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1. Introduction

1.1. General aspects of catalysis

The term catalysis was first used by Berzelius in 1835 [1, 2] to describe the ability of certain
substances to enhance a chemical reaction without being consumed in-, or being changed by
it. Ostwald, awarded with the Nobel Prize in Chemistry in 1909 for his work [3], shaped the
understanding of the concept of catalysis at that time into his well known quote [2, 4] almost a
century later.

"Ein Katalysator ist jeder Stoff, der ohne im Endprodukt einer chemischen Reaktion zu
erscheinen, ihre Geschwindigkeit verändert."

Sabatier extended this concept including intermediates that have suitable stability to not pro-
duce a thermodynamic sink, but allow for activation of the reactant, and formation of the prod-
uct.[1] Within the following century the importance and diversity of catalysis steadily increased,
and adapted to the increasing demand for food and resources. The paradigms formulated by
Berzelius, Ostwald and Sabatier, however, still are accepted to hold today. Among the most im-
portant catalyzed reactions to mention are the different flavors of cracking and reforming reactions,
as well as processes like Haber-Bosch, and ammonia oxidation that provide a base feedstock for
the production of fertilizers, fuels and fine chemicals. Estimates state that >35 % of the worlds
gross domestic product, and 80 % of all added value in chemical industry is based on catalysis.
Heterogeneous catalysts are estimated to have a market share of 85 %.[5]

A schematic representation of a catalysts influence on a reaction pathway is shown in Fig-
ure 1.1 (a). In Figure 1.1 (b) a schematic of the catalytic cycle leading to formation of product P
from reactant R is shown. Reactants or products of the reaction are not changed by the addition
of a catalyst. This implies that also thermodynamics, limiting equilibrium conversion, remain un-
changed. However, by forming un- or metastable reaction intermediates with the catalyst, drawn
in green, the highest occurring activation energy may be reduced. These intermediates are for ex-
ample molecules coordinated to the catalyst complex in homogeneous solution or species formed
by adsorption or reaction on the surface of a heterogeneous catalyst. As the highest activation
barrier defines the so-called rate-determining step of a reaction pathway, according to transition
state theory and chemical kinetics the overall reaction rate will be increased. This provides higher
efficiency of the catalytic process in industrial application.

Also beneficial to the creation of value in chemical industry is an increase in selectivity, as less
cost results from energy-demanding separation of the desired product P from side products. Thus
any modification of the catalyst, which results in destabilization of intermediates leading to the
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Figure 1.1.: (a) Schematic representations of uncatalyzed and catalyzed reaction in a Gibbs en-
ergy vs. reaction coordinate diagram. (b) Catalytic cycle; dashed parts indicate possi-
ble side-reactions, as well as processes leading to catalyst poisoning or deactivation.

formation of undesired side products and is therefore enabling the application of kinetic control
towards the desired product is of great value. Further, long-term stability and fast and low-cost
regeneration of the catalyst are vital to the economic aspects of a catalytic reaction. This implies
that ideally the catalyst remains active during as many catalytic cycles as possible and that a
catalyst, deactivated by poisoning in side reactions indicated as dashed line in Figure 1.1 (b) or
by sintering, can be subjected to a treatment restoring its original activity and selectivity.

Activity, stability and selectivity can be influenced by the addition of suitable promoters, and
the combination of different elements into an industrially applicable heterogeneous catalyst is in
fact very common since the beginning of industrial catalysis. Examples range from the aforemen-
tioned ammonia synthesis (Fe2O3/K2O/Al2O3) and -oxidation (Pt/Rh) to a variety of dopants (K,
Ba, Fe, Mn) being used to promote the supported Ni catalyst used in steam reforming of light
aliphatic hydrocarbons.[5–10] This additive-based improvement of catalysts, however, was and
still is typically based strongly on empirical data and promising catalyst materials are often found
by material screening. With increased computing powers and improved abilities to accurately
produce and evaluate big data sets, such material screening is also done in an automated way
typically referred to as high-throughput screening.[5, 11–13] Also theoretical chemistry, partly by
combining quantum chemistry and methodology from process engineering, targets a multi-scale
modeling and theory-based design of catalysts and catalytic reactions.[14–19]

1.2. Pressure and material gaps

The surface scientist’s approach is the understanding and rationalization of synergistic effects
arising from the combination of different materials into a well-functioning catalyst based on the
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1.2. Pressure and material gaps

examination of model systems. The extrapolation of the so-gained knowledge into regimes of the
parameter space common to industrial catalysis is desirable. However, this is often not possible
because model systems per definition lack the complexity of real catalysts. Furthermore the ele-
vated pressure of reactants induces effects like mass-transfer limitations or dynamic restructuring
of the catalyst surface. It is therefore essential to bridge the so-called pressure and material gaps,
depicted schematically in Figure 1.2, by providing experimental data collected from more complex
models or real catalysts under temperature and pressure conditions similar to those present in a
chemical reactor to enable a knowledge-driven optimization of catalysts.

p
re

s
s
u

re

complexity

surface science

10-10 mbar

heterogeneous

catalysis

100 - 106 mbar

Figure 1.2.: Schematic representation of the pressure and material gaps.

In surface science, typically ultra-high vacuum conditions are necessary to ensure the clean-
liness of surfaces that are to be examined during preparation and measurement. This allows
for unambiguous interpretation of the collected data. Also, many of the used surface analysis
techniques rely on high or ultra-high vacuum conditions to avoid complications like high-voltage
flashover, contaminations or corrosion. In particular, methods for surface analysis that rely on ions
or electrons as probe, due to the high probability of charged particles to interact with matter, suffer
from elevated pressures as signal attenuation by the gas phase prolongs acquisition times. Ambi-
ent pressure spectroscopy and -microscopy is thus a challenging field for engineers, technicians
and scientists. Despite these challenges, an increasing number of studies bridging the pressure
and material gaps are published including entire journal issues devoted to the in-situ examination
of (model) catalysts. [20–44]

In this thesis, an attempt to bridge the material gaps is made by the examination of oxide-
supported bimetallic catalysts, or low-temperature-melting metallic alloys in liquid or biphasic
state as a model system for the former. This is partly done by utilizing near-ambient pressure
x-ray photoelectron spectroscopy (NAP-XPS), which enables to collect in-situ data under elevated
pressures of up to 1 mbar
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1. Introduction

1.3. The Pd/Pt/Rh-Ga bimetallic catalysts in the dehydrogenation of light

alkanes

The dehydrogenation of alkanes is a demanding reaction. Maximum conversion is limited by ther-
modynamic equilibrium; as the reaction is endothermic, high temperatures are needed to achieve
reasonable yields. This, however, will not only shift the equilibrium towards the dehydrogenated
product, but it will also facilitate unwanted, parasitic side-reactions including cracking and the for-
mation of coke. The latter is responsible for the necessity of frequent catalyst regeneration by
coke burn-off, which is typical for all the industrially applied dehydrogenation processes where
regeneration time roughly equals the on-stream time. Reaction temperatures in these processes
range from 770 to 970 K at pressures of 0.2 to 6 bar, resulting in approx. 50 % conversion for
light alkanes at 90 % selectivity for the corresponding alkene. Catalysts used in the commercially
operated plants are either Pt-Sn bimetallics supported on alumina (Oleflex, STAR) or mixed metal
oxides CrOx/alumina (CATOFIN, FBD). Catalyst lifetimes range from 1 to 3 years. All of the com-
mercially operating processes additionally utilize alkaline promoters.[45–49] The thermodynamics
of the reaction can be influenced for the benefit of conversion by adding sources of oxygen like
molecular oxygen (air) or carbondioxide, or oxidizing reagents like halogens.[50–53] Clearly, novel
catalysts or additives that enable a dehydrogenation process being run at higher selectivity or
stability are of great value.

Scientific approaches to the catalytic dehydrogenation of alkanes, beside Pt-based bimetallics,
include the use of different alumina-supported metal oxides such as CrOx, VOx, MoOx, InOx and
GaOx.[49] The Pt-based catalysts are found best-performing with specific activities ( moleproduct

molecatalyst·time )

in the range of 1×10−2 to 2 s−1, while metal oxide catalysts show only moderate activity in the
range of 1×10−6 to 1×10−3 s−1. The combination of Ga or Ga2O3 supports with Pt also has
been demonstrated in multiple studies to provide promising catalyst candidates. It was shown
that the addition of Pt to a alumina supported Ga2O3 catalyst (Pt content of 1.2 and 2.5 at.% with
respect to Ga) significantly increases stability in combination with a moderate increase in activity.
Furthermore, K promotion is demonstrated to drastically reduce coke deposition for both the pure
Ga and the bimetallic catalyst.[54] Other studies demonstrate the formation of different Pt-Ga
alloy phases upon high temperature (>780 K) reduction of a Mg(Al,Ga)Ox-, or Ga2O3-supported
Pt catalysts in H2 by x-ray diffraction. In comparative test reactions, a high Ga content (resulting in
Pt content as low as 2 at.%) was demonstrated to decrease activity in favor of selectivity and coke
deposition rate.[55] Similar effects are also demonstrated in a number of other studies addressing
the catalytic dehydrogenation of alkanes.[56–58]

Iwasa et al. demonstrated that catalysts prepared by impregnation of ZnO, In2O3 or Ga2O3 with
Pt or Pd show increased selectivity in methanol dehydrogenation and methanol steam reforming.
This is ascribed to the presence of binary alloys, which are formed during reductive pretreatment at
773 K.[59, 60] Similar results were also found for systems created by impregnation of Ga2O3 with
Pd. It was demonstrated that pretreatment in H2 at temperatures between 623 and 773 K leads to
the formation of the IMC Pd2Ga and PdGa and to a remarkable increase in both conversion and
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1.3. The Pd/Pt/Rh-Ga bimetallic catalysts in the dehydrogenation of light alkanes

CO2 selectivity in methanol steam reforming.[24, 61, 62]
Bimetallic catalysts consisting of Ga and Pd were also shown to be well applicable in the reverse

reaction of the dehydrogenation; Schlögl et al. and Rupprechter et al. have taken strong efforts
to examine the potential of different solid GaxPdy IMC as catalysts primarily for the selective
hydrogenation of alkynes to alkenes. The high selectivity of these catalysts in these reactions
is ascribed to the isolation of active sites by increasing Ga content, and the suppression of Pd
hydride formation, which leads to a decrease in activity towards hydrogenation of the ethylene
C=C bond. [25, 63–72]

These examples have in common that the utilized catalyst is either prepared as alloy purposely,
or an catalytically active alloy phase is formed in-situ by reductive pretreatment at elevated tem-
peratures. As heterogeneous catalysis happens mediated by the surface of the catalytically active
phase, the exact knowledge of the composition of the catalyst-gas interface under reaction condi-
tions is of key relevance for understanding and optimizing the catalyst. For metallic multicompo-
nent systems this also implies a precise understanding of the processes occurring during catalyst
manufacturing, start-up and operation. The distribution of elements in a multi-metallic system, in
particular in proximity to an interface, results from the complex interplay between segregation and
ordering tendencies.[73] Depending on whether mixing of the elements is energetically favored,
the binary system will show a tendency to surface segregation or even bulk phase separation, or
to the formation of an ordered phase. In general, for a segregating system, the component with
lower free surface energy will dominate the interface composition. Ordering tendencies on differ-
ent length scales (long- and short-range order) can result from the energetic benefit of a periodic
arrangement, and the latter can also be induced by an interface. For the three binary systems
(Pt/Pd/Rh in Ga) examined in the scope of this thesis negative mixing enthalpies are reported for
the whole composition range for the liquid constituents, and a pronounced tendency for ordering is
manifested through multiple IMCs distributed over the whole phase diagram of the three systems.
The local extrema, that is, minimum enthalpy of mixing in ∆mixH0 vs. xT M curves are found to
decrease in the oder Rh: x = 0.5, ∆mixH0 =−64kJmol−1, Pt: x = 0.55, ∆mixH0 =−66kJmol−1

and Pd: x = 0.6, ∆mixH0 = −70kJmol−1.[74–78] Experimental surface energies are reported to
decrease in similar order: Rh (Experiment: 2.659 and 2.700 J m−2, Theory: 1.002 eV atom−1 for
fcc(111)), Pt (Exp.: 2.475 and 2.489 J m−2, Th.: 1.004 eV atom−1 for fcc(111)), Pd (Exp.: 2.003
and 2.050 J m−2, Th.: 0.824 eV atom−1 for fcc(111)).
If compared to the transition metals, Ga exhibits much lower values (Exp.: 0.881 and 1.100 J m−2,
Th.: 0.376 eV atom−1 for bct(001))[79, 80], and is therefore expected to dominate the surface in a
segregated binary alloy. In the row of examined transition metals, the trend to segregate to the sur-
face will decrease in the order Rh, Pt, Pd according to mixing enthalpies and surface energies.[73,
81, 82]
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2. Fundamentals

2.1. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical
Analysis (ESCA), is a technique based on the photoelectric effect, which was first observed and
described by Hertz in 1887 [83]. In 1905, the observed effect was explained by Einstein [84].
The development of experiments utilizing photoemission to probe the physics of molecules, and
solid state matter and its surfaces with high resolution by Siegbahn [85] were honored with the
Nobel prize in physics in 1981 [86]. Since then, the technique, also due to technical progress, has
matured and is in frequent use in many different fields of research.

2.1.1. The binding energy in XPS

The irradiation of samples by x-ray photons of energies hν exceeding the sum of the binding
energy Eb of a core-bound electron and the work function φS of the irradiated material will lead to
the excitation of electrons into continuum states. The energy-level diagram of the photoemission
process is shown in Figure 2.1.

Figure 2.1.: Schematic representation of the photoionization process and photoelectron detection
in an energy level diagram.
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2. Fundamentals

Due to energy conservation, the sum of initial state energy Ei – that is, the energy of the neutral
N electron system – and hν equals the sum of the energy of the final state – the ionized atom, that
is, the N-1 electron system –, the kinetic energy Ekin of the free electron, and the work function of
the irradiated material φS as given by equation (2.1).

Ei +hν = E f +Ekin +φS (2.1)

In an XPS experiment, a current of photoelectrons will be detected as function of the electron
kinetic energy. For display and discussion of acquired data, however, it is convention to display
the photoelectron count-rate as function of the binding-energy. Following from equation (2.1), an
expression for the binding energy Eb of the electron would be given by equation (2.2).

Eb = hν−Ekin−φS

= E f −Ei =−ε+Erelax
(2.2)

The difference of final and initial state energies can be assumed to be equal to the negative
Hartree-Fock energy of the core-bound electron ε, and the term denoted Erelax in equation (2.2),
which accounts for relaxation of the electronic structure of the ionized source atom in response
to core-hole formation, will be neglected. In the experiment, however, the difference between
the actual final- and initial-state energy will be probed by detecting the emitted photoelectron
as a function of its kinetic energy Ekin. Hence, mechanisms influencing the measured kinetic
energy and thus the calculated binding energy are differentiated into so called final- and initial-
state effects. Final state effects include for example the coupling to vibrationally excited states of
molecules or phonons, plasmon-, shake-up- and shake-off excitations, multiplet splitting or differ-
ences in core-hole screening efficiency.[87] Among the initial-state effects, changes in the electron
binding energy due to rearrangements in the local electronic structure by e.g. coordination chem-
istry of adsorbate molecules and surface atoms, or changes of the oxidation state of adsorbates
and substrate atoms are of great importance for the surface chemist, as the photoelectron hereby
functions as a probe for the chemistry of molecules and surfaces.

Samples are typically conductively connected to the spectrometer for the measurement. This
leads to alignment of the Fermi-levels, which ensures a common reference energy for conduc-
tive samples and spectrometer, and will avoid charging of the sample. Differences in the work-
functions of sample and spectrometer ∆φ= e ·∆ϕ= e ·(ϕS−ϕSpec), however, will lead to a contact
potential, which will de- or accelerate the photoelectron to kinetic energy E ′kin = Ekin +∆φ, shown
in green in Figure 2.1. For the calculation of binding energies in the experiment, the contact
potential therefore has to be taken into account as shown in equation (2.3).

Eb = hν−Ekin−φS

= hν−E ′kin +(φS−φSpec)−φS

= hν−E ′kin−φSpec

(2.3)
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2.1. X-ray photoelectron spectroscopy

Irradiated gas-phase atoms or molecules will emit photoelectrons with the local vacuum-level
floating atop an external potential ϕG that is due to the potential drop between sample and spec-
trometer. A build-up of charge by photoionization of the gas phase may additionally shift this
local potential. The kinetic energy E∗kin of photoelectrons emitted by gaseous species, shown in
magenta in Figure 2.1, may therefor vary with the position of the source atom between sample
and spectrometer and sample positioning. Further, charging of the gas phase, or work-function
changes of the sample induced by surface chemistry, which – due to Fermi-level alignment of
sample and spectrometer – do not have an influence on the measured kinetic energy of photo-
electrons of the solid sample will, however, alter the measured binding energy of core level signals
of gas phase atoms or molecules.[88]

It is the convention to give and discuss binding energies of conductive solids referenced to the
Fermi energy, while binding energies of gas phase species can only be given with respect to the
local vacuum level.

2.1.2. Surface sensitivity in XPS

Within the three-step model of photoemission[87], the excited photoelectron will be transported
to the surface and emitted into vacuum after excitation. Each of these steps contributes to the
number of distinct features in the spectrum and the overall shape of the latter. While the features
resulting from the first step, that is, the excitation, have been discussed as final- and initial-state
effects before, the transport[89] to the interface is discussed in the following. Pronounced energy
loss can result from extrinsic (in contrast to intrinsic, which would be the final state effect) excita-
tion of phonon or plasmon modes, which produces sharp satellite features shifted to higher binding
energy in the spectrum. Furthermore, particularly in metallic media, intra- and interband transi-
tions can be excited. This multitude of (multiple) inelastic scattering events produces asymmetry
in form of an unresolved, quasi-continuous pile-up of scattered electrons shifted towards the side
of higher binding energy of every core level signal, which – along with bremsstrahlung radiation
– defines the asymmetry of signals and the background observed in XPS measurements. Due
to the typically low kinetic energy of photoelectrons in lab-based XPS, cross sections for inelastic
scattering will be high, and photoelectrons will therefore strongly interact with the matter they are
originating from, which is responsible for the surface sensitivity of the method.

The mean free path (MFP) of a particle, according to collision theory, is defined as the length λ

a particle has to travel in a medium of targets with constant target density n = N/V to undergo a
single collision, as given in equation (2.4). Therein the interaction cross section σ quantifies the
interaction probability between particle and target.

P(z) = σn
∫

dz = σnλ = 1 (2.4)

The change in intensity of a monochromatic particle beam dI within a path length dz will be pro-
portional to the intensity I(z) and the sum of the probabilities for m different processes prohibiting

9



2. Fundamentals

the detection of the particle.∫
dI =−I(z) ·∑

m
Pm(z) =−I(z) ·∑

m

∫
nm(z)σm(z)dz (2.5)

This expression can be solved to yield what is know as Lambert-Beer law.

I = I0 · e−∑m
∫

nm(z)·σm(z)dz = I0 · e−∑m
∫

µm(z)dz (2.6)

For quantitative XPS analysis, typically everything but inelastic scattering is neglected, and n as
well as σ are assumed to be constant. Equation (2.6) then is reduced to the following:

I = I0 · e−z·σ·n = I0 · e−z/λ (2.7)

where I/I0 is the transmission along z, which is the effective path length, e.g. the thickness of an
overlayer film, and λ is the energy-dependent inelastic mean free path (IMFP) of photoelectrons
in the medium. Depending on the medium, different models for the IMFP are applied. If photo-
electrons are attenuated by the presence of gas phase, as for example in a high-pressure XPS
setup, the target density can be expressed by means of the ideal gas law, and the cross section
for inelastic scattering of the photoelectron may be accessible in the form of tabulated data in
literature.[90–94]

λ
−1 =

p
kBT
·σ (2.8)

If solid media are to be described, integration of the so called differential inverse inelastic mean
free path DIIMFP, which quantifies the probability for inelastic interaction including specific extrinsic
excitations like plasmon modes, over all possible momentum losses yields the inverse IMFP.[87,
89] A more general expression for the IMFP as function of atomic data and materials constants
(mass density ρ, molar mass M, band gap energy Eg, number of valence electrons Nv), derived
from fitting to experimental data and found to be in agreement with the latter within a RMS of 11 %,
is reported by Tanuma, Powell and Penn and consequently called the TPP2-M equation [95].

λ
−1 =

E2
p [β ln(γE)−C/E +D/E2]

E

β =−0.10+0.944
(
E2

p +E2
g
)−1/2

+0.069ρ
0.1

γ = 0.191ρ
−1/2

C = 1.97−0.91U

D = 53.4−20.8U

U = Nvρ/M = E2
p/829.4

(2.9)

Within the energy range provided by the typical laboratory x-ray source, that is, up to 1253.6 and
1486.7 eV for the Mg and Al Kα line respectively, the IMFP will be found in the order of several nm.
An estimate regarding the surface sensitivity in XPS is possible by defining the information depth
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2.1. X-ray photoelectron spectroscopy

(ID, dinfo) to correspond to the depth from where 95 % of the total signal are generated. It follows
that dinfo ≈ 3λ after solving equation (2.10).

I
I∞

=
I0 ·

∫ din f o
0 e−z/λ dz

I0 ·
∫

∞

0 e−z/λ dz
= 0.95 (2.10)

2.1.3. Near-ambient pressure XPS

Combining equations (2.5) and (2.8), an expression for the attenuation of photoelectrons emitted
by samples, which are exposed to elevated reactant pressures can be derived:

I = I0 · e
−
∫

σ· p(z)
kBT dz

= I0 · e
−

de f f σp0
kBT (2.11)

Where, if the pressure profile along z is unknown, and values for σ are available, deff can experi-
mentally determined for different pressures p0 of different gas-phase species.

2.1.4. Quantitative XPS

The total photoelectron current emitted by a sample will be influenced by geometry-, energy- or
element-specific factors as given in equation (2.12).[96]

dIA,i = σA,iD(Epass)

π∫
γ=0

2π∫
φ=0

LA,i(γ)

·
∞∫

y=−∞

∞∫
x=−∞

J0(xy)T (xyγφEA,i)

·
∞∫

z=0

NA(xyz) · e
− z

λ(EA,i)cos(ϑ) dzdxdydγdφ

(2.12)

Therein σA,i is the photoelectric cross section, a function of the excitation energy hν quantifying
the probability to excite the transition i of atom A. D(Epass) is the detector efficiency at a kinetic
energy Epass, the so-called pass energy of the hemi-spherical analyzer. LA,i(γ) is the angular
asymmetry of the photoemission process. J0(xy) is the impinging photon flux, which is assumed
to be z-independent within the probed volume of the sample due to the low information depth
of photoelectrons. T (xyγφEA,i) is the detector’s transmission efficiency. NA(xyz) is the density of
atom A within the probed sample volume. EA,i is the kinetic energy of photoelectrons, according to
equation (2.2). Photoelectrons that stem from certain depths z have a reduced probability to arrive
at the detector compared to photoelectrons originating directly from the sample-vacuum interface
due to inelastic scattering within the sample, hence the Lambert-Beer-type exponential. This in-
cludes the inelastic mean free path and effective path length z/cos(ϑ) of the photoelectron leaving
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2. Fundamentals

sample medium at an angle ϑ relative to the surface normal, to account for attenuation of the
photoemission signal from depths z by a covering layer of thickness < z. This lengthy equation is
simplified to great extend by assuming negligibility of LA,i(γ) at an emission angle of γ = 54.7◦ rel-
ative to the incident x-ray beam, and a fixed, narrow acceptance angle of the electron analyzer.[97]
For laboratory experiments, also the photon flux J0(xy) remains constant. Additionally, the effi-
ciency of detection at invariant pass energies Epass, as well as acceptance angle and spot-size
will be determined by the spectrometer setup and are assumed to be constant. Further simpli-
fication can therefore be achieved when using relative intensities or reference measurements of
pure elements for the quantification of element A or B in the mixture AxBy collected with the same
instrument and setup. After analytically solving the remaining integral over z, assuming NA to be
constant (i.e. a homogeneous mixture of elements, or pure element), equation (2.12) breaks down
to equation (2.13). Therein part of the physical quantities discussed above have been canceled
out and only those that vary with choice of element, transition, emission angle or energy remain.

Iexp
A,i

Ire f
A,i

=
σA,iT (EA,i)N

exp
A λ

exp
A (EA,i)cos(ϑ)

σA,iT (EA,i)N
re f
A λ

re f
A (EA,i)cos(ϑ)

(2.13)

Consequently, to determine the ratio of elements A and B within a homogeneous mixture AxBy

in accordance to equation (2.14) only few additional quantities have to be added to the experi-
mentally determined intensities. Namely these are the electron inelastic mean free path and atom
density of elements A and B within the reference and sample media.[96]

Nexp
A

Nexp
B

=
Iexp
A,i Nre f

A λ
re f
A (EA,i)

Ire f
A,i λ

exp
A (EA,i)

·
Ire f
B, j λ

exp
B (EB, j)

Iexp
B, j Nre f

B λ
re f
B (EB, j)

(2.14)

If reference measurements are not available, tabulated values for the photoemission cross section
[98, 99] can be used to quantify the relative atom densities of elements A and B according to
equation (2.15). For, e.g. the Omicron EA125 hemispherical electron energy analyzer at a pass
energy of 40 eV, T ∝ E−1

kin is demonstrated to be a valid approximation for kinetic energies as low
as 110 eV using the circular entrance slits, and as low as 450 eV using the rectangular entrance
slits.[100]

Nexp
A

Nexp
B

=
Iexp
A,i

σA,iT (EA,i)λ
exp
A (EA,i)

·

(
Iexp
B, j

σB, jT (EB, j)λ
exp
B (EB, j)

)−1

(2.15)

Equations (2.13), (2.14) and (2.15) will fail to properly evaluate samples, which are inhomoge-
neous along the z-direction as for the analytical solution of equation (2.12) constant atom density
NA is assumed. Instead an approximation to the integral

∫
NA(z) ·e−z/λ(EA,i)cos(ϑ)dz in equation 2.12

in the form of equation (2.16) can be used to describe a structured system of n layers having
equal thickness d and constant, element-unspecific atom density N, where then the atom density
of species a is NA,n = N ·xA,n.[101] For this approximation, also negligible influence of the compo-
sition of layer n on λ is assumed, which is expected to be valid for a system comprising A different
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2.1. X-ray photoelectron spectroscopy

minority species, and a single majority species B.

nmax

∑
n=1

n·d∫
(n−1)·d

N · xA,n · e
− z

λB(EA,i)cos(ϑ) dz+
∞∫

nmax·d

N · xA,∞ · e
− z

λB(EA,i)cos(ϑ) dz

=λB(EA,i)cos(ϑ)N ·

[
nmax

∑
n=1

xA,n

(
e
− (n−1)·d

λB(EA,i)cos(ϑ) − e
− n·d

λB(EA,i)cos(ϑ)

)
+ xA,∞ · e

− nmax·d
λB(EA,i)cos(ϑ)

] (2.16)

The ratio of atoms A and B – as it would be determined from quantitative analysis of inhomo-
geneous samples using equation (2.15) – can then be calculated according to equation (2.17).
Equation (2.17) was used for data discussed in Section 4.2.

NA

NB
=

∑
nmax
n=1 xA,n

(
e
− (n−1)·d

λB(EA,i)cos(ϑ) − e
− n·d

λB(EA,i)cos(ϑ)

)
+ xA,∞ · e

− nmax·d
λB(EA,i)cos(ϑ)

∑
nmax
n=1 xB,n

(
e
− (n−1)·d

λB(EB, j)cos(ϑ) − e
− n·d

λB(EB, j)cos(ϑ)

)
+ xB,∞ · e

− nmax·d
λB(EB, j)cos(ϑ)

(2.17)

Analogous to equation (2.13) and (2.16), an expression for the intensity of an overlayer of ele-
ment A and thickness d, relative to the intensity of the underlying substrate of element B can be
derived from equation(2.12):

Iexp,d
A,i

Iexp,d
B, j

·
Ire f
B, j

Ire f
A,i

=
σA,iT (EA,i)N

exp
A λ

exp
A (EA,i)(1− e−d/λ

exp
A (EA,i))

σB, jT (EB, j)N
exp
B λ

exp
B (EB, j) · e−d/λ

exp
A (EB, j)

·
Ire f
B, j

Ire f
A,i

(2.18)

For Section 4.3, where A = B = Ga and i = j = Ga 2p3/2 or Ga 3d, the thickness of a Ga2O3 film
formed on top of the metallic Ga substrate was calculated using expression (2.19), which is derived
from equation (2.18). For this purpose the intensities of the oxidic Ii,ox and metallic components
Ii,met derived from the deconvolution of Ga 2p3/2 and Ga 3d signals were used in combination with
Ga atom densities calculated from mass density of Ga and Ga2O3, and IMFP values calculated
using equation (2.9). Applicability of equation (2.19) was also demonstrated for Al2O3 films on Al
[102].

d = λi,Ga2O3 · ln
[

Ii,oxλi,GaN(Ga)Ga

Ii,metλi,Ga2O3N(Ga)Ga2O3

+1
]

(2.19)

Therein, λi,Ga/Ga2O3 denotes the IMFP of photoelectrons from core level i in metallic Ga and Ga2O3,
and N(Ga)Ga/Ga2O3 is the Ga atom density in pristine Ga and Ga2O3, respectively.
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2. Fundamentals

2.2. Plasmon loss satellites in Ga

All signals related to source atoms embedded in metallic Ga typically are accompanied by satellite
features shifted by 10.3 and 14.4 eV with respect to the binding energy of the main signal. This is
shown for Ga 3d and Pd 3d spectra in Figure 2.2.
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Figure 2.2.: Ga 3d and Pd 3d spectra collected in 0◦ ((a), (b)) and 80◦ ((c), (d)) emission. Along
with the data, fitted models used in the evaluation are shown.

These loss features are ascribed to the excitation of bulk and surface plasmon modes in Ga
[103], and they were therefore included in the quantitative analysis if necessary. In this case, the
total intensity Itotal was calculated from the intensity of the main signal Imain and the summed-up
intensity of the two plasmon features Isat in approximation as follows: Itotal = ∑

∞
n=0 Imain · rn ≈

Imain + Isat + Isat · r Therein r is the total intensity of the two satellite features with respect to the
intensity of the main signal.

Table 2.1 shows experimentally determined, average values of r for the Ga 2p3/2, Ga 3d, Pd 3d,
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2.2. Plasmon loss satellites in Ga

Table 2.1.: Average relative satellite intensities r determined from the different probed core level
signals on different instruments using Al Kα excitation.

θ Ga 2p3/2 Ga 3d Pd 3d Pt 4f Rh 3d

DASSA 0◦ 0.33±0.02 0.34±0.03 0.32±0.04 0.27±0.03†

80◦ 0.57±0.04 0.51±0.03 0.60±0.08 0.34±0.07†

GAP 0◦ 0.31±0.01 0.33±0.04 0.44±0.08 0.39‡ 0.27±0.01

Pt 4f and Rh 3d signals. The given uncertainty represents the standard deviation. Please note
that values of r for the Pt 4f signals are derived from only two measurements (DASSA, indicated
by a superscript †), and a single measurement respectively (GAP, indicated by a superscript ‡),
thus might have a higher error then indicated by the given error bars. The number of independent
measurements for the Ga core levels typically were > 20. Values of r from spectra collected in
0◦ emission are smaller as compared to the ones observed for 80◦ emission data. This is also
evident from Figure 2.2, where in addition a pronounced increase in the relative intensities of
features ascribed to the surface plasmon excitation is visible for the 80◦ data. Within each of
the two emission geometries, however, values of r for the different core level signals are found to
agree within the experimental scatter. No significant temperature dependence of r was observed
independent of the experimental geometry. Due to pronounced differences in information depth
for 0◦ and 80◦ emission data in combination with different cross sections for bulk and surface
plasmon excitation, different values of r are expected for the two emission geometries.[103–107]

The described loss satellites occur exclusively for signals assigned to the metallic Ga, and
vanish e.g. for Ga or Pt signals ascribed to Ga or Pt atoms located in Ga2O3 as discussed in
Section 4.3. For quantitative analysis the total intensities have thus to be corrected accordingly.
For the data discussed in Section 4.2.1 and 4.3 the total intensities of Ga 3d and Pd 3d signals
were corrected, whereas for the data shown in Section 4.2.2, values of r are assumed to be
energy-independent, as reasoned by the data shown in Table 2.1, and quantitative analysis was
conducted using the intensities of the main signals.
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3. Instrumentation and experimental details

In the following, an overview of the two different instruments used for the acquisition of the data
discussed in this thesis will be given. A detailed description of the two setups can be found
in references [108, 109]. In addition, a brief description of sample geometries and preparation
procedures will be given.

If not indicated differently, all data shown in the following chapters was collected using Al Kα

radiation. Asymmetric combination of Duniach-Sunjic and Pseudo-Voigt functions, implemented
as H()GL() in CasaXPS v.3.18, were fitted to asymmetric metal signals. Pseudo-Voigt functions,
implemented as GL() were fitted to all other symmetric signals. Typically, linear baselines were
subtracted to determine signal intensities from numerical integration of the data or the fitted func-
tions, respectively.

3.1. The GAP instrument

For the collection of in-situ data at elevated pressures and temperatures, the so-called GAP setup
was used. The instrument was custom-built by J. Pantförder at the chair of Physical Chemistry 2
of the University of Erlangen-Nuremberg in 2005. A detailed description and characterization of
the instrument can be found in references [110] and [109]. The chamber comprises prepara-
tion and analysis chambers, which are connected by a transfer system, and are equipped with a
separate manipulator and sample stage each. Load-lock and sample storage allow for frequent
change of samples and storage of the latter under UHV conditions. The main feature of the anal-
ysis chamber, which enables the exposure of samples to elevated pressures, is the separation
of chamber, excitation source (Specs XR50-HP, dual Al/Mg anode at 65◦ with respect to sample
surface normal), and electron optics and detector (Modified Omicron EA125, 0◦ with respect to
sample surface normal) into differentially pumped stages. These pumping stages are separated
from each other by means of a x-ray transmissive Al-coated Si3N4 window in case of the excitation
source, or by means of apertures limiting gas flow in case of chamber and electron optics and de-
tector. In addition, the analysis chamber is equipped with a differentially pumped quadrupole mass
spectrometer (QMS, Pfeiffer QME 200) connected to the second stage of the differential pumping
scheme for the online analysis of gas composition. Attached to the preparation chamber are sput-
tergun, metal evaporators, a quartz crystal microbalance, a quadrupole mass spectrometer, and
a low energy electron diffraction (LEED) instrument.

A photograph and description of the Ga evaporator added for this thesis, as well as drawings of
additional, complementary apertures a1 of minimum diameters of 0.6 and 1 mm can be found in
Appendix B.
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3. Instrumentation and experimental details

3.2. The DASSA instrument

For the collection of angle-resolved XPS data, a novel apparatus [108] featuring two electron
analyzers (OMICRON Argus) oriented at an angle of 80◦ with respect to each other was used. The
instrument uses a monochromatized Al Kα excitation source, oriented at an angle of 54.7◦ with
respect to both analyzers, and is referred to as DASSA in text and illustrations. In addition, a He
gas-discharge UV lamp for ultra-violet photoemission spectroscopy (UPS), and an ion source for
low energy ion scattering (LEIS) experiments are mounted. The setup consists of two chambers,
of which one is used for preparation, while the other one is used for the analysis, and a load-
lock. The setup features a single manipulator, connecting preparation and analysis chamber.
The preparation chamber is equipped with sputtergun, QMS, a dosing system used to backfill the
chamber, and a sample storage.

3.3. Sample preparation

Metal single crystal surfaces, Pd(111), Pt(111) and Rh(111), were used as reference for quantita-
tive analysis and the discussion of binding energies. These surfaces were cleaned by cycles of Ar+

sputtering at 1 keV and high-temperature annealing, until no further contamination was observed
in XPS. The long-range order was checked by LEED.

Catalyst or model samples examined within the scope of this thesis were prepared for XPS
measurements as described in the following. Macroscopic droplets of Ga or the TM-Ga alloys
were prepared by pouring liquid Ga (Merck, former Sigma-Aldrich, 99.99999 %) into W crucibles
(Kurt Lesker GmbH, unknown purity) in air. Prior to preparation, the W crucibles were mounted
to the sample support systems of the two chambers. The inner diameter of the W crucibles
were 12 mm for the GAP setup, and 6 mm for the DASSA setup. If necessary, the crucibles
were cleaned in concentrated hydrochloric acid to remove metallic impurities from spot-welding.
Further cleaning was done by cyclic rinsing in acetone and iso-propanol in the ultrasonic bath for
a minimum of 2 min each. Typically, the Ga mass was around 750 mg for samples examined in
the GAP setup, and around 150 mg for samples examined in the DASSA setup. Transition metals
were introduced by adding pieces of wire in air. After introduction to UHV, these samples were
degassed, and heated to at least 750 K for prolonged times to decompose the native Ga2O3 film
formed in air and facilitate alloying of the added metals. Carbonaceous impurities were removed
by Ar+ ion sputtering at 1 keV. Occasionally, significant carbonaceous impurities persisted on the
sample surfaces, despite prolonged sputtering; in this case, new samples were prepared.

Type-K thermocouples were used to measure the crucible temperatures. These were spot-
welded either to the outer bottom of the crucible in the GAP setup, or to the outer rim of the crucible
in the DASSA setup. Samples were heated by direct current heating the W crucibles in the GAP
setup, and radiative, field-free heating in the DASSA setup. Direct current heating in the GAP
setup, in particular for high temperatures, induced static electric fields depending on temperature
and sample geometry. These were never observed to significantly change collected intensities,
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3.3. Sample preparation

however, binding energies derived from high temperature spectra are corrected to compensate for
these external potentials. As reference, typically binding energy of Ga 3d signals in pure Ga at
305 K was used.

The powder catalyst samples, all kindly provided by Dr. N. Taccardi from the work group of
Prof. Dr. P. Wasserscheid at the chair of Chemical Reaction Engineering of the FAU Erlangen-
Nuremberg, were attached to W foil using a silver/silica-based high temperature glue (plano-em)
dispersed in water. The Pd-Ga/SiO2 samples were then dried in air at 120 ◦C for at least 3 h
to provide mechanical stability and sufficient electric conductivity of the glue. The Rh-Ga/Al2O3

catalyst samples were dried in air at room temperature, without any heating. After introduction
to UHV, the samples were heated using resistive heating of the W foil, and temperature was
controlled using a type K thermocouple spot-welded to the W foil. All powder samples were
examined without further cleaning after introduction to UHV.
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4. Results and discussion

This chapter will give an overview of both published, and unpublished results gained by the exam-
ination of samples related to binary Pt-Ga, Pd-Ga and Rh-Ga dehydrogenation catalysts. These
range from the most complex systems, namely catalysts prepared on commercially available sup-
port materials, that is, Pd-Ga on porous glass or Rh-Ga on Al2O3 (Section 4.1) to the simplest
model system, that is, droplets of pure Ga or alloys containing also small amounts of the transition
metals Pt, Pd or Rh (Sections 4.2 and 4.3). Additionally, samples prepared by physical vapor de-
position of Ga onto Au surfaces were examined, and the gained insights are discussed in Section
4.4. If indicated by a suffixed –P in the section title, published journal articles or drafts submitted
or accepted for publication that are related to the discussed experiments can be found in Appendix
A. In these cases, also the text was adapted from the published journal article [111–114].

4.1. Supported Pd/Rh-Ga bimetallic catalyst

In cooperation with the work groups of professors Wasserscheid, Görling, Hock and Peukert of
the FAU Erlangen-Nuremberg, different variants of a novel catalyst material or concept, termed
SCALMS for Supported Catalytically Active Liquid Metal Solutions, were synthesized, character-
ized and subjected to catalytic testing in the dehydrogenation of butane. Catalytic testing was
done by J. Debuschewitz / Dr. N. Taccardi from the work group of Prof. Dr. P. Wasserscheid.
Pd-Ga catalyst samples of different Ga/Pd ratios of Ga/Pd = 1 to 52 , that is, 50 to 2 at.% Pd were
prepared by Dr. N. Taccardi as outlined in the following. Ga was deposited on the support by
thermal decomposition of a (Et3)GaH3 precursor in ethereal solution. This was followed by gal-
vanic displacement of Ga by Pd from a PdCl4 solution. As support material TRISOPOR R© with
a pore diameter around 150 nm was used, which will be denoted porous glass or porous SiO2 in
this thesis for simplicity. Micron-sized metal particles rich in Ga are observed on the surface of the
support in SEM micrographs. These are present after preparation, but also after reaction testing.

In a He-diluted (10:1) butane feedstock at 1.1 bar remarkable stability was demonstrated for on-
stream times up to 20 h, with specific activity of the best-performing catalysts – those of minimum
Pd content of 2 at.% – decreasing from 4.5 to 3 h−1. Using a catalyst of 9 at.% Pd in an undiluted
feedstock at 1.1 bar the specific activity of 15 h−1 was found to be constant for on-stream times up
to 100 h. For high Ga/Pd ratios of the catalysts, also the selectivity for butene was found constant
in the diluted feedstock, and it was demonstrated to increase to up to 80 % with increasing Ga/Pd
ratio. Catalyst temperature in all these examples was 720 K, well above the liquidus temperature
for the given stoichiometries. Similar experiments were conducted also with Rh-Ga catalysts
supported on Al2O3, indicating similar stability at even increased specific activities compared to
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4. Results and discussion

the Pd-Ga systems in the dehydrogenation of propane. The comparison to "benchmark" catalysts,
namely supported Pd and Pt, which suffered quick deactivation, revealed clear superiority of the
novel catalyst materials. These are found to perform particularly well in terms of activity, selectivity
and stability for high Ga/Pd or Ga/Rh ratios.[114]

The synergistic effect achieved by Ga addition is ascribed to the low average melting point
of the mixtures resulting from a high Ga content and the presence of liquid bimetallic phases.
These are assumed to maintain their activity under reaction conditions due to their liquid state that
leads to the inhibition of coke formation. In this section the XPS data, that is, the spectroscopic
characterization and quantitative analysis of different supported Pd-Ga and Rh-Ga catalysts will
be shown and discussed. In later sections, experiments that attempt to shed light on the proposed
explanation for the remarkable stability observed in catalytic testing of this novel class of materials
are presented.

4.1.1. Pd-Ga on porous SiO2 – P1

For two different samples of a catalyst with a nominal atomic Ga/Pd ratio of 21, corresponding to
4.5 at.% Pd with respect to Ga, the photoelectron spectra were recorded. Part of the recorded
spectra, collected from one of the samples, are shown exemplarly in Figure 4.1.
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Figure 4.1.: Pd 3d (a), Ga 3d (b), Ga 2p3/2 (c) and Si 2s spectra (d) collected from a SiO2-
supported Pd-Ga catalyst of Ga/Pd = 21.
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4.1. Supported Pd/Rh-Ga bimetallic catalyst

For the quantification, Si 2s, O 1s, Ga 3d and Pd 3d signals were analysed, and weighted
according to equation (2.15). The binding energy scale is referenced to the binding energy of
Si 2s/Si 2p in SiO2 (154.1/103.2 eV [115]). The examined samples, as expected for insulating
substrates, are prone to charging, and shifts up to 0.4 eV are observed in particular in temperature-
dependent XP spectra (not shown) even after referencing to Si 2s/2p.

For the samples a consistent Ga loading of 13±1 wt.% (nominal 4.9 wt.%) and a Pd loading of
1.5±0.5 wt.% (nominal 0.4 wt.%) were determined. This corresponds to a molar Ga/Pd ratio of 14,
that is 6.7 at.% with respect to Ga, which is in reasonable agreement with the synthesis. Deviations
result from the low absolute amounts of Pd that lead to possible errors in quantification. Larger
absolute values of the catalyst loading in the XPS analysis are expected as exclusively the surface
of the sample is probed, whereas the nominal values are given with reference to the total mass of
the porous SiO2 support. Under the conditions of the XPS experiment, the Ga surface remained
oxidized even up to 477 ◦C, as concluded from the absence of the metal-specific plasmon satellite
of the Ga peaks or changes in the spectroscopic fingerprint. Binding energies of 20.5, 1118.5 and
335.1 eV are observed for the Ga 3d, Ga 2p3/2 and Pd 3d5/2 signals. Due to possible effects of
charging, these binding energies are not given or discussed in P1, and are added here only for
completeness.

4.1.2. Rh-Ga on Al2O3

Different catalyst samples of Al2O3-supported Ga/Rh alloys with a nominal Ga loading of 6 wt.%
and Ga/Rh ratios of 16, 25, 58 and 88 (6, 4, 2 and 1 at.%) were examined using X-ray photoelec-
tron spectroscopy (XPS) at room temperature and in UHV. Since the samples showed charging
resulting in shifts of up to 7 eV, the binding energy scales are referenced to the binding energy of
the Al 2p core level at 74.6 eV; this value was reported for Al2O3 in literature [116]. The quantitative
analysis was performed in accordance to equation (2.15).

The Ga 3d spectra of the as-synthesized sample show one main Ga-related peak at 20.6 eV
(red). Notably, this feature overlaps with the O 2s signal at 24 eV. An additional minor feature is
located at 18.6 eV. In the Rh 3d region, only a single, spin-orbit-split doublet is observed, with
the Rh 3d5/2/3d3/2 peaks at 308.9 and 313.7 eV (red). The peaks have the expected splitting and
intensity ratio of 4.75 eV and 3:2, respectively. The Ga 3d and Rh 3d spectra of the sample af-
ter the reaction show characteristic changes. In the Ga 3d region, the signal at 18.6 eV (blue)
has significantly increased, to about 13 % of the total Ga 3d signal. The Ga 3d peaks at 20.6
and 18.6 eV binding energy are assigned to Ga2O3 and metallic Ga, respectively, in agreement
with data shown in preceding sections. The increase of the metallic Ga content is also seen in
the Ga 2p3/2 signals, where values of 7 % were found for the samples before and 14 % for the
samples after the catalytic testing. These values agree with the Ga 3d-derived values, within the
accuracy of the XPS analysis, and similar trends are observed for all examined samples. Consid-
ering the very different information depth of the Ga 2p (Ekin ≈ 370eV) and Ga 3d (Ekin ≈ 1460eV)
photoelectrons, the equal ratios of reduced Ga to oxidized Ga indicate a homogeneous Ga2O3
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4. Results and discussion

(a) (b)

Figure 4.2.: Ga 3d (a), and Rh 3d spectra (b) of catalyst sample TN614. Suffixes indicate that the
measurement was done directly after synthesis (-1) or after catalytic testing (-2).

distribution within the probed surface region of the catalyst particles. In the Rh 3d region, a new
doublet at 306.9 and 311.7 eV (blue) is observed for the sample after the catalytic reaction, that
is, at 2.0 eV lower binding energy than before the catalytic reaction. The binding energies are
in reasonable agreement with the values of 307.4 and 312.2 eV) observed for a metallic Rh(111)
surface. The Rh 3d doublet at 308.9 and 313.7 eV seen before the catalytic reaction is assigned to
Rh2O3,or RhOx respectively, according to literature. This assignment is based on reported values
of 308.9 and 313.7 eV for bulk Rh2O3 [6], and shifts of 2.1 eV for bulk Rh2O3 [7] and 2.2 eV for
oxidized Rh nanoparticles [8] relative to the reduced Rh species. The increase and appearance
of the observed new Ga 3d and Rh 3d features is ascribed to the formation of metallic Ga and Rh
species, that is, Ga, Rh, or Ga-Rh alloy phases, during the catalytic testing at elevated tempera-
tures in the reductive environment of the reactor. Next, we have determined the Ga/Rh ratios of
the various samples. This was done by assuming a homogeneous distribution of Rh in Ga, and
summing up the oxidic and metallic components in Ga 3d and Rh 3d spectra. The Ga/Rh ratio of
all examined samples prior to reaction is determined to 4±1. Notably, this ratio is almost identical
for these catalyst samples, although they have significantly different nominal Ga/Rh ratios. After
reaction, the Ga/Rh ratio increased to values between 4.7 and 6.6, that is, by 30 to 70 % without
any obvious systematic dependency on nominal values for the catalysts of nominal Ga/Rh ratio
16, 25 and 58. For the catalyst of nominal Ga/Rh ratio of 88 and increase in Ga/Rh ratio to 80,
corresponding to an increase by 470 %, is observed. This indicates a redistribution of Ga or Rh
during catalytic testing, which results in a more Ga-rich surface. Assuming a homogeneous dis-
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4.1. Supported Pd/Rh-Ga bimetallic catalyst

tribution of all present elements, the weight loading of Ga prior to catalytic testing is calculated
to be 18±4 wt.% and the weight loading of Rh to be 6±1 wt.%. The pronounced difference to
the much lower nominal values is attributed to an accumulation of Ga and Rh in the surface-near
region that is probed by XPS, and is therefore expected for a supported catalyst.
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4. Results and discussion

4.2. Angle-resolved photoemission spectroscopy of Pt/Pd/Rh-Ga alloys

As discussed in the introduction, for alkane dehydrogenation the most commonly utilized catalyst
is Zn or Sn promoted Pt. Also for the Pd-Ga and Rh-Ga catalysts, as demonstrated in the pre-
ceding section, metallic binary phases are expected to play a significant role in applications. Such
combination of different elements into a novel dehydrogenation catalyst provides the opportunity to
optimize performance and adapt the catalyst to the demands imposed by the reaction conditions.
The efficiency of Pt-Sn catalysts is explained by a combination of different effects, including also
the stabilization of the active phase, which prevents sintering ,and the reduction of support-acidity
needed for coke formation. Along with electronic effects, also the structure of the interface is of
particular importance, as it defines the surface chemistry responsible for the catalytic efficiency
of the active phase. For the supported Pt catalysts, Sn addition has been shown to increase se-
lectivity towards the dehydrogenated product by increasing the dispersion. This is understood in
terms of the lateral distribution and mutual proximity of active centers in the interface, which will
alter so-called ensemble effects in structure-sensitive reactions. The dehydrogenation of acyclic
alkanes, contrary to C–C bond breaking and forming reactions such as isomerization, cyclization
or coke formation, typically is found being particle size-insensitive. This implies that a single ac-
tive center might be able to catalyze the reaction, and the dilution of active centers is expected
to increase selectivity. General consensus, however, also is that the dehydrogenation of acyclic
alkanes follows an inverse Horiuti-Polanyi mechanism. This implies that either at least three ac-
tive centers or efficient means for transport and recombinative desorption of hydrogen have to be
present to enable the dehydrogenation to occur.[49, 117]

In a highly dynamic system, such as the discussed Ga-based bimetallic catalysts, also the dis-
tribution of the elements along the surface normal – in particular under reaction conditions – will
influence efficiency, as it may limit the availability of active centers at the surface. Thus, to clar-
ify the composition of the metallic alloys as function of the temperature, and to reveal possible
inhomogeneities along the surface normal, angle-resolved XPS measurements were conducted.
Model Pt/Pd/Rh-Ga alloys typically having a transition metal content less than 2 at.% were ex-
amined at temperatures between room temperature and 850 K. For all examined alloys, phase-
separation leading to the formation of transition metal-rich IMCs and thus a depletion of the liquid
bulk, is observed. Furthermore, for all the examined transition metals, a surface depletion, that is,
Ga segregation to the interface is observed. Transition metal depletion of the surface is found to
more pronounced in the order Pd to Pt to Rh. In case of Pd-Ga, the spectroscopic data discussed
in the following Section 4.2.1 could successfully be compared in quantitative manner to results
of molecular dynamics simulations done by J. Erhard in the workgroup of Prof. Dr. A. Görling.
These findings are able to explain the resiliency towards coke formation by a minimized concen-
tration of active centers in the interface and suggest a mechanism based on the limited and only
short-termed availability of active centers at the interface.
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4.2. Angle-resolved photoemission spectroscopy of Pt/Pd/Rh-Ga alloys

4.2.1. ARXPS of Pd-Ga alloys – P2

Spectra of the Ga 2p3/2, Ga 3d, Pd 3d, O 1s and C 1s levels were collected for bimetallic samples
of 0.8 and 1.8 at.% Pd at temperatures up to 850 K in 0◦ and 80◦ emission angle. For a sample of
4.7 at.%, complementary data was collected at the same temperatures in 0◦ exclusively. Typical
measurements in the Ga 3d and Pd 3d region are shown in Figure 4.3 (a) and Figure 4.3 (b)
for the sample with a nominal Pd content of 1.8 at.% Pd. For both emission angles, a strong
increase of the Pd 3d peaks with increasing temperature is observed, while the Ga 3d peaks
remain unchanged (within a standard deviation of 2 %). For all examined temperatures, the Pd 3d
intensity at 80◦ is smaller than at 0◦ emission. The overall Pd 3d signal increase is accompanied
by a systematic shift to lower binding energy by up to −0.5 eV (337.1 to 336.6 eV). No such shifts
occur in the Ga core levels. The binding energy of the Pd 3d5/2 signals of the Ga alloys is larger by
1.0 to 1.5 eV due to the Pd-Ga interaction, as compared to the Pd(111) surface. Similar chemical
shifts, due to interaction of the transition metal with Ga in Ga-rich matrices have been reported for
various Pd-Ga intermetallic compounds (0.9 to 1.5 eV)[66, 69, 72].

From the quantitative analysis of the total signal intensities, the Pd concentration of the sample
within the information depth of XPS was determined. As already evident from the spectra in
Figure 4.3, the Pd surface concentration is strongly dependent on temperature, and there is also
a pronounced systematic difference between Pd surface concentrations determined from 0◦ and
80◦ emission.

Pd concentrations xPd are plotted as function of the sample temperature for three different
nominal Pd concentrations in Figure 4.4. Data obtained exclusively in 0◦ emission is shown in
Figure 4.4 (a), while in Figure 4.4 (b) temperature-dependent data collected from a mixture of
1.8 at.% in 0◦ and 80◦ emission is shown exemplarily. We will focus on data collected in 0◦ in
the beginning to discuss the observed temperature-dependence. For the 4.7 at.% mixture (black
circles) it is evident that within temperatures of 630 to 850 K a temperature-independent Pd con-
centration of 4.7±0.2 at.% is found. For the 1.8 at.% Pd mixture an average Pd concentration
of 1.79±0.03 at.% Pd is observed within a temperature range of 600 to 750 K, while for the
0.8 at.% Pd mixture the Pd concentration between 500 and 750 K is 0.73±0.05 at.%. These
average values are depicted in Figure 4.4 as dotted lines, along with error bars that represent
their standard deviation. The average values of the Pd concentration obtained from XPS at 0◦

are in very good agreement with the bulk Pd concentration of the samples as determined from
the weight-in (4.7 at.%), or standard-calibrated atom emission spectroscopy analysis (0.79±0.01
and 1.83±0.01 at.% Pd). In case of the 4.7 at.% mixture below 630 K a strong decrease of the
measured Pd concentration occurs. For the 1.8 at.% Pd mixture, below 600 K, the Pd surface
concentration as determined from the 0◦ as well as the 80◦ data decreases with decreasing tem-
perature, as evident from Figure 4.4 (b). The observation of Pd depletion below a certain thresh-
old temperature, which is increasing with Pd bulk concentration, is explained by a phase transition
from the pure liquid phase to a two-phase system. The latter consist of a Pd-rich, solid intermetal-
lic compound Ga5Pd within a liquid Pd-Ga alloy. The formation of solid, Pd-rich crystallites in the
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Figure 4.3.: Ga 3d (a) and Pd 3d spectra (b) collected at 0◦ and 80◦ emission, for the sample with
a nominal Pd content of 1.8 at.% Pd. All data collected in 80◦ emission was scaled by
a constant factor actor of 2.4 to normalize Ga 3d signal intensity.

liquid bulk leads to a Pd depletion of the remaining liquid alloy probed by XPS.

An occasional formation of Pd-rich crystals on the surface of the liquid phase can indeed be
visualized by XPS-imaging, and is visible to the human eye. This provides further evidence of a
phase separation observed in the temperature-dependent data. As the probed areas slightly differ
in the two emission geometries, the formation of Pd-rich crystallites could lead to inconsistencies
or increased scatter in the temperature-dependent data. This is, for example, observed at a
temperature of 420 K, where the detected intensity in 0◦ emission is increased in contrast to the
expected trend.

The average Pd concentration determined from the 80◦ data of the 1.8 at.% mixture, shown as
blue circles in Figure 4.4 (b), between 600 and 750 K is 1.29±0.07 at.%. For the 0.8 at.% mixture
(data not shown) between 500 and 750 K a concentration of 0.49±0.11 at.% is found. Notably,
in the complete temperature range, a constant average ratio of xPd(80

◦)/xPd(0
◦) = 0.77 is observed
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4.2. Angle-resolved photoemission spectroscopy of Pt/Pd/Rh-Ga alloys
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Figure 4.4.: Atomic Pd fraction plotted as function of temperature. Data collected exclusively in
normal emission is shown in (a), whereas data collected in the ARXPS experiment,
that is in 0◦ and 80◦ emission, is shown in (b).

(although scatter increases for low Pd surface concentrations), independent of temperature and
bulk Pd concentration. As the measurement at 80◦ is much more surface sensitive than at 0◦, the
observed ratio is due to a surface depletion of Pd, which is independent of the temperature, that
is, also independent of the the bulk phase transition.

Complementary DFT-MD simulations were done by J. Erhard from the workgroup of Prof. Dr. A.
Görling at the chair of Theoretical Chemistry 2 of the FAU Erlangen-Nuremberg. These showed
that the Pd and Ga distribution in a Pd-Ga alloy of 10 at.% Pd follows a damped oscillatory behav-
ior, schematically shown also in Figure 4.5, with a minimum probability to find Pd in the first Ga
layer, and a maximum probability to find Pd in the second Ga layer.

We used the results of the ICP-AES analysis, that is, the bulk Pd concentration xPd,bulk, and
the MD simulation as input for a simple model of n rigid layers with varied PdaGab composi-
tion (a + b = 1), to approximate an inhomogeneous Pd depth-distribution function by a staircase
function. The atomic fraction of Pd, as it would be determined in 0◦/80◦ emission within the ex-
periment, is calculated by summing up the contributions from layer n to the total signal of Pd and
Ga, weighted with their molar fractions in the nth layer and the corresponding damping to the
overlaying PdGa layers, in accordance to equation 2.16. In the model, we used the distribution of
Pd as obtained from a staircase approximation to the MD results with respect to the bulk value of
the respective Pd-Ga alloy. This results in values for the Pd atomic fraction xPd,n of the n-th layer
of xPd,1 = 0 ·xPd,bulk,xPd,2 = 1.4 ·xPd,bulk and xPd,3 = 1.2 ·xPd,bulk. The Pd concentrations xPd ex-
pected from quantitative analysis of 0◦ and 80◦ emission data are indicated as solid red and blue
lines in Figure 4.4 (b), and show excellent agreement with the experimental data collected from the
1.8 at.% mixture. Please note that other models, such as the Langmuir-McLean-Theory[73, 118]
describing segregation of a single monolayer, and an asymptotical increase to the bulk Pd con-

29



4. Results and discussion

Figure 4.5.: Schematic representation of Ga (orange) and Pd (blue) distribution and the photoe-
mission experiment from an artists perspective. The distribution curves are arbitrarily
scaled for display. Shown is also a snapshot image of the supercell used in the MD
simulation, which was kindly provided by J. Erhard along with the distribution curves
of Ga and Pd. The shown figure was used as graphical abstract in article P2.

centration would also lead to a satisfying fit to the data. Please note that all these models agree on
the fact that the first layer is Pd depleted. Using the enthalpies of vaporization of elemental Ga and
Pd as a measure for interatomic bond strength, an estimation of possible surface segregation in
binary alloys is possible.[119] As the enthalpy of vaporization of Ga is lower compared to Pd [120,
121], Ga segregation to the interface is minimizing the energy due to coordinatively unsaturated
interface atoms, and Ga segregation is therefore indeed expected. This is also expected based
on the surface energies discussed in Chapter 1.

In conclusion, in combination with DFT-MD, evidence for the layered structure formed by interfa-
cial stratification and segregation of Ga in liquid Pd-Ga alloys is provided. Quantitative agreement
to XPS data also provides evidence for the discussed Pd distribution – a surface depletion, and
subsurface enrichment in the second and third layer.
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4.2. Angle-resolved photoemission spectroscopy of Pt/Pd/Rh-Ga alloys

4.2.2. ARXPS of Rh/Pt-Ga alloys

Complementary to the results discussed in Section 4.2.1, also Pt-Ga and Rh-Ga alloys were
examined in angle-resolved XP (in 0◦ and 80◦ emission) experiments. Collected ARXPS data is
supplemented with temperature-dependent data measured at higher temperatures in 0◦ emission
exclusively. For quantitative analysis reference measurements of pure Ga, and clean Pt(111)
and Rh(111) surfaces were used. In case of Pt-Ga, samples with a nominal content of 0.7 and
1.8 at.% Pt were examined. In Figure 4.6 (a) the results of quantitative analysis of Ga 3d and
Rh 3d signals, that is, the atomic fraction of Pt xPt, is shown as function of temperature. For
both mixtures, the Pt content initially is found to increase with increasing temperature. For the
1.8 at.% mixture, a constant Pt concentration of 1.9±0.1 at.% is observed at temperatures above
760 K. In case of the 0.7 at.% mixture, a constant Pt concentration of 0.5±0.1 at.% is observed at
temperatures above 700 K. Similar to what has been discussed for the Pd-Ga alloys, the observed
temperature-dependence is ascribed to a phase transition, that is, the melting or solidification of
the solid IMC Ga6Pt. Formation of the latter, at temperatures below the liquidus temperature, will
lead to Pt depletion of the remaining liquid phase. Examination of the data collected in ARXPS
experiments for a mixture of nominally 1.8 at.% Pt in 0◦ and 80◦ simultaneously, which is shown in
Figure 4.6 (b), again reveals behavior as observed for the Pd-Ga alloy: The ratio xPt(80

◦)/xPt(0
◦) =

0.72 is found to be temperature-independent, and indicates an interfacial depletion of Pt.
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Figure 4.6.: Atomic Pt fraction plotted as function of temperature. Data collected exclusively in
normal emission is shown in (a), whereas data collected in the ARXPS experiment,
that is in 0◦ and 80◦ emission, is shown in (b).

Experiments were conducted with Rh containing Ga samples having a Rh content of 1.2, 1.8
and 2.0 at.%. The result of the quantitative analysis of the Ga 3d and Rh 3d core level signals
collected in 0◦, that is, the atomic Rh fraction xRh, is plotted as function of temperature in Fig-
ure 4.7 (a). Data collected in 0◦ and 80◦ emission simultaneously is shown in Figure 4.7 (b).
Apparently, only for the sample of nominal Rh content of 1.2 at.% a temperature exceeding the
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4. Results and discussion

liquidus-temperature was achieved. For this sample, the average Rh concentration from quan-
titative analysis is 1.3±0.1 at.% at temperatures above 800 K. For the 1.8 and 2.0 at.% mix-
tures, a temperature-independent Rh concentration could not be observed within the examined
temperature-range. As for the Pd-Ga alloys, the nominal bulk Rh concentration of the samples
was confirmed by standard-calibrated ICP-AES (N. Taccardi). When comparing data collected in
0◦ and 80◦ emission, surface Rh depletion, that is an average xRh(80

◦)/xRh(0
◦) = 0.63 is found, if

considering the datapoint at 600 K an outlier.
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Figure 4.7.: Atomic Rh fraction plotted as function of temperature. Data collected exclusively in
normal emission is shown in (a), whereas data collected in the ARXPS experiment,
that is in 0◦ and 80◦ emission, is shown in (b).

By comparison of data collected from the different Pd/Pt/Rh-Ga alloys of 1.8 at.% of the tran-
sition metal in Ga it is evident that the liquidus temperatures, as derived from the temperature-
dependent quantitative analysis of the surface composition in 0◦ emission, are found to increase
in the order of Pd < Pt < Rh (620, 760 and >850 K). This is, despite significant differences
in absolute temperatures, in line with the trend observed in liquidus temperatures crudely esti-
mated from published phase diagrams (410, 500 and 810 K).[74, 75, 77, 78] The observed strong
deviation might be related to undetected impurities or the presence of the liquid-solid (Ga-W) or
liquid-vacuum interface. Furthermore, for the three examined transition metals an increasing trend
to surface-depletion quantified by means of the xRh(80

◦)/xRh(0
◦), which is found to decrease in the

order Pd > Pt > Rh (0.77 > 0.72 > 0.63) is observed. This corresponds to an increase in Ga seg-
regation and is found to be in qualitative agreement with the enthalpy of mixing decreasing in the
order Rh-Ga, Pt-Ga, Pd-Ga, and with the surface energy decreasing in the order Rh,Pt,Pd.[74–80]
Corresponding values are given and discussed in Chapter 1.

It is to mention that in contrast to the Rh-Ga system, where the Rh 3d5/2 binding energy of the
liquid alloys in the examined compositional range is found to be 307.3 eV, which is in agreement
with the binding energy of 307.4 eV observed for the clean Rh(111) surface, shifts of the Pt 4f
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4.2. Angle-resolved photoemission spectroscopy of Pt/Pd/Rh-Ga alloys

and Pd 3d core level signals are observed for the liquid phases of the Pt-Ga and Pd-Ga systems.
These shifts are found to be of similar magnitude and agree qualitatively in terms of temperature-
dependence. Shifts in the Pd 3d and Pt 4f core level signals, relative to the corresponding, clean
(111) surfaces, are shown in Figure 4.8 as function of the sample temperature. The observed
shifts are ascribed to the transition metal-Ga interaction, and they are therefore interpreted to be
due to the changes in the composition of the liquid phase, induced by phase-separation upon
changing temperatures. An increase in binding energy is observed for a decreased content of the
transition metal in the liquid phase. To understand the exact nature and origin of this observation,
ab initio calculations of binding energies might be helpful.
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Figure 4.8.: Pd 3d and Pt 4f core level binding energy shifts observed from liquid alloys. Shifts are
given with respect to the corresponding (111) surface and are shown as function of
the sample temperature.

For solid Pd-Ga IMC similar shifts have been reported and were explained by electron transfer
into Pd 4d states, resulting in increased Pd 3d core hole shielding and thus decreased final state
screening.[72] These shifts appear to be linearly increasing with Ga content in the alloy material
and a crude extrapolation to Pd contents below 5 at.% would yield shifts of approximately 2.1 eV;
clearly the shifts observed for the liquid Pd-Ga alloys can not exclusively be ascribed to the nomi-
nal stoichiometry. Extrapolation of the reported data to the stoichiometry of the IMC Ga5Pd results
in shifts of approximately 1.7 eV. This is in line with shifts up to 1.6 eV observed for the Pd-Ga
alloys at low temperatures around 400 K, indicating a possible contribution by solid IMC particles
to the detected signal at this temperature. Please note that at the low temperatures, however, the
discussed signals are close to the limit of detection, and show a rather high uncertainty in binding
energy, which is indicated by error bars in Figure 4.8.
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4. Results and discussion

4.3. Oxidation of Pt/Pd-Ga alloys

As described in the introduction, the regeneration of dehydrogenation catalysts by burning off
formed coke, is a frequent necessity in all the reviewed commercially applied processes. Fur-
thermore, Ga is sensitive to molecular oxygen, and oxides formed from traces of oxygen in the
feedstock will wet the surface of the Ga-based bimetallic liquid phase potentially influencing the
catalytic process. This motivated the examination of the Pt/Pd-Ga model alloys response to expo-
sure to molecular oxygen at pressures up to 1 mbar and temperatures up to 550 K. The examined
alloys had transition metal contents of less than 2 at.% for both elements. Ga2O3 formation is
observed, and growth of wetting films of thickness up to 37 Å was monitored in-situ. Pt is found to
be incorporated into the formed Ga2O3 film with a constant stoichiometry of xPt = 5.5±1.5at.%
with respect to GaII in Ga2O3 independent on the bulk concentration. This corresponds to a net
enrichment of Pt at the surface. Contrary Pd is not incorporated into the newly formed Ga2O3 film,
but a slight enrichment at the metal-oxide interface in response to initial stages of oxide growth is
apparent, which is then followed by a decrease in the apparent Pd content ascribed to attenua-
tion of the Pd 3d signals used for the quantitative analysis by the growing Ga2O3 overlayer. The
gathered insights show, that for both systems, the presence of oxygen in the form of Ga2O3 leads
to an enrichment of the active species at the surface. In case of the Pd-Ga system, however,
the observed behavior also indicates a potential deactivation route in case the rate of Ga2O3 for-
mation exceeds the rate of competitive processes like oxidative dehydrogenation or oxidation of
hydrocarbons.

4.3.1. Oxidation of Pt-Ga – P3

Pure Ga, and alloys of 0.7 and 1.8 at.% Pt were exposed to molecular oxygen at pressures of
3×10−7, 3×10−3 and 1 mbar, at sample temperatures of 300, 450 and 550 K. In all cases, the
formation of Ga oxide occurs. Figure 4.9 exemplifies the data of an experiment for a Pt-Ga alloy
with a Pt content of 1.8 at.%, conducted at 550 K and 3×10−7 mbar O2.

Spectra plotted as blue and red lines were acquired in UHV before and after oxidation, respec-
tively, and spectra plotted as grey lines were collected during exposure to 3×10−7 mbar O2. The
peaks of metallic Ga are located at 1117.0 and 18.9 eV for Ga 2p3/2 and Ga 3d, respectively. The
formation of Ga oxide is reflected by the development of additional components at 1119.0 eV in
the Ga 2p3/2 region (Figure 4.9 (a)) and at 20.9 eV in the Ga 3d region (Figure 4.9 (b)). These
components are shifted by + 2.0 eV relative to the metallic components in both the Ga 2p3/2 and
Ga 3d region. In addition, we also observe a peak at 531.6 eV in the O 1s region, as a result
of the oxidation. Interestingly, for the alloy samples, we find a considerable increase of the Pt 4f
signals, shown in Figure 4.9 (d), during oxidation, which occurs simultaneously to the increase in
oxide-related Ga 3d or O 1s components.

The quantitative analysis of the integrated Ga 3d and O 1s peak areas yields an average stoi-
chiometry of Ga2O3.2±0.5 for the formed oxides, and the observed binding energies in the Ga 2p
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Figure 4.9.: Ga 2p3/2 (a), Ga 3d (b), O 1s (c) and Pt 4f (d) XP spectra collected from a Pt–Ga
alloy with a Pt content of 1.8 at.%. The data were acquired before oxidation in UHV
(blue), during oxidation at 3×10−7 mbar O2 (grey) and after oxidation in UHV (red),
at a sample temperature of 550 K. Oxidation was monitored for 240 min. A 3-point
moving average smoothing was applied to the Pt 4f data.

and 3d regions are in good agreement with literature for Ga2O3.[122–124] Due to the large dif-
ference in binding energy of the Ga 2p and Ga 3d electrons, there is a large difference in kinetic
energy and consequently in IMFP of the photoelectrons for these two transitions. As a result, the
ID in the Ga 2p region is 37 % of the ID in the Ga 3d region of the spectrum. The oxidic compo-
nents show a higher relative intensity in the Ga 2p3/2 signals. It is thus concluded that the formed
oxide is primarily located at the sample–gas interface. On this basis, the thickness of the grown
oxide films was determined from the Ga 2p3/2 data as a function of time and temperature, for O2

pressures up to 1 mbar from equation (2.19).

In Figure 4.10 (a), the oxide film thickness is shown as a function of O2 dosing time for three ex-
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Figure 4.10.: (a) Temporal evolution of the film thickness of Ga2O3 on pure Ga is shown for differ-
ent O2 pressures at 450 K. (b) Ga2O3 thickness obtained after 120 min of oxidation
for different temperatures plotted as function of pressure. (c) and (d) Pt content from
quantitative analysis of Ga 3d and Pt 4f spectra plotted as function of Ga2O3 film
thickness. For the analysis, both UHV spectra collected before and after oxidation,
and in-situ data was used.
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4.3. Oxidation of Pt/Pd-Ga alloys

periments that were conducted with pure Ga at 450 K, and at three different pressures of 3×10−7,
3×10−3 and 1 mbar (green, red, and black symbols). At 3×10−7 mbar O2, the oxide thickness
levels off at around 150 minutes, leading to a 5.4 Å thick oxide film. The observed saturation might
be related to a strongly decreased probability for the dissociative adsorption of oxygen on the
formed oxide, leading to no further increase of the apparent thickness within the time frame of
the experiment.[125] At pressures of 3×10−3 and 1 mbar, a rapid initial increase is followed by
a much slower and almost linear increase with time, which does not saturate even after 280 min.
This behaviour is attributed to the growth of an oxide film, which is limited by mass transport. In
a simplified picture, the kinetics would be given as dd/dt ∝ d−1, with the thickness d being d ∝

√
t

[126, 127], as qualitatively observed for 3×10−3 and 1 mbar oxygen pressure. We therefore as-
cribe the observed growth behaviour under these conditions to a diffusion-limited formation of a
bulk-like oxide, which occurs after the rapid formation of a 2D surface oxide-like film structure. For
the Pt-Ga alloys, the oxide growth shows a similar behavior. At 3×10−7 mbar O2 the thickness
after 120 min, shown in Figure 4.10 (b) scatters around a mean value of 5.5±2.2 Å. Values after
saturation are 6.7±2.2 Å, in line with references [125, 128].

Because no saturation was found in the case of oxide formation at O2 pressures of 3×10−3 and
1 mbar, we compare the oxide thicknesses obtained after 120 min for the samples with different
Pt content. For the Ga sample and for the Pt-Ga alloys, the thickness of the grown oxide film
systematically increases with pressure and sample temperature in all conducted experiments,
which is shown in Figure 4.10 (b). The comparison of the samples with different Pt content, 0,
0.7 and 1.8 at.%, shows no systematic correlation between oxide film thickness and the nominal
Pt content of the examined alloys. The average thicknesses of the oxide films after exposure
to oxygen at 1 mbar are 16 Å at 300 K, 21 Å at 400 K and 30 Å at 550 K. Averaged values of
thicknesses are also given as lines to guide the eye.

For the non-oxidized samples at temperatures below 650 K the Pt content is only 0.2 at.%, which
is in contrast to the nominal bulk content of 0.7 and 1.8 at.% Pt. This is attributed to the presence of
a solid Ga6Pt phase at the examined temperatures, which is not expected according to published
phase diagrams [74, 75] and has been elaborated on in more detail in the preceding Section 4.2.

During Ga2O3 growth, the Pt 4f intensity increases strongly, as evident from Figure 4.9 (d),
shown for the sample with a nominal Pt content of 1.8 at.%. In Figure 4.10 (c) and Figure 4.10 (d),
the measured Pt surface concentration is shown for all oxidation experiments conducted with the
Pt-Ga alloys. The reaction temperature in these plots is color-coded, and the pressure is coded
by symbols. When data obtained in UHV after oxidation is evaluated, as done for publication P1,
the Pt content is found to increase linearly with increasing Ga2O3 thickness for all examined tem-
peratures, indicating the incorporation of Pt atoms, or Pt-rich phases into the formed oxide film.
Clearly, a linear increase in the Pt content determined from Pt 4f and Ga 3d signals with increasing
Ga2O3 thickness is also evident at temperatures of 300 and 450 K shown in Figure 4.10 (c). Data
collected in situ during the oxidation at 550 K, shown in Figure 4.10 (d), reveals further interesting
aspects of the observed phenomenon. The behavior is slightly different compared to lower tem-
peratures, as more pronounced increase in Pt content is apparent during initial growth of the oxide

37
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film before linearly increasing Pt content is observed for higher film thickness. In agreement with
the proposed Pt incorporation, the Pt content relative to Ga in Ga2O3 after oxidation is found to
be 3.6±0.6 at.% in all samples, and is independent of the film thickness and of the nominal bulk
composition of the metallic alloy in the studied cases. A quantification using measured reference
intensities instead of Wagners atomic sensitivity factors [129] yields a slightly higher Pt content
of the Ga2O3 film of 5.5±1.5 at.%. This behavior might be attributed to either specific structural
motives containing Pt being formed during the growth of the oxide layer, or a certain solubility of
Pt atoms in the formed oxide film.

The binding energy of the Pt 4f7/2 peak in the liquid alloy samples before oxidation is 72.4±0.3 eV,
that is shifted by +0.9 eV with respect to the value of 71.5 eV determined for the Pt(111) reference.
Upon gallium oxide formation, the Pt 4f peaks further shift to higher binding energies by up to
+0.9 eV, that is, by up to +1.8 eV as compared to Pt(111). This shift is to be compared with a shift
of +0.7 eV upon oxygen chemisorption on Pt(110), +0.8 eV upon formation of a surface oxide on
Pt(111)[130, 131], +1.1 to 1.3 eV for PtO, and +2.9 eV for Pt2O4.[132–136] Because the value of
+1.8 eV does not agree with any of those shifts and, more importantly, due to the known thermal
instability of Pt oxides under UHV and near ambient conditions [132, 137], we rule out the forma-
tion of a stable Pt oxide phase, but ascribe the observed shift to the local chemical environment
of Pt atoms when incorporated into an oxygen-rich Ga2O3 matrix.

The observed enrichment of Pt in the oxide film at the interface might play a crucial role in
understanding catalytic reactivity in reactions of similar alloy or bimetallic catalysts, particularly for
reactions under oxidative conditions. The aforementioned regeneration of the catalyst by coke-
burning might be facilitated by the availability of potentially active Pt species within the Ga2O3

film.
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4.3. Oxidation of Pt/Pd-Ga alloys

4.3.2. Oxidation of Pd-Ga

In analogy to the experiments conducted with the Pt-Ga alloys, Pd-Ga alloys of 0.7, 1.3 and
1.8 at.% were exposed to molecular oxygen at pressures of 3×10−7, 3×10−5, 3×10−3 and
1 mbar and a temperature of 550 K. As in case of the Pt-Ga alloy, the formation of Ga2O3 is
observed, as deduced from the appearance of additional features in Ga 2p3/2, Ga 3d and O 1s
spectra, shown in Figure 4.11 (a) to (c).
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Figure 4.11.: Ga 2p3/2 (a), Ga 3d (b), O 1s (c) and Pd 3d spectra (d) collected before, after and
during oxidation at a pressure of 3×10−3 mbar at 550 K. The nominal Pd content in
the shown experiment was 1.3 at.% Pd.

Observed shifts of +2.0 eV correspond to shifts observed in the oxidation of pure Ga and Pt-
Ga alloys, and a stoichiometry of Ga2O2.8±0.3 is determined from quantitative analysis of Ga 3d
and O 1s signals. Growth characteristics at the different pressures are found to agree with ob-
servations for pure Ga and the Pt-Ga alloys. Film thickness is determined from Ga 3d signals
using equation 2.19, as it exceeds the ID of Ga 2p signals in Ga2O3 for pressures of 3×10−3
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4. Results and discussion

and 1 mbar. Contrary to the observations made for the Pt-Ga alloys, however, is the behaviour
deduced from the Pd 3d spectra, shown in Figure 4.11 (d). In the first spectrum collected after
exposing the sample to O2 an increase in intensity is observed. A steady decrease in intensity is
observed for spectra collected afterwards.
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Figure 4.12.: Pd content determined from quantitative analysis of Ga 3d and Pd 3d core level
signals plotted as function of the Ga2O3 film thickness. Shown is data collected in
UHV and in-situ at 3×10−7 mbar (a) and at 3×10−5 to 1 mbar (b).

Quantitative analysis, in form of the Pd content determined from Pd 3d and Ga 3d signals as
function of Ga2O3 film thickness is plotted in Figure 4.12 (a) for a pressure of 3×10−7 mbar and
in Figure 4.12 (b) for pressures of 3×10−5, 3×10−3 and 1 mbar. Aside the Pd content before
oxidation, which is found to be 1.2±0.1 and 1.7±0.1 at.% and agrees to the nominal values of
1.3 and 1.8 at.% within the experimental uncertainty, the observed behavior during oxidation is
independent of the nominal content. Temperature-dependent concentrations in the liquid, metallic
alloys have been elaborated on in Section 4.2. Upon oxidation, different response to Ga2O3

formation is observed for the examined pressures. At 3×10−7 mbar only a minor increase in
Pd content is observed until a thickness of 5 Å is reached. Upon further oxidation the thickness
increases to up to 12 Å, while the Pd content is found to decrease again. For pressures of 3×10−5

to 1 mbar, an increase in Pd content by a factor of up to 2 is observed as response to initial
oxide formation. At thickness exceeding 5 Å, however, similar to oxidation at 3×10−7 mbar the
Pd content is found to steadily decrease with increasing oxide film thickness. Also the mixture
of 0.7 at.% Pd shows the discussed, pressure-dependent behavior (data not shown). Quantitative
analysis of Ga 3d components ascribed to Ga2O3 and metallic Ga, and the Pd 3d signals reveals a
simultaneous decrease of the metallic Ga 3d component and the Pd 3d signals. This observation
is ascribed to the similar attenuation of the two signals by the growing oxide overlayer. It is thus
concluded that as response to initial formation of Ga2O3, an enrichment of Pd at the newly formed
oxide-metal interface occurs. Contrary to Pt, however, Pd is not incorporated into the formed oxide
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4.3. Oxidation of Pt/Pd-Ga alloys

film, but remains enriched at the interface during Ga2O3 growth.
A fundamental difference between the two bimetallic systems discussed so far is the content

of the transition metal in the liquid phase at the beginning of the oxidation experiments. As dis-
cussed in the preceding Sections 4.2.1 and 4.2.2, for the Pd-Ga alloys at 550 K most of the Pd
is expected to be dissolved in the liquid phase. Accordingly quantitative analysis before oxidation
is in agreement with the nominal bulk composition determined from weight-in. Contrary, for the
Pt-Ga alloys, even at 550 K most of the transition metal will be captured in solid IMC phases,
hence the low nominal Pt concentration determined from quantitative analysis before oxidation.
A direct comparison of the conducted experiments has thus to be done with care. Interestingly,
however, the observations made upon oxidation of the alloys behave inverse to the composition
at the beginning of the experiments: While the transition metal-depleted liquid phase of the Pt-Ga
system reacts by Pt incorporation and enrichment of Pt in the Ga2O3 film, the Pd-rich liquid phase
of the Pd-Ga system reacts conversely leading to a net Pd depletion of the formed Ga2O3 film.
As discussed, this behavior may provide evidence for a stabilization of Pt within the Ga2O3 film.
A comparative study on the stabilization of atomically disperse Pt, and Pd in Ce2O3 was reported
by Neitzel et al.[138] Theoretical adsorption energies of the oxygen-coordinated Pt2+ and Pd2+

ions are reported to be −678 and −504 kJ mol−1. Certainly, these energies must be different for
Ga2O3 as matrix for the transition metal ions, however, the experiments discussed above provide
indication that a similar trend might be revealed for the transition metal ions in Ga2O3.
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4. Results and discussion

4.4. Deposition of Ga on gold surfaces

As for the Ga-based bimetallics discussed in preceding sections, also for Pd-Au alloy catalysts syn-
ergistic effects have been reported, e.g. in hydrodesulfurization reactions[139], low-temperature
CO oxidation[140], or acetoxylation of ethylene[141]. Both Ga and Au play the role of inactive
matrix or promoter in the examples discussed above. Additionally, highly disperse Au itself is
known to be catalytically active since more than three decades.[142–148] Excellent review papers
summarize the numerous studies reporting catalytic activity of disperse Au in different reactions,
including hydrogenation of alkenes and aldehydes, dehydrogenation, CO oxidation, water gas
shift, and selective oxidation.[142, 143, 145, 148] Other reviews cover the surface chemistry of
various combinations of test reaction and model catalyst, ranging from the Au(111) single crystals
to Au particles with sub-monolayer coverage on oxidic supports like TiO2, MgO or FeO.[144, 145]
The combination of the elements Ga and Au that will be addressed in the following, could allow for
expanding the concept of catalytically active Au particles, clusters and atoms towards catalytically
active single Au atoms dissolved in an inert, liquid Ga matrix, similar to what has been discussed
in preceding sections and has been reported for Pd/Au[149] and Pt/Cu[150, 151].

To study the interaction of Au with Ga, an increasing amount of Ga was deposited onto poly-
crystalline Au foil in steps. Upon Ga deposition, the formation of a Au7Ga3 alloy phase with an
average Ga content of 28 at.% which covers the pristine Au substrate is observed. Upon expo-
sure of the formed Au7Ga3 alloy to molecular oxygen at pressures up to 1 mbar and temperatures
up to 550 K, Ga within the surface-near region is oxidized to form a Ga2O3 phase covering the
Au7Ga3/Au (poly) surface. For acquisition of the data shown in this Section, Mg Kα radiation was
used. A schematic representation of the conducted experiments is shown in Figure 4.13.

Figure 4.13.: Artists view on Au7Ga3 alloy formation and oxidative dealloying leading to Ga2O3 for-
mation on top of the Au substrate. The shown figure was used as graphical abstract
in article P5
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4.4. Deposition of Ga on gold surfaces

4.4.1. Ga on polycrystalline Au surfaces – P4

A total of 19.9 Å of Ga was deposited in stepwise manner onto polycrystalline Au surfaces at
sample temperatures between 300 and 330 K. Ga and Au core level signals were measured after
each deposition step. The Ga 2p3/2 and Ga 3d signals (Figure 4.14 (a)) are found to increase until
saturation. Simultaneously, the Au 4f5/2 and 4f7/2 substrate signals (Figure 4.14 (b)) are attenuated
to about 70 % of their initial intensity.
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Figure 4.14.: (a) Ga 3d, and (b) Au 4f XP spectra, collected during stepwise deposition of Ga on
a Au foil. (c) Peak fitting of Au 4f peaks with two components, assigned to the Au
substrate (red) and the Au7Ga3 alloy (blue), for selected thicknesses. (d) Relative
intensities of Au 4f, Ga 2p3/2 and Ga 3d signals plotted as function of the nominal Ga
thickness, along with the calculated attenuation of Au 4f substrate signals expected
for continuous growth of a Au7Ga3 overlayer (dashed red line). Calculated intensities
of the other signals are shown as dashed lines colored according to the color code
used for data points.
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The binding energies of the Ga 2p3/2 signal at 1117.1 eV and Ga 3d signal at 19.1 eV are inde-
pendent of the amount of Ga deposited, and are in reasonable agreement with values discussed
for metallic Ga in preceding sections. In contrast, the Au 4f7/2 peak shows a pronounced shift
to higher binding energy from 83.9 to 84.4 eV, which is due to the evolution of a new component
shifted by 0.5 eV relative to the pristine substrate. This is ascribed to the formation of a Ga-Au alloy
phase. The Au 4f spectra were therfore fitted with two components representing the unchanged
Au substrate and the newly formed alloy (denoted as Au7Ga3 – see below). Fitted Au 4f spectra
of the clean Au surface and the second and last Ga deposition steps are shown in Figure 4.14 (c).
The difference in binding energy is attributed to the Ga-Au interaction; From valence band spectra,
possible work-function changes of the detector as origin of this shift are ruled out. Au 4f binding
energy shifts of similar magnitude were reported in literature for liquid alloy phases (T > 723 K)
[152]. An effect similar to the increased occupancy of Pd 4d states, resulting in better Pd 3d hole
state shielding and decreased final state screening, which was discussed for the Pd-Ga system
before, might also be responsible for the shifts observed in the Ga-Au system. The proposed
formation of a Ga-Au alloy phase is also supported by the quantitative analysis of the XP spectra
as function of the nominal thickness of deposited Ga, which is shown in Figure 4.14 (d). The
Au signals are normalized to the initial value of the clean Au surface, and the Ga signals to the
intensity at saturation. A constant Ga content of 28±3 at.% during and after the deposition is
determined from quantitative analysis of the Au 4f alloy component and Ga 3d signals. Quanti-
tative analysis was done according to equation (2.15). When using the tabulated photoionization
cross sections reported by Yeh[99] a slightly larger value of 29±3 at.% is found. Considering an
estimated uncertainty of±10 % the determined composition is in good agreement with values of a
homogeneity range of 29.8 to 31 at.% reported for the γ and γ’ Au7Ga3 IMC [153, 154]. Therefore,
the formed alloy phase is identified as Au7Ga3, and this assignment is used in text and figures,
although the presence of mixtures of different IMCs or random alloys with the same average sto-
ichiometry cannot be ruled out. For the Ga 2p3/2 signal (green data points in Figure 4.14 (d)),
the quantitative analysis reveals that saturation of the peak intensity is quickly reached within the
first three deposition steps, equivalent to approx. 9 Å Ga. For the Ga 3d signal intensity (purple
data points), saturation is reached only above a nominal Ga film thickness of 15 Å. For a pure Ga
deposit, the Ga 2p3/2 and Ga 3d signals should saturate during deposition only at Ga thicknesses
exceeding the information depth of the Ga signals in pure Ga (i.e. 19 and 81 Å). In the experi-
ment, however, the saturation of the Ga signals occurs at much lower nominal thickness for both
Ga 2p3/2 and Ga 3d at 9 and 15 Å. In particular the thickness of 9 Å determined from the satura-
tion of the Ga 2p3/2 signal is closer to the value expected for Ga in a Au matrix with an information
depth of 12 Å than to the value expected for pure Ga of 18.8 Å. This behavior therefor strongly
indicates the formation of a Au-rich bimetallic Ga-Au phase, in agreement to quantitative analysis.
In accordance to the proposed formation of Au7Ga3 layers on top of the substrate, the relative
intensity of the Au 4f substrate component at 83.9 eV agrees with the calculated attenuation by a
continuously growing Au7Ga3 film. An exponential fit to the experimental data was used to cali-
brate our Ga deposition rate. The Au 4f intensity calculated according to I/I0 = e−

d/λAu 4 f ,Ga3Au7 is
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4.4. Deposition of Ga on gold surfaces

shown as a dashed red line in Figure 4.14 (d), while calculated intensities for the alloy-related core
level signals are shown as dashed lines, colored according to the experimental data. They agree
with the data within the experimental uncertainty. For the IMFP calculation, and the calculation of
the Au7Ga3 thickness from the amount (that is, the nominal thickness) of deposited Ga, the alloy
phase is treated as random alloy of Ga in Au; the materials constants are estimated according
to SI Equations S6 to S8 and Table S1 ((Au 4f7/2) = 16.0 Å, d(Au7Ga3) = 3.24 x d(Ga)) in the
supplemental information of publication P5.

To investigate the reactivity of this Au7Ga3 alloy, it was exposed to 3×10−7, 3×10−3, 0.3 and
1 mbar of molecular oxygen for 210, 150, 150 and 150 min at room temperature. The correspond-
ing Au 4f and Ga 3d spectra measured in-situ after oxygen saturation was reached are shown in
Figure 4.15 (a) and Figure 4.15 (b), respectively (green curves). In addition, the spectra of the
clean Au surface (black), the Au7Ga3 alloy (red), and the alloy after oxidation at 1 mbar at 550 K
(for 30 min), all collected in UHV, are shown. The absolute intensities at 0.3 and 1.0 mbar are
influenced by attenuation of the photoemission signals by the gas phase between surface and
detector.

The Ga 3d spectra in Figure 4.15 (b) show significant changes starting at O2 pressures of
3×10−3 mbar. At 0.3 and 1 mbar O2, an additional feature at 20.4 eV is clearly visible, which is
shifted by + 1.3 eV to higher binding energy with respect to the signal of the alloy at 19.1 eV. In
combination with an emerging O 1s peak at 531.3 eV, this clearly indicates a partial oxidation of
Ga within the detection range of XPS. This oxidation goes along with a strong increase in Ga
signal intensities and a decrease in the Au 4f intensity. An additional shift by 0.2 eV, as well
as further increase in the Ga 3d and decrease in the Au 4f signal intensity is observed after
exposure to 1 mbar O2 at an elevated temperature of 550 K. The GaxOy formation goes along
with a shift of the Au 4f signals to lower binding energy – reversing the shift observed during
deposition. This behavior is also evident from the quantitative analysis in Figure 4.15 (c), where
the different Ga (reduced and oxidized) and Au (Au7Ga3 and Au) signals are plotted as function
of the oxygen pressure. The alloy-related Au 4f component is found to decrease in intensity
with increasing degree of Ga oxidation. The observed behavior indicates that upon exposure to
oxygen the Au7Ga3 phase vanishes in favor of the Ga oxide formed on top. This also is in line
with the increase in Ga 3d and decrease in Au 4f signal intensity, which is explained by increased
attenuation of Au signals by the formed GaxOy. Compared to the Au7Ga3 phase, the GaxOy layer
has a higher Ga atom density, which explains the increase in Ga 3d intensity if formed on top
of the alloy surface. In the Ga 2p3/2 spectra Ga2O3-related features for the different oxidation
steps are generally found to be more pronounced than in the Ga 3d spectra, indicating Ga2O3 film
formation at the alloy-vacuum interface. From the quantitative analysis of Ga 3d and O 1s spectra,
we deduce a stoichiometry of Ga2O2.7. The maximum shifts in the Ga 2p3/2 and Ga 3d signals
at 1118.6 and 20.6 eV amount to 1.5 eV relative to the metallic alloy, and 2.1/2.3 eV relative to
values of 18.5[124]/18.3 eV[122] reported for the Ga 3d signal of pure Ga (2.2 eV shift, relative
to 1116.4 eV[122] for the Ga 2p3/2 signal). These shifts are in good agreement with shifts of 2.1
(Ga 3d) and 2.4 eV (Ga 3d, Ga 2p3/2) reported for bulk Ga2O3. From the attenuation of the Au 4f
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Figure 4.15.: (a) Au 4f and (b) Ga 3d spectra, of the clean surface in UHV (black), after the forma-
tion of the Au7Ga3 alloy in UHV (red), in situ during exposure of the alloy to 3×10−7,
3×10−3, 0.3 and 1 mbar O2 at room temperature (green), and after exposure to
1 mbar at 550 K (blue) measured in UHV. Please note that Ga 3d signals (and the
O 1s signals – see SI) collected at 1 mbar are shifted by +0.3 eV to align to the O 1s
peaks of the oxide. (c) Relative intensities of metallic and oxidized Ga components,
and Au 4f components of the alloy and substrate. Crosses indicate the measurement
in UHV after exposure to 1 mbar O2 at 550 K.
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4.4. Deposition of Ga on gold surfaces

signals, the thickness of the GaxOy film is estimated to be 18.7 Å, which equals a 14.0 Å thick
pure solid Ga film with respect to the Ga atom density. The same estimate for the alloy with
28 at.% Ga in Au yields a value of 15.5 Å, which is in reasonable agreement. In agreement with
the quantitative analysis of Au 4f signals, these numbers indicate a pronounced dealloying of the
surface-near alloy upon Ga oxidation and rapid Ga/Au/O diffusion. The difference with respect to
the total deposited amount of Ga, that is 19.9 Å, is attributed to incomplete dealloying and loss of
Ga by diffusion into the Au bulk.
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5. Summary

A novel class of catalyst materials, namely alumina/silica-supported Ga-rich bimetallic Pd-Ga and
Rh-Ga phases, active in the dehydrogenation of alkanes, as well as liquid or biphasic model sys-
tems for the former were examined using a combination of XPS, in-situ NAP-XPS and temperature-
dependent ARXPS measurements.

The supported bimetallic catalysts, prepared and subjected to catalytic testing by Dr. N. Taccardi
and J. Debuschewitz from the work group of Prof. Dr. P. Wasserscheid, demonstrated remarkable
stability in the challenging catalytic dehydrogenation of butane. Common Pt catalysts are prone
to deactivation by coke formation, due to high temperatures needed to achieve reasonable yields,
and industrial processes therefore include frequent catalyst regeneration.

The novel bimetallic catalysts, however, are able to maintain constant activity for remarkable
times of up to 100 h. Specific activities determined in catalytic testing were comparable, or did
even exceed the activity of the pure transition metal catalysts by an order of magnitude. The
same holds for the selectivity towards the corresponding reaction product butene. Catalysts of
low transition metal contents, that is, concentrations as low as 2 at.% (Pd) and 1 at.% (Rh), are
found to be particularly well-performing. This astonishing behavior is ascribed to the presence of
Ga-rich phases. These are assumed to be the active catalyst phase, and due to their high Ga
content, they are in the liquid state under reaction conditions, which is held responsible for their
stability and resilience to coke formation. To shed light on the reasons and mechanisms behind
these observations, a number of experiments were conducted within this thesis.

First, the characterization of SiO2/Al2O3-supported Pd-Ga and Rh-Ga catalysts was done using
XPS. The loadings determined from quantitative analysis of XPS data, 13±1 and 1.5±0.5 wt.%
Ga, and Pd respectively, are found to exceed the nominal loading of 4.9 wt.% Ga and 0.4 wt.%
Pd in the examined Pd-Ga samples. This is expected for such analysis, which due to the limited
information depth of the method, will overestimate the catalyst loading. The Pd content of 6.7 at.%
with respect to Ga, on the other hand, is found to be in reasonable agreement with the nominal
value of 4.5 at.%. For the Rh-Ga system, samples of different nominal compositions but constant
Ga loading of 5.8±0.3 wt.% were examined after preparation, and after catalytic testing. XPS
analysis of the data collected from as-prepared samples showed an invariant Rh concentration
of 25±6 at.% with respect to Ga, despite the nominal ratios varying from 5.8 to 1.1 at.%. This
indicates a high surface affinity of Rh in the examined systems. Accordingly, the loadings of
18±4 and 6±1 wt.% Ga, and Rh respectively, are found to only slightly differ in the examined
samples. Due to sample preparation and transfer in air, most of the Ga and all of the Rh probed
by the surface sensitive XPS measurement is oxidized after preparation. The analysis, however,
revealed the presence of reduced Ga and Rh species after catalytic testing despite the transfer
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in air. This is deduced from spectroscopic features in the Ga 3d and Rh 3d5/2 spectra, which are
shifted to lower binding energy by 2.0 eV with respect to the values observed in the as-prepared
samples. These features are found to be strongly increased after catalytic testing, which indicates
the formation of either pure Rh or Ga phases, or the formation of alloy or intermetallic compounds
under reaction conditions consuming oxidized Ga and Rh species.

Beside the powder catalyst samples, also model systems for the former were examined. Three
different transition metals, Rh, Pt and Pd were combined with Ga to produce bimetallic alloy mate-
rials with transition metal contents typically below 2 at.%. These were examined in a temperature
range from room temperature to 850 K using angle-resolved XPS measurements. For all three ex-
amined systems, phase-separation into transition metal-rich intermetallic compounds and a liquid
phase is observed within the probed temperature and composition range. Variation of the sample
temperature leads to systematic variation of the composition of the liquid phase by precipitation
or melting of the transition metal-rich intermetallic phases. These observations are in qualitative
agreement with published bulk phase diagrams. Furthermore, a surface depletion of the tran-
sition metals is deduced from quantitative analysis or relative core level intensities collected in
angle-resolved XPS measurements. The liquidus temperature determined from the analysis for
mixtures of comparable stoichiometry, as well as the extent of surface depletion of the transition
metal atoms decreases in the order Rh > Pt > Pd, which is in line with thermodynamic data. For
the Pd-Ga system, the spectroscopic data was quantitatively compared to results of a DFT-based
MD simulation by J. Erhard in the workgroup of Prof. Dr. A. Görling. By modeling XPS intensities
of a structured system, the Pd surface depletion and Pd enrichment in the second, subsurface
layer formed in the liquid phase by stratification, as it is observed in the MD simulation, could be
corroborated. This indicates that the stability of the supported catalysts observed in catalytic test-
ing is due to the isolation and limited concentration of active centers at the liquid–gas interface,
and suggests a mechanism that involves the emergence of active centers from the bulk to the
interface.

Furthermore, the growth of Ga2O3 films on pure liquid Ga as well as the growth on the liquid
phases of Pt-Ga and Pd-Ga alloys of nominal transition metal contents below 2 at.% was examined
in situ using NAP-XPS. Samples were exposed to molecular oxygen at pressures of 3×10−7 to
1 mbar, at temperatures between room temperature and 550 K. Different growth modes of the
wetting oxide films were observed as function of pressure, and the temperature- and pressure-
dependence of the thickness was derived. For 3×10−7 mbar, film thicknesses were found to be
asymptotically approaching an average value of 7±2 Å. This is ascribed to the limitation of lateral,
two-dimensional growth by the availability of metallic Ga. The latter leads to asymptotic increase
of the oxide-covered surface area, and thus to asymptotic increase of the apparent film thickness
determined from the area-integrating XPS measurements. At the elevated pressures of up to
1 mbar, after a rapid initial oxidation, due to two-dimensional growth enhanced by the increased
pressure, linear growth of the oxide thickness is observed. In the conducted experiments, films of
up to 37 Å were examined, and their thickness is shown to increase with temperature and pressure.
Furthermore, a very fundamental difference in the response to Ga2O3 formation upon oxidation

50



is revealed for the Pt-Ga and Pd-Ga systems. Within the examined compositional range and
parameter space of the experiments, the Pt-Ga system incorporates homogeneously distributed
Pt into the formed oxide, while for the Pd-Ga alloys Pd-enrichment at the Ga2O3–Ga interface is
observed, and Pd is not incorporated into the oxide film. For the Pt-Ga alloys, where the Pt content
of the film is found to be 5.5±1.5 at.%, this behavior corresponds to a net enrichment of Pt at the
newly formed Ga2O3-vacuum interface and in the oxide film. The incorporation of Pt into the
Ga2O3 film is accompanied by a +1.8 eV shift in the Au 4f signals with respect to values observed
for the Pt(111) surface, which is ascribed to Pt atoms or clusters in oxygen-rich Ga2O3 matrix. For
the Pd-Ga alloys, the presence of minor Ga2O3 content corresponding to 5 Å provokes interfacial
enrichment of Pd, increasing the apparent Pd surface concentration by a factor of 2. For Ga2O3

films up to 50 Å, however, the apparent Pd content is found to decrease with increasing thickness,
which is ascribed to signal attenuation by the growing overlayer, and leads to the conclusion that
Pd remains located at the metal–oxide interface. Accordingly, no shifts are observed in the Pd 3d
signals during oxidation. Based on these results, the formation of thick oxide films under reaction
conditions may have a deactivating effect on the supported Pd-Ga catalyst, while a minor Ga2O3

content may increase the number of active Pd sites at the interface. Also for the Pt-Ga system,
presence of oxygen may lead to an increase in active sites at the interface.

Finally, the interaction between Ga and Au was studied by physical vapor deposition of Ga
onto polycrystalline Au. This rather unconventional combination of elements provides potential to
expand the concept of catalytically active single Au atoms to active Au centers submerged in a Ga
matrix similar to the Pt/Pd/Rh-Ga systems examined before. In first test experiments, the formation
of a continuously growing alloy film of average composition Au7Ga3 on top of polycrystalline Au
surfaces, and the consecutive oxidative dealloying of the newly formed surface by the formation of
a Ga2O3 overlayer at room temperature and pressures up to 1 mbar was followed by in-situ XPS.
Changes in the Au 4f spectroscopic fingerprint, that is, the emergence of an additional component
shifted by 0.5 eV with respect to the substrate signal, due to alloying, are shown to be reversible by
the oxidative dealloying. Similarly to experiments conducted with Pd/Pt/Rh-Ga mixtures, further
experiments may include liquid solutions of Au in Ga.
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6. Zusammenfassung

Mittels Röntgenphotoelektronenspektroskopie (XPS) wurden Proben eines neuartigen Katalysa-
tormaterials – namentlich geträgerte, galliumreiche Legierungen von Ga und den katalytisch akti-
ven Übergangsmetallen Pd und Rh – untersucht. Vergleichende Experimente wurden an Modell-
systemen in Form makroskopisch großer Proben galliumreicher Legierungen mittels Hochdruck-
XPS, sowie temperatur- und winkelaufgelöster XPS durchgeführt.

Die verschiedenen Proben geträgerter Katalysatoren wurden von Dr. N. Taccardi und J. Debu-
schewitz, Mitarbeiter der Arbeitsgruppe um Prof. Dr. P. Wasserscheid, hergestellt, und anschlie-
ßend hinsichtlich ihrer katalytischen Aktivität in der Dehydrierung von Butan untersucht. Hierbei
konnte gezeigt werden, dass die auf Ga basierenden Materialien, im Vergleich zu herkömlichen
Pd/Pt Katalysatoren, herausragende Eigenschaften besitzen. Die Dehydrierung leichter Alkane
stellt eine äußerst anspruchsvolle Reaktion dar, da, um wirtschaftliche Umsätze zu erzielen, ho-
he Reaktionstemperaturen benötigt werden. Mit erhöhter Reaktionstemperatur steigen allerdings
auch die Raten konkurrierender Prozesse wie Isomerisierung oder die Verkokung. Herkömmliche
Pt Katalysatoren leiden daher unter schneller Deaktivierung, und kommerzielle Prozesse setzen
auf häufige oder kontinuierliche Regeneration durch Koksbrennen. Die neuartigen, galliumreichen
Systeme hingegen zeigten sich auch nach 100 h noch nahezu unverändert aktiv. Die spezifischen
Aktivitäten, und Selektivitäten der galliumreichen Katalysatoren sind teils um eine Größenordnung
höher er als die der reinen Pd/Pt Katalysatoren. Die Proben mit dem kleinsten Übergangsmetall-
gehalt von ungefähr 2 at.% (Pd) und 1 at.% (Rh) zeigten sich hierbei besonders effizient. Die
positiven Aspekte, die durch das Beimengen hoher Ga Anteile entstehen, werden dem Vorhan-
densein galliumreicher Phasen zugeschrieben. Diese sind, auf Grund des hohen Ga Anteils, unter
Reaktionsbedingungen teilweise flüssig. Es wird vermutet, dass flüssige Phasen die katalytisch
aktive Phase darstellen, die im Gegensatz zu übergangsmetallreichen, festen Phasen nicht durch
schnelle Verkokung passivieren. Um Licht auf die den geschilderten Beobachtungen zu Grunde
liegenden Ursachen und Mechanismen zu werfen, wurden im Rahmen der vorliegenden Arbeit
eine Reihe von Experimenten durchgeführt.

Zunächst wurden Proben von SiO2 bzw. Al2O3 geträgerten Pd-Ga und Rh-Ga Katalysatoren
mittels XPS charakterisiert. Die aus der Analyse der XPS Daten bestimmten Beladungsgrade von
13±1 wt.% Ga und 1.5±0.5 wt.% Pd für die untersuchten Pd-Ga Proben weichen von den no-
minellen Werten (4.9 wt.% Ga, 0.4 wt.% Pd) ab. Eine quantitative Auswertung der XPS Daten zur
Bestimmung der Beladung des Katalysators muss allerdings auf Grund der geringen Informati-
onstiefe der Methode ein die nominellen Werte übersteigendes Ergebnis liefern. Der Pd Gehalt
von 6.7 at.% im Verhältnis zu Ga stimmt innerhalb akzeptabler Grenzen mit dem nominellen Wert
von 4.5 at.% überein. Es wurden ferner Proben des Rh-Ga Systems mit konstanter Ga Beladung
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6. Zusammenfassung

von 5.8±0.3 wt.%, und variiertem Rh Gehalt zwischen 5.8 und 1.1 at.% untersucht. Hierbei zei-
gen die XPS Daten der Proben nach Präparation einen indentischen Rh Gehalt von 25±6 at.% im
Verhältnis zu Ga, was für eine besondere Affinität des Rh zur Oberfläche der untersuchten Mate-
rialien spricht. Entsprechend variieren auch die Beladungsgrade, bestimmt aus der quantitativen
Analyse der XPS Daten, nur mäßig und nicht systematisch. Es werden Werte von 18±4 wt.% Ga
und 6±1 wt.% Rh bestimmt. Da die Proben teils an Luft präpariert und transferiert wurden, liegen
große Teile des spektroskopisch erfassbaren Ga und Rh in oxidierter Form vor. Die Analyse der
XPS Daten von Proben, die katalytischen Tests unterzogen worden waren, zeigt allerdings, dass
sich unter den Reaktionsbedingungen im Testreaktor reduzierte Ga und Rh Spezies an der Ka-
talysatoroberfläche bilden. Spektroskopisch äußert sich dies in Form zusätzlicher Komponenten
in den Ga 3d und Rh 3d Signalen, welche, relativ zu den Bindungsenergien die nach Präpara-
tion beobachtet werden, um 2.0 eV verschoben sind. Jene zusätzlichen Komponenten tauchen
im Falle des Rh 3d Signals erst durch die Reaktion im Testreaktor auf, während sie im Falle des
Ga 3d Signals eine Verstärkung erfahren. Für beide Elemente deutet dies auf die Bildung reiner
Ga oder Rh Phasen, oder auf die Bildung von Mischphasen aus den oxidierten Spezies unter
Reaktionsbedingungen hin.

Neben geträgerten Katalysatoren wurden auch passende Modellsysteme untersucht. Hierzu
wurden drei unterschiedliche Übergangsmetalle, Rh, Pt, und Pd mit Ga zu bimetallischen Le-
gierungen kombiniert. Typischerweise lag hierbei der Gehalt der Übergangsmetalle unter 2 at.%.
Derartige Proben wurden dann innerhalb eines Temperaturintervalls zwischen Raumtemperatur
und 850 K mittels winkelaufgelöster XPS untersucht. Für jedes der drei untersuchten Systeme
wurde innerhalb des untersuchten Parameterraums eine Phasentrennung in feste, übergangsme-
tallreiche, intermetallische Phasen und eine flüssige Phase beobachtet. Die Variation der Proben-
temperatur führte, in qualitativer Übereinstimmung mit in der Literatur veröffentlichten Phasendia-
grammen, zu einer Variation des Übergangsmetallgehalts der flüssigen Phase durch Bildung oder
Schmelzen der intermetallischen Verbindungen. Ferner wurde, abgeleitet aus winkelaufgelösten
XPS Messungen, eine Verarmung der Übergangsmetalle an der Oberfläche der flüssigen Phase
beobachtet. Die Liquidustemperaturen von Mischungen vergleichbarer Zusammensetzung, sowie
das Ausmaß der beobachteten Verarmung der Oberfläche nehmen Gemäß der Reihenfolge Rh
> Pt > Pd ab. Im Falle des Pd-Ga Systems wurde die quantitative Analyse der XPS Daten mit
den Ergebnissen von Molekulardynamiksimulationen verglichen. Die Simulationen wurden von J.
Erhard aus der Arbeitsgruppe um Prof. Dr. A. Görling durchgeführt und ausgewertet. Durch den
Vergleich mit den experimentellen Werten, konnte die Pd Verarmung der Grenzfläche zwischen
Flüssigkeit und Vakuum, sowie eine Anreicherung in der zweiten und dritten Lage nachgewiesen
werden. Diese Ergebnisse deuten darauf hin, dass die Stabilität der realen Katalysatorsysteme
auf die Isolation und Verarmung potentiell katalytisch aktiver Atome in der Grenzfläche zwischen
flüssiger, aktiver Phase und Vakuum zurückzuführen sein könnten.

Das Wachstum von Ga2O3 Filmen auf reinem, flüssigem Ga, sowie auf den flüssigen Phasen
von Pt-Ga und Pd-Ga Mischungen wurde in situ mittels Hochdruck XPS untersucht. Der Über-
gangsmetallgehalt der Mischungen lag hierbei unter 2 at.%. Sämtliche Proben wurden bei Tem-
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peraturen zwischen Raumtemperatur und 550 K molekularem Sauerstoff mit einem Gesamtdruck
zwischen 3×10−7 und 1 mbar ausgesetzt. In Abhängigkeit des Druckes konnten verschiedene
Wachstumsmodi beobachtet werden. Ferner konnte die Abhängigkeit der Schichtdicke der Oxid-
filme als Funktion des Druckes und der Temperatur erfasst werden. Bei 3×10−7 mbar zeigte sich
eine asymptotisch gegen einen Mittelwert von 7±2 Å konvergierende Entwicklung der aus der
XPS berechneten Schichtdicke. Das beobachtete Verhalten wird auf zweidimensionales Wachs-
tum bei niedrigen Drücken zurückgeführt. Hierbei ergibt sich in Näherung eine der verbleibenden
Fläche metallischen Galliums direkt proportionale Wachstumsrate. In Konsequenz ergibt sich dar-
aus eine asymptotisch zunehmende durch das Oxid bedeckte Fäche, was sich im beschriebenen,
asymptotischen Verlauf der aus der flächenintegrierenden XPS Messung bestimmten (scheinba-
ren) Schichtdicke äußert. Bei höherem Druck wurde nach einem sprunghaften Anstieg zu Begin
der Oxidation, welcher primär auf die durch den erhöhten Druck beschleunigte Bildung des zwei-
dimensional wachsenden Öberflächenoxidesßurückzuführen ist, eine lineare Zunahme der Dicke
des Oxidfilms beobachtet. Es konnte die Zunahme der Schichtdicke mit steigender Temperatur
und steigenden Drücken gezeigt werden; Schichtdicken bis 37 Å wurden untersucht. Die Reaktion
der beiden untersuchten Systeme (Pt-Ga, und Pd-Ga) auf die Bildung der Ga2O3 Filme unter-
scheidet sich stark. Innerhalb des untersuchten Parameterraums zeigt sich, dass bei Oxidation
der Pt-Ga Legierungen homogen verteiltes Pt in den wachsenden Filmen eingelagert wird. Die
Menge des derart gebundenen Pt im Verhältnis zu Gaδ+ in Ga2O3 ergibt sich zu 5.5±1.5 at.%, was
einer Pt-Anreicherung an der Probenoberfläche und im gebildeten Oxidfilm entspricht. Dieser Ein-
schluss von Pt Atomen oder Clustern in einer sauerstoffreichen Matrix von Ga2O3 geht mit einer
Verschiebung der Pt 4f Signale um 1.8 eV relativ zur Bindungsenergie der Signale einer Pt(111)
Oberfläche einher. Die untersuchten Pd-Ga Mischungen zeigen zwar eine Pd-Anreicherung an der
neu gebildeten Metall-Oxid Grenzfläche, es wird aber kein Pd in den wachsenden Oxidfilm einge-
schlossen. Die quantitative Analyse zeigt zunächst eine Erhöhung der Pd Oberflächenkonzentra-
tion um etwa einen Faktor 2 als Reaktion auf die Bildung geringer Mengen Ga2O3 (entsprechend
einer Schichtdicke von bis zu 5 Å). Für dickere Filme nimmt die scheinbare Oberflächenkonzen-
tration des Pd mit zunehmender Schichtdicke ab, was mit der Dämpfung der zur quantitativen
Analyse herangezogenen Pd 3d Signale durch die aufwachsende Ga2O3 Schicht erklärt wird. Es
zeigt sich hierbei erwartungsgemäß keine Verschiebung der Bindungsenergie der Pd 3d Signale.
Die gezeigten Ergebnisse lassen den Rückschluss zu, dass die Bildung dicker Ga2O3 Filme un-
ter Reaktionsbedingungen eine passivierende Wirkung auf die geträgerten Pd-Ga Katalysatoren
haben könnte. Die Bildung geringer Mengen des Oxids könnte die Anzahl aktiver Zentren an der
Katalysatoroberfläche allerdings erhöhen. Gleichermaßen könnte die Oxidation der geträgerten
Pt-Ga Katalysatoren die Anzahl aktiver Zentren an der Katalysatoroberfläche erhöhen, und damit
Einfluss auf die Effizienz der Reaktion nehmen.

Zuletzt wurde die Wechselwirkung zwischen Gallium und Gold mittels XPS und der schrittwei-
sen Gasphasenabscheidung von Gallium auf polykristallinen Goldfolien untersucht. Diese für die
heterogene Katalyse eher ungewöhnliche Kombination von Elementen bietet die Möglichkeit, in
Anlehnung an die diskutierten Pt/Pd/Rh-Ga Systeme, die Konzepte um katalytisch aktives, di-
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sperses Gold auf aktive Goldatome in einer Matrix flüssigen Galliums zu erweitern. In ersten Te-
stexperimenten konnte die Bildung einer kontinuierlich wachsenden Schicht einer Legierung mit
der Zusammensetzung Au7Ga3 verfolgt werden. Mittels Hochdruck-XPS konnte anschließend die
Oxidation des in der Legierung gebundenen Galliums in situ untersucht werden. Es zeigt sich hier-
bei, dass die Änderunge in den Au 4f Signalen reversibel sind und mit der Bildung eines Ga2O3

Filmes auf der Probenoberfläche wieder verschwinden. In Anlehnung an die mit den Pt/Pd/Rh-
Ga Mischungen durchgeführten Experimente könnten Folgeexperimente die Untersuchung von
Lösungen von Gold in flüssigem Gallium einschließen.
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B. Appendix B

B.1. Ga evaporator

Figure B.1.: Ga evaporator used for the deposition of Ga onto Au surfaces. Used is an Al2O3

crucible of 8 mm inner- and 10 mm outer diameter, which is fitted into a solenoid from
tungsten wire of 0.5 mm diameter. Crucible temperature was measured using a type K
thermocouple pressed to the outer bottom of the crucible. Typically powers to achieve
crucible temperatures above 800 K exceeded 10 ·12VA.
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