considered in
which oxygen either reacts with the weakly bound species that forms in addition to the oxygen
adsorbate layer on Pd or not. In the former case, the reaction energies in the oxygen saturation
regime are determined to be ∼40 kJ/mol higher on Pd nanoparticles with the Pd deposition
coverages 4 Å and 1.5 Å. For the case that oxygen exclusively reacts with adsorbed oxygen
on the Pd nanoparticles, the estimated surface reaction energies on Pd/Fe3O4 in the oxygen
saturation regime is similar to the estimated surface reaction energy on Pd(111).
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12 Adsorption of Propylene oxide on chirally
modified Pt(111)

Chiral molecules are found in two enantiomeric forms which are non-superimposable mirror
images of each other. These two enantiomers often react differently with other chiral molecules.
One enantiomer of a drug may be effective in the treatment of a disease while the other enantio-
mer may be very harmful.
Therefore, there is an increasing need of chiral synthesis in pharmaceutical and agro industries
[110, 111]. Today, homogeneous catalysts are used predominantly for the enantioselective syn-
thesis in the industry but due to the numerous advantages of heterogeneous catalysts such as the
easier handling and lower operational costs, the development of enantioselective heterogeneous
catalysts is of an immense practical importance.
One approach towards asymmetric heterogeneous catalysis is via the chiral modification of sur-
faces. One enantiomer of a so called modifier is adsorbed on the surface to impose chirality to
the surface. Subsequently, the reactant, which is a different molecule than the modifier, adsorbs
enantioselectively on this modified surface. In some cases enantiomeric excesses of up to 93 %
could be achieved with this strategy [114, 288, 289].
As the mechanism of this process is still unclear, we employ SCAC in order to obtain quantita-
tive information on the energetics of the interaction between modifier and reactant as a function
of the reactant coverage. The information, gained by such a study, could contribute to a more
detailed understanding of the reaction process.
In this chapter, SCAC results on the enantioselective adsorption of propylene oxide (PropO)
onto chirally modified Pt(111) by 1-(1-naphthyl)ethylamine (NEA) will be shown. In the first
section of this chapter, I will introduce relevant literature results. Subsequently, the evolution of
the NEA coverage as a function of the deposition time, probed by CO titration experiments, will
be discussed before the microcalorimetric data on PropO adsorption on NEA modified Pt(111)
is presented. In the end, I will compare the initial PropO adsorption energy for the two different
enantiomers on R-NEA.

12.1 Introduction

Two mechanisms have been identified to promote enantioselective adsorption on chirally mo-
dified surfaces: the modifier may form a one-to-one complex with the reactant on the catalyst
[119, 290–294]. Secondly, chiral modifiers may form a template on which specifically one reac-
tant enantiomer may adsorb [295, 296].
Successful examples for the application of the second approach are the hydrogenation of β -
ketoesters with tartaric acid modified nickel catalysts [112, 113] and the hydrogenation of α-
ketoesters using platinum catalysts, modified by cinchona alkaloids [114–121]. Cinchona alka-
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loids contain a quinoline ring which is believed to help anchor the modifier to the surface. A
tertiary amine group may bind to acidic centers and a chiral center may promote enantioselecti-
vity [297–299]. The most simple version of a combination of these functionalities are present in
NEA.
Adsorption of either NEA enantiomer leads to an enhanced number of adsorbed molecules of
the respective PropO enantiomer in some coverage range as has been observed with 2-butanol
[297, 300–302] and 2-Methylbutanoic Acid [297, 303] on Pt(111) and Pd(111). The narrow co-
verage range in which the enantiomeric effect is observed indicates a cooperative effect.
IRAS data of Zaera et al. indicates that at low coverages, NEA adsorbs with the amino group
towards the surface and the naphtalene ring standing up along its short axis on the surface at
low exposures, while after reaching 0.5-2/3 of the saturation coverage, NEA adsorbs with the
naphtalene ring standing up along its long axis on the surface [304, 305], the latter result is in
agreement with the STM and NEXAFS results of Lambert et al., who observed a tilting angle of
46±5◦ at saturation [306, 307]. On Pd(111) on the other hand, NEA seems to adsorbs in a flat
configuration with a random occupation of Pd sites at 265 K, the coverage has been estimated to
be ∼0.1 [308–310] while it is approximately 0.055 on Pt(111) [306]. On both surfaces, no long
range order of NEA can be observed. Upon heating the NEA-covered Pt(111) surface, dimeri-
sation with hydrogen elimination occurs at ∼320 K, further cleavage of C-H hydrogen bonds
happens in several steps between 410 K and 650 K.
PropO adsorbs molecularly on Pt(111) at T<180 K. Above this temperature, molecular desorp-
tion competes with decomposition of PropO [311]. Coadsorbed with NEA, another desorption
feature at ≈200 K is observed, indicating strong intermolecular interactions [304]. Zaera et al.
found, that adsorption of PropO and NEA with the same chirality leads to a higher desorption
temperature by 5 K with respect to PropO and NEA with opposite chirality. Furthermore, they
could show that significantly more PropO adsorbs on a surface covered by NEA with the same
chirality as opposed to adsorption on an NEA covered surface with the opposite chirality. This
effect is only observed at NEA coverages of 0.5-2/3. From the IRAS intensities of PropO adsor-
bed on a NEA covered surface, the same conclusion could be drawn.
With Monte Carlo modeling, the high TPD yields for PropO in the homonuclear combination
at intermediate NEA coverages could be reproduced quantitatively with models that take into
account cooperative effects [312]. On the other hand, the stronger NEA-PropO interaction over
a wide coverage range when both molecules have the same chirality suggests a one-to-one me-
chanism.

12.2 NEA coverage as a function of the exposure

In this section, the dependence of the R-NEA coverage on the R-NEA exposure, investigated
by CO titration experiments, will be discussed. The Lewis structures of the two enantiomeric
forms of NEA are displayed in Fig. 12.1. The enantiomeric center is located at the carbon atom,
directly bound to the NH2 group. NEA was held at a temperature of 273.5-273.8 K during the
deposition. Prior to each experiment, NEA has been cleaned by several freeze-pump-thaw cy-
cles. Subsequently, the gas doser was flushed for 20 minutes before the deposition of R-NEA at
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Abbildung 12.1: Lewis structures of the two NEA-enantiomers

≈110 K. After NEA exposure, the sample was transfered into the main chamber and the SCAC
experiments were performed. For the molecular beam experiments, pulse time of 2 s and a CO
flux of ≈1.2 ·10 14 cm–2 s–1 was chosen. Figure 12.2 (a) shows the coverage dependent sticking

(a) (b)

Abbildung 12.2: (a) CO sticking coefficient measurements as a function of the coverage for
different NEA exposures, and (b) the dependence of the CO coverage on the
NEA deposition time (tdep). The error bars correspond to the error of the mean,
the gray line in b is an eyeguide.

coefficient on pristine Pt(111) and on Pt(111) after the deposition of NEA. On bare Pt(111), the
sticking coefficient is initially high and decays strongly at an intermediate coverage. The covera-
ge dependent sticking coefficient suggests precursor mediated adsorption as has been reported in
the literature for CO adsorption on Pt(111) at 300 K [273, 313, 314]. The coverage dependence
of the initial sticking coefficient is very similar to what has been observed by other authors, but
the initial sticking coefficient of 0.66±0.02 is somewhat lower than the initial sticking probabi-
lity of 0.75-0.8 reported in the literature [273, 313, 314]. If NEA is deposited on the surface, the
initial sticking coefficient is smaller as well as the initial range, in which the slow decrease of
the sticking coefficient is observed.
In Figure 12.2 (b), the obtained final CO coverage for the different NEA deposition times is
plotted, which shows a linear dependence. The linear dependence shows that the NEA sticking
coefficient is independent of the coverage at 110 K and is most likely close to unity.
For the case of cooperative effects, which lead to a more densely packed adsorbate overlayer
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(a) (b)

Abbildung 12.3: (a) CO adsorption energy plotted as a function of the CO surface coverage for
various NEA deposition coverages and (b) the dependence of the initial ad-
sorption energy on the deposition time of R-NEA (b). The number of adsorbed
NEA molecules has been calculated with the saturation coverage of a mono-
layer from [306]. The solid lines in a are eyeguides

as has been evidenced by Zaera et al. upon coadsorption with PropO [304], a deviation from
the linear dependence would be observed in some coverage regime. Two reasons could be re-
sponsible for the fact that no significant deviation from the linear dependence is detected. Either
cooperative effects occur in a coverage regime in which no CO titration experiments have been
performed or they are only observable in coadsorption experiments with PropO.
The coverage dependent CO adsorption energy for various NEA coverages has been determi-

ned with microcalorimetric measurements. The results are shown in Figure 12.3 (a). The initial
adsorption energy of 146±5 kJ/mol is in good agreement with earlier TPD measurements [313–
315] (138-143 kJ/mol), but is significantly lower than the initial adsorption energy measured by
King et al. with SCAC (187±11 kJ/mol) [132]. It should be mentioned that King et al. used a
reflectivity value of 67 % for this evaluation. A reflectivity of 74 % has been measured at T∼110
K with the present setup, which is in good agreement with the literature [55, 316]. As the deter-
mined adsorption energy directly depends on the reflectivity, this could explain the discrepancy
in the initial CO adsorption energies.
The adsorption energy decreases strictly monotonically with increasing coverage and reaches a
constant value of 102±2 kJ/mol at CO saturation. With increasing NEA coverage, the adsorption
energy decays to the final value at lower CO coverages. Figure 12.3 (b) shows the dependence
of the initial adsorption energy on the NEA deposition time/NEA coverage. The black scatters
show the initial adsorption energies and the red scatters show the adsorption energy averaged
over the first four pulses. Lambert et al. have estimated the number of NEA molecules in a mo-
nolayer to be ∼8.2 ·10 13 [306]. Using this information, the deposition time was converted to
number of deposited NEA molecules, which is shown in the upper x axis. It can be seen that the
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CO adsorption energy decreases roughly linearly with the number of deposited NEA molecules.

12.3 Adsorption of R- and S-Propylene oxide on R-NEA

In the following section, PropO adsorption experiments on Pt(111), covered with different amounts
of NEA, are discussed. For these experiments, the NEA flux has been increased by a factor of
2 compared to the experiments which were explained in the previous section. Accordingly, the
formation of an NEA monolayer is completed after 20 s of deposition, which has been confirmed
by CO titration studies. In these experiments, the pulse time has been chosen to be 266 ms and
the PropO flux was 8.3 ·10 13 molecules cm–2 s–1. The sticking probability of PropO on Pt(111)
at 110 K has been found to be 1 on NEA covered Pt(111) and on a PropO monolayer/multilayer.
Figure 12.4 shows the adsorption energies of PropO on Pt(111), covered by 0, 0.5, 0.75 and 1

(a) (b) (c) (d)

Abbildung 12.4: S-PropO molecules (black) and R-PropO molecules (red) versus the number of
adsorbed molecules. The Figure headings show the R-NEA coverage.

ML of R-NEA as a function of the number of adsorbed PropO molecules. In 12.4 (a), the adsorp-
tion energies of R-PropO and S-PropO on bare Pt(111) are compared. The coverage dependence
of the adsorption energy for the two enantiomers is roughly identical within the statistical error.
The initial adsorption energy of 57±0.5 kJ/mol decays to 48±1 kJ/mol and is constant until the
number of PropO molecules reaches 4-5·10 14 cm–2. The constant adsorption energy at interme-
diate exposures suggests that the initial decay of the adsorption energy does not correspond to
repulsive adsorbate-adsorbate interactions. This would be expected to result in a strictly mono-
tonous decay of the adsorption energy until saturation. It seems more likely that the initial high
adsorption energy is associated with adsorption on irregular Pt sites. That Eads does not decay
further until ∼30% of the Pt sites are filled suggests that the repulsive adsorbate-adsorbate in-
teractions are relatively weak for PropO. The surface coverage of PropO on bare Pt(111) can be
estimated to be ∼0.33.
The constant adsorption energy over a wide coverage range of 44.7±0.9 kJ/mol on bare Pt(111)
is assigned to adsorption on regular Pt sites. After formation of the PropO monolayer as the
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number of adsorbed molecules reaches 4.2-5.8 ·10 14 cm–2, adsorption on the multilayer with an
adsorption energy of 33.8±1.5 kJ/mol takes place. The TPD measurements of Ding et al. agree
well with our results: Using a Redhead analysis, the position of their TPD peaks correspond to
values of 58 kJ/mol, 45 kJ/mol and 34 kJ/mol for the initial desorption energy, the desorption
energy at submonolayer coverage and the desorption energy on the PropO multilayer [311], re-
spectively.
The PropO adsorption energy on 1 ML NEA on Pt(111) is shown in Figure 12.4 (d). The initial
adsorption energy is 44.3±0.9 kJ/mol for R-PropO and 43.2±0.8 kJ/mol for S-PropO, which
is 12.7 kJ/mol and 24.8 kJ/mol lower in comparison to adsorption on bare Pt(111). Eads for the
two enantiomers decays to 32.6±0.7 kJ/mol at the highest exposures. As PropO increasingly
occupies the adsorption sites on NEA, the PropO adsorption energy decays to the resublimation
energy from the PropO multilayer, which is measured to be 32.6±0.7 kJ/mol. In principle, it
would also be possible that NEA dissolves in the PropO multilayer during PropO adsorption.
From the adsorption energy of structurally similar molecules compared to NEA of more than
130 kJ/mol [317], breaking of the NEA-Pt bond in favor of the PropO-Pt bond is highly unlike-
ly, therefore this possibility can be neglected. Fig. 12.4 (d) also shows that there is no difference
in the adsorption energy between R-PropO and S-PropO on R-NEA.
The PropO adsorption energy as a function of the number of adsorbed molecules on 0.5 ML NEA
on Pt(111) is depicted in Figure 12.4 (b). The initial adsorption energy of 52.3±1.7 kJ/mol and
52.4±1.5 kJ/mol for S- and R-PropO is in between what has been observed on bare Pt(111) and
on NEA covered Pt(111). The adsorption energy decays roughly exponentially to the adsorption
energy on the PropO multilayer, which is measured to be 31.0±0.8 kJ/mol. A similar trend is
observed on 0.75 ML NEA/Pt(111), here the initial PropO adsorption energy is 49.6±1.1 kJ/mol
and 49.5±1.4 kJ/mol for R- and S- PropO, both dropping to a value of 32.4±0.7 kJ/mol. Figure
12.4 shows no noticeable difference of the PropO adsorption energy within the experimental
error for the two enantiomers at the R-NEA coverage of 0.5 ML and 0.75 ML. In this coverage
range, enantiospecific PropO adsorption was observed based on TPD experiments [304]. The
initial and the final adsorption energy for the measured deposition coverages are directly compa-
red in Figure 12.5. As already discussed, the initial adsorption energy decreases with increasing
NEA coverage. Figure 12.5 also shows that the adsorption energy on the PropO multilayer does
not depend on the NEA coverage.
From Figure 12.5 it is obvious that the difference in the initial adsorption energy between R-
and S-PropO is smaller than a few kJ/mol, but also at higher coverages no significant difference
in the adsorption energy of the two enantiomers is observed for adsorption on 0.5 and 0.75 ML
NEA/Pt(111). This is in agreement with the results of Lee et al. [304]. The difference in the TPD
maxima between R- and S-PropO of 5 K suggests that the difference in the adsorption energy
between the two enantiomers is 1-2 kJ/mol. It has to be mentioned however that kinetic effects,
which could also lead to differences in the TPD maxima between R- and S-PropO have been ne-
glected in this analysis. The difference in the TPD maxima between the two PropO enantiomers
could arise due to differences in the desorption kinetics. This would be in agreement with our
results.
Lee et al. additionally found that the number of adsorbed PropO molecules on NEA is signi-
ficantly higher if both molecules have the same chirality compared to the situation in which
PropO has the opposite chirality than NEA in the NEA coverage range 0.5-2/3. For the case
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Abbildung 12.5: Comparison of the initial (black) and final (red) adsorption energy of S-PropO
(filled triangles) and R-PropO (hollow triangles) dependent on the R-NEA co-
verage

that more R-PropO compared to S-PropO can be adsorbed in a monolayer on R-NEA covered
Pt(111), one would expect to observe differences in the coverage dependent adsorption energy
of R- and S-PropO on R-NEA/Pt(111). This has not been observed in our SCAC results, which
could indicate that the corresponding differences in the adsorption energy are very subtle. Ano-
ther explanation is that the dense adsorbate layer of NEA and PropO with the same chirality on
Pt(111) can only be formed at 110 K<T<145 K (the upper boundary indicates the desorption
maximum of the PropO multilayer). In this scenario, the same amount of R-PropO and S-PropO
adsorb in a monolayer on R-NEA/Pt(111) at 110 K. Upon annealing to the desorption tempera-
ture, a larger number of R-PropO molecules compared to S-PropO adsorb in the monolayer on
R-NEA/Pt(111).

12.4 Summary

To determine the evolution of the R-NEA coverage with the deposition time, CO titration ex-
periments have been performed. It has been shown that the NEA coverage increases linearly
with the deposition time until the formation of one NEA monolayer, which shows that the NEA
sticking coefficient is constant for NEA deposition at 110 K.
PropO adsorbs on Pt(111) and on NEA/Pt(111) with an adsorption energy of 57±0.5 kJ/mol
and a sticking probability of 1 at 110 K. The saturation coverage on bare Pt(111) is ∼1/3. After
an initial decay of the adsorption energy on NEA/Pt(111), the adsorption energy is constant un-
til ∼25% of the Pt sites are occupied and decays subsequently to the PropO adsorption energy
on the multilayer. The adsorption energy on 1 ML NEA/Pt(111) is 43-44 kJ/mol and decreases
strongly with an increasing number of adsorbed PropO molecules. On 0.5 ML NEA/Pt(111),
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the initial adsorption energies for S- and R-PropO are 52.3±1.7 kJ/mol and 52.4±1.5 kJ/mol.
For 0.75 ML NEA/Pt(111), the initial adsorption energies for the two enantiomers are 49.5±1.4
kJ/mol and 49.6±1.1 kJ/mol. No difference between the R-PropO and S-PropO adsorption ener-
gy has been detected independent of the PropO coverage for 0.5 ML R-NEA/Pt(111) and 0.75
ML R-NEA/Pt(111).
This result is in agreement with the TPD data of Lee et al., which suggest a difference in the
adsorption energy at saturation of the two PropO enantiomers of 1-2 kJ/mol over a wide NEA
coverage range.
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13 Summary and conclusions

One of the most important tasks in heterogeneous catalysis is to optimize the activity and selec-
tivity of a desired reaction pathway by systematically tuning the properties of the catalyst. For
supported catalysts, which are extensively applied in the industry, such properties include the
composition and surface area of the active component, the particle size/structure and the nature
of the support. These properties are challenging to investigate as they are difficult to control in-
dependently. The correlation between the catalyst structure and the thermodynamics of surface
processes is traditionally investigated by desorption-based methods, which cannot be applied to
non-fully-reversible processes.
In order to overcome these issues, the preparation of well-defined model catalysts has been com-
bined with the SCAC setup, developed by Campbell et al. [62, 123].
Quantitative information on the energetics of gas-surface interactions on these well defined mo-
del systems have been obtained. The influence of the nanoparticle size on the adsorption/reaction
properties of CO and oxygen was investigated. The model catalysts on which these studies have
been performed consisted of a ∼50 Å thick Fe3O4(111) film, grown on a Pt(111) substrate. Pd
nanoparticles have been deposited on top of the iron oxide film. The structure of this system has
been studied previously in detail for various Pd deposition coverages: The Pd nanoparticles are
terminated by (111) and (100) facets as well as edge and corner sites, the abundance of these
different sites could be modeled on the basis of the STM data.
Before considering adsorption processes on Pd(111) and Pd nanoparticles of different sizes, an
overview of the SCAC results on oxygen and CO interaction with the oxide support is given. CO
and O2 adsorption experiments have been performed at ∼110 K on Fe3O4(111). It was found,
that∼6±1·10 13 CO molecules adsorb on adsorption sites with a binding energy of 46±1 kJ/mol
on the Fe3O4 support. Further CO molecules are trapped in a more weakly bound adsorption
state with a binding energy of ≈25 kJ/mol and a desorption prefactor of 2·10 11-2·10 12s–1. The
finding, that only a small amount of adsorbed CO molecules are bound strongly is consistent
with the adsorption at defect sites or an O-termination of the major fraction of the surface. In
contrast to CO, no transient or permanent O2 sticking could be measured at 110 K.
CO adsorption experiments have been performed on Pd nanoparticles of five different sizes in
the particle size range 1.9 nm-6.4 nm, whereas O2 adsorption was measured on Pd nanoparticles
of five different sizes in the particle size range 2.3 nm-6.4 nm. In both cases, it was found that
the initial sticking probability on Pd/Fe3O4 was significantly higher at T=300 K than expected
if the capture zone effect was neglected.
In order to obtain information on the capture zone effect, the initial sticking coefficient of CO
and O2 on Pd nanoparticles in the size range 1.9 nm-6.4 nm has been modeled: According to
these results, CO and O2 molecules which are trapped at a distance of ≤2.4 nm from the Pd
nanoparticles at T=300 K diffuse to the Pd nanoparticles and adsorb. In agreement with earlier
studies, modeling of the initial CO sticking coefficient could be performed by assuming that
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S(0) for CO is identical on Pd(111) and on Pd nanoparticles. The initial sticking probability of
O2 on Pd nanoparticles with the sizes 6.4 nm and 3.4 nm strongly suggests that the dissociative
sticking probability S(0) is higher on Pd nanoparticles than on Pd(111): the S(0)-value on Pd
nanoparticles is modeled to be ∼0.9 as compared to an S(0)-value of 0.47±0.01 on Pd(111).
Oxygen adsorption was studied with SCAC on Pd(111) and Pd nanoparticles with the estimated
average sizes 2.3 nm, 2.9 nm, 3.4 nm and 6.4 nm, supported on Fe3O4 .
On Pd(111) an initial oxygen adsorption energy of 206±7 kJ/mol was found. After a slight de-
cay, the adsorption energy remains approximately constant until close to the saturation coverage
of Θ=0.3-0.35, at which Eads is≈130 kJ/mol. In contrast, the adsorption energy decreases strict-
ly monotonically with increasing oxygen coverage on Pd nanoparticles of different sizes. The
adsorption energy in the zero coverage limit of 275±14 kJ/mol on large Pd nanoparticles is si-
gnificantly higher compared to the adsorption energy of 206±7 kJ/mol on Pd(111). To correlate
this large difference in the initial adsorption energy with changes in the local adsorption envi-
ronment of oxygen, IRAS measurements with CO as a probe molecule have been performed. It
could be established that while oxygen atoms adsorb in the threefold hollow position on Pd(111),
edge sites are initially covered by oxygen on large Pd nanoparticles. Accordingly, the change of
the local adsorption environment leads to the significantly higher oxygen adsorption energy on
Pd nanoparticles. A decrease in the Pd nanoparticle size results in a decrease in the initial oxy-
gen adsorption energy in the particle size range 2.3 nm-3.4 nm. On nanoparticles which are 2.3
nm in size, the initial adsorption energy was found to be 205±10 kJ/mol. A similar decrease
in the initial CO adsorption energy with decreasing particle size has been observed previously.
This decrease in the adsorption energy with decreasing particle size can be rationalized with two
different effects. Firstly, a contraction of the nanoparticles may causes a decrease in the O-Pd
bond strength, as can be rationalized e.g. with the BOC model. Secondly, the reduced number of
free electrons in small Pd nanoparticles may result in a decrease of the VdW-interaction between
adsorbate and substrate but this effect is expected to be minor for oxygen interaction with Pd.
The change of the local oxygen adsorption environment from Pd(111) to large Pd nanoparticles
and the decrease of the Pd nanoparticle size results in a non-monotonic structure dependence of
the oxygen adsorption energy. This dependence is schematically illustrated in Fig. 13.1.
As the relative adsorbate coverage increases, the difference in the oxygen adsorption energy

Abbildung 13.1: Trend of the particle size dependent oxygen adsorption energy together with a
microscopic illustration of the adsorption systems

between the different adsorption systems decreases from ≈70 kJ/mol in the zero coverage limit
to ≈35 kJ/mol close to the saturation coverage. The strong structure dependence of the oxygen

128



adsorption energy is less prominent at high oxygen coverages.
The coverage dependence of the oxygen sticking coefficient shows a precursor mediated adsorp-
tion behavior on large Pd nanoparticles. After a prominent decay of the sticking coefficient on
Pd/Fe3O4 at intermediate oxygen coverages, the Pd surface sites become saturated with oxygen.
The average number of oxygen atoms per surface Pd atoms was found to be 0.38±0.04.
It has been observed, that oxygen adsorption continues after saturation of the Pd surface sites.
The total number of adsorbed oxygen atoms by far exceeds the amount which is able to adsorb
on the Pd nanoparticles with the sizes 6.4 nm, 3.4 nm and 2.9 nm. Interestingly, the regime in
the coverage dependent sticking coefficient corresponding to this process is not observed when
performing a cleaning procedure, which consists of O2 exposure at 300 K, CO exposure at 490
K and annealing to 580 K in UHV before the adsorption measurements.
Complementary CO titration experiments at 300 K showed that significantly more CO reacts
with oxygen on the freshly prepared Pd nanoparticles which have been exposed to O2 as com-
pared to the same system after cleaning. Accordingly, the large amount of oxygen in the system
is able to react with CO to CO2 at 300 K, which has been confirmed quantitatively by evaluating
the number of evolved CO2 molecules. It has been suggested that dissociative oxygen adsorp-
tion, spillover to Fe3O4 and O diffusion into Fe3O4 may take place when exposing the freshly
prepared catalysts to oxygen at 300 K. Secondly, the possibility of O atom diffusion into the
freshly prepared Pd nanoparticles at high oxygen exposures has been suggested. On the basis of
the current results, both possibilities have to be considered.
For the case that oxygen diffuses into the Pd bulk, the oxygen content in Pd has been estimated
to be ∼30 % for the particle sizes 6.4 nm, 3.4 nm and 2.9 nm.
The initial formation energy of the oxygen species which is formed in addition to adsorbed oxy-
gen on the Pd nanoparticles can be estimated to be 160-200 kJ/mol for the Pd particle sizes 2.9
nm and 3.4 nm, whereas it was found to be 120-130 kJ/mol for the Pd particle size 6.4 nm.
The initial oxygen sticking coefficient and the oxygen saturation coverage is found to drop after
the O2 and CO treatment at 300 K, CO exposure at 490 K and annealing at 580 K in UHV.
This would be in agreement with sintering of the nanoparticles during gas exposure/annealing
but may also result from other structural changes of the catalysts. These structural changes are
suggested to be responsible for the strong changes in the adsorption properties of the Pd/Fe3O4
catalysts after exposure to O2 at 300 K, CO at 490 K and annealing at 580 K in UHV.
In a further study, the CO-O interaction has been investigated on Pd(111) and Pd nanoparticles
of two different sizes. For this investigation, CO adsorption experiments have been performed at
≈110 K on the bare catalysts and on the same systems after exposure to ∼3·10 16 O2 molecules
cm–2. The CO coverage on bare Pd(111) and on O/Pd(111) agrees well with the coverages which
are extracted from the structural data from previous studies on these systems. CO adsorption is
observed to be strongly precursor mediated on Pd(111) and Pd/Fe3O4. The number of adsorbed
CO molecules is determined to be 0.29·10 15 cm–2, and 0.18·10 15 cm–2 higher on the bare cata-
lysts as compared to the oxygen covered catalyst for the Pd deposition coverages 4 Å Pd/Fe3O4
and 1.5 Å Pd.
After saturation of the surface Pd sites, CO transiently adsorbs during the pulse and desorbs
in between the pulses. By modeling the desorption process on Pd/Fe3O4 with the particle size
3.4 nm and 2.9 nm and on Fe3O4, a desorption rate of ∼2.1 s–1 was obtained, which has been
attributed to desorption from a weakly bound, physisorbed state on Fe3O4 at 110 K, although it
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cannot be excluded that transient adsorption/desorption occurs on the Pd nanoparticles as well.
The CO adsorption energy on Pd(111) and on Pd/Fe3O4 in the zero coverage limit, measured
at 110 K, agrees well with the data which was previously measured at 300 K. Saturation with
oxygen causes the adsorption energy to drop by 35±4 kJ/mol on Pd(111) and by 40-50 kJ/mol
on Pd/Fe3O4 for the particle sizes 2.9 nm and 3.4 nm. This difference in the adsorption energy
can be attributed to adsorbate-adsorbate interactions between CO and O in the limit of zero CO
coverage. The difference between the CO adsorption energy on bare and on oxygen covered
Pd(111) increases with increasing CO coverage to ∼70 kJ/mol at a CO coverage of ≈1/3 and
decreases at even higher coverages to ≈22 kJ/mol at the saturation coverage of 0.75. The diffe-
rence in the CO adsorption energy between pristine and oxygen covered Pd nanoparticles barely
changes with increasing CO coverage until shortly before saturation of the surface with CO is
reached.
The energetic changes during the reaction steps of the CO oxidation reaction has been estimated
based on the following information: the determined oxygen adsorption energy on Pd(111) and
Pd/Fe3O4, the measured CO binding energy on O/Pd(111) and oxygen covered Pd nanoparticles
and the gas phase reaction energy. The surface reaction energy for CO oxidation in the zero
CO coverage limit and at oxygen saturation was estimated to be 84-117 kJ/mol on Pd(111). For
CO oxidation on Pd/Fe3O4 with the nanoparticle sizes 3.4 nm and 2.9 nm, two boundary cases
were considered: reaction of oxygen with the weakly bound species that is formed in addition to
adsorbed oxygen on the Pd nanoparticles, or no reaction with this species. For the former case,
the surface reaction energy was estimated to be ∼40 kJ/mol higher on the Pd nanoparticles than
on Pd(111). For the boundary case that CO exclusively reacts with the adsorbed oxygen layer
on the Pd nanoparticles, the surface reaction energy was estimated to be 91-114 kJ/mol on the
Pd nanoparticles which is similar than on Pd(111).
Transient CO oxidation experiments at 300 K on oxygen saturated catalysts showed a more than
two times higher turnover rate on Pd/Fe3O4 as compared to Pd(111) at the lowest CO coverages
for the two Pd deposition coverages which are used here.
In order to understand the mechanism of asymmetric hydrogenation of unsaturated hydrocarb-
ons on chirally modified surfaces, extensive effort is currently made in order to understand the
interaction between reactant and modifier. In a further study, adsorption of R-Propylene oxide
on Pt(111), modified by 1-(1-naphthyl)ethylamine, has been investigated by SCAC. Determi-
ning the dependence between the NEA-coverage and the NEA-deposition time in CO titration
experiments lead to the conclusion that the fraction of the surface covered by R-NEA increa-
ses linearly with the R-NEA deposition time. Lee et al. observed more dense NEA adsorbate
structures for the case that NEA was coadsorbed with Propylene oxide in some NEA coverage
regime [304]. Such effects could not be found in the present study when adsorbing NEA without
Propylene oxide.
The sticking probability of PropO on Pt(111), NEA/Pt(111) and on the PropO multilayer was
found to be close to unity at 110 K. The saturation coverage on bare Pt(111) is found to be
∼0.33. The initial PropO adsorption energy on bare Pt(111) in the zero coverage regime is 57-
58 kJ/mol and decreases roughly linearly with increasing coverage of the R-NEA modifier to
43-44 kJ/mol on 1 ML R-NEA. No difference within the experimental error between the R-
PropO and S-PropO adsorption energy on the Pt(111) surface, covered with 0 ML, 0.5 ML, 0.75
ML and 1 ML R-NEA could be detected, independent of the PropO coverage.
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Zusammenfassung

Um die komplexen Eigenschaften industrieller Katalysatoren zu verstehen werden vermehrt Stu-
dien an Modellkatalysatoren durchgeführt, die eine geziehlte Kontrolle struktureller und chemi-
scher Eigenschaften erlauben [16–19, 318]. In der vorliegenden Arbeit wird dieser Ansatz mit
Einkristalladsorptionskalorimetrie kombiniert, um die Energetik von Gas-Oberflächenwechsel-
wirkungen quantitativ zu messen [123, 205, 229]. Auf den präparierten Fe3O4-Katalysatoren
adsorbiert CO auf 5±0.8 % der Oberflächenplätzen mit einer Adsorptionsenergie von 46±1
kJ/mol, weitere CO Moleküle werden in einen Adsorptionszustand mit einer Bindungsenergie
von ≈25 kJ/mol und einem Desorptionsvorfaktor von 2 · 1011− 2 · 1012 s–1 CO–1 adsorbiert.
Durch Modellieren der Anfangshaftkoeffizienten von CO und O2 konnte gezeigt werden, dass
jene Moleküle, die in einer Entfernung von weniger als ∼2.4 nm zu den Pd Nanopartikeln auf
der Oxidoberfläche physisorbiert werden zu den Nanopartikeln diffundieren und dort adsorbie-
ren.
Die Adsorptionsenergie bei einer infinitesimal kleinen Sauerstoffbedeckung steigt von 206±7
kJ/mol auf Pd(111) auf einen Wert von 275±14 kJ/mol auf 3.4 nm-6.4 nm großen Pd Nanoparti-
keln an. Mit IRAS-Messungen konnte gezeigt werden, dass dieser starke Anstieg der Bindungs-
energie durch die Änderung des Adsorptionsplatzes von einer vielfach gebundenen Position
auf Pd(111) zu Kantenplätzen auf Nanopartikeln zustande kommt. Im Gegensatz dazu bewirkt
die Verringerung der Partikelgröße eine kleiner werdende Adsorptionsenergie. Eine schwächere
Bindung mit kleiner werdender Partikelgröße konnte kürzlich bereits für CO Adsorption auf Pd
Nanopartikeln beobachtet werden [205]. Die starke Differenz in der Adsorptionsenergie zwi-
schen den großten und kleinen Pd Nanopartikeln sinkt mit steigender Adsorbatbedeckung auf
≈35 kJ/mol bei der Sättigungsbedeckung von Sauerstoff.
Die bestimmte Aufnahme an Sauerstoffatomen ist 3-4 mal höher als erwartet, wenn lediglich
Bildung einer Adsorbatstruktur auf Pd Nanopartikeln in Betracht gezogen wird. CO Haftkoeffi-
zientenmessungen belegen, dass ungewöhnlich viel CO auf sauerstoffvorbelegten Pd Nanoparti-
keln reagiert. Die Menge an gebildetem CO2 bei 300 K entspricht der Menge an Sauerstoff, die
ursprünglich adsorbiert wurde. Die hohe Sauerstoffaufnahme könnte zum einen durch Sauer-
stoffdiffusion in Fe3O4 und zum anderen durch Diffusion von Sauerstoff in die Pd Nanopartikel
erklärt werden. Die Adsorptionsexperimente von O2 und CO nach dem Reinigen der Partikel bei
erhöhten Temperaturen zeigen eine wesentlich geringere Sauerstoffaufnahme nach dieser Reini-
gungsprozedur.
In dieser Arbeit wurde erstmalig die Energetik der CO-O Wechselwirkung auf Pd Nanopartikeln
durch direkte experimentelle Studien untersucht. Die in dieser Arbeit bestimmte Wechselwir-
kungsenergie zwischen CO und Sauerstoffatomen bei einer infinitesimal kleinen CO Bedeckung
beträgt 35±4 kJ/mol auf Pd(111) und 40-50 kJ/mol auf Pd Nanopartikeln zweier verschiedener
Größen. Auf Pd(111) konnte ein Anstieg dieses Wertes bei mittleren CO-Bedeckungen und ein
Abfall bei hohen Bedeckungen beobachtet werden, wohingegen sich die CO-O Wechselwirkung
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auf Pd Nanopartikeln sich nicht signifikant mit der CO-Bedeckung ändert.
Weiterhin wurde eine CO Oxidationsenergie von 84-117 kJ/mol auf Pd(111) bestimmt. Für den
Fall, dass Sauerstoff bei hohen Bedeckungen in die Pd Nanopartikel diffundiert wurde die CO
Oxidationsenergie als um∼40 kJ/mol höher auf Pd Nanopartikeln als auf Pd(111) ermittelt. Eine
ähnliche CO Oxidationsenergie auf Pd Nanopartikeln und Pd(111) wurde für den Fall bestimmt,
dass bei hohen Sauerstoffbedeckungen Diffusion in Fe3O4 stattfindet.
Zur Untersuchung der enantioselektiven Adsorption auf chiral modifizierten Oberflächen wur-
den R- und S-Propylenoxid auf durch R-1-(1-Naphthyl)ethylamin (NEA) modifizierte Pt(111)
Oberflächen als Funktion der Bedeckung von Propylenoxid adsorbiert. Bei den R-NEA Konzen-
trationen 0, 0.5, 0.75 und 1 auf Pt(111) konnte kein Unterschied in der Adsorptionsenergie der
beiden PropO Enantiomere als Funktion der Propylenoxidbedeckung gemessen werden.
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