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Abstract

Intermetallic compounds present a promising class of materials for the development of novel cat-
alysts. Due to the partially covalent character of their atomic bonds and their structural properties, they
offer potentially higher stability and selectivity compared to the elemental constituents, or surface alloys
containing the active element. Although these advantageous properties are surely present in the bulk of
intermetallic compounds, it is the structure and composition of the surface that determine the energetics
and kinetics of possible reaction processes. Recent experiments revealed remarkable catalytic properties
for Palladium-Gallium (Pd;Ga,) intermetallic compound as a selective acetylene semi-hydrogenation cata-
lyst, which is assigned to its intrinsic material properties. In this thesis, low-Miller index surfaces of PdGa
were investigated experimentally with respect to surface atomic structure and adsorption properties of
small molecules using a wide variety of surface analytical methods.

By application of quantitative low energy electron diffraction (LEED-I(V)) in combination with dynamic LEED
simulations, the atomic structures of PdGa(111), (-1-1-1), (110), (100), and (210) surfaces were determined.
High resolution scanning tunneling microscopy (STM) and density functional theory (DFT) calculations cor-
roborate the results. On the outermost layers, the threefold PdGa(111) and (-1-1-1) surfaces exhibit well-
separated single Pd atoms, and trimers of Pd, respectively, while the (100), (110), and (210) surfaces termi-
nate with chain-like arrangements of alternating Pd and Ga atoms. These pronounces difference in the local
atomic arrangement of the Pd, as potentially catalytically active, and Ga, as spacer atom, make the PdGa
surfaces highly attractive to study the impact of the local atomic structure on molecular adsorption and
reaction properties.

To identify the preferred adsorption sites and investigate the effect of the Pd ensemble size
and -separation, carbon monoxide (CO) was used as a test molecule on PdGa(111), (-1-1-1), (100), and
(110). In a combined approach using infrared spectroscopy, low temperature STM (LT-STM), density func-
tional theory (DFT), and temperature-programmed desorption (TPD) the CO binding configuration was
found to be governed by the structure of the Pd ensembles of the respective surface terminations. Experi-
mental and computational results revealed that binding to surface Pd is preferred by CO, while no binding
to Ga atoms was observed. The adsorption of acetylene, molecular hydrogen, and ethylene, which repre-
sent the reactants and product of acetylene semi-hydrogenation, was studied on the threefold PdGa sur-
faces by means of LT-STM, TPD and DFT. Acetylene forms a weak m-bond to isolated Pd atoms, and a strong
o-bond to Pd trimers, respectively, revealing a strong influence of the Pd ensemble structure on acetylene
binding. In contrast, binding of molecular hydrogen and ethylene is less affected by the local structure of
the Pd atoms, since weak -bonded configurations were observed on both Pd single atoms and trimers.

PdGa belongs to space group P23, and therefore has a chiral bulk structure despite its cubic lattice. As no
significant reconstructions are observed, all investigated surface structures show chiral configurations. In
some cases this chirality is expressed in sub surface atomic planes, therefore, the degree to which the chi-
rality is expressed for a given surface orientation can vary. To investigate the influence of the PdGa surface
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chirality on enantioselective adsorption, the adsorption of prochiral 9-Ethynylphenanthrene (9-EP, CygH1)
molecules was followed using LT-STM. 9-EP is a planar molecule and as such is achiral in three dimensions,
but forms chiral adsorbate complexes or enantiomers upon deposition on a surface. Adsorption of 9-EP on
the threefold PdGa(111) and (-1-1-1) surfaces led to a temperature-, and structure-dependent enantio-
meric excess (ee), with remarkable high values of up to ee = 0.98 for deposition at room temperature.

Our results on the PdGa single crystal surfaces demonstrate the importance of the surface atomic structure
on binding geometry and -energy of small molecules on intermetallic surfaces. They also demonstrate the
extraordinary suitability of PdGa and its crystalline surfaces to act as model systems to understand the role
of intermetallic bonding and specific, structural atomic ensembles in catalytic processes. Therefore, these
findings pave the way for the use of well-defined crystal facets as templates to catalyze specific surface
reactions with high selectivity.

Keywords: Scanning tunneling microscopy, low energy electron diffraction, Fourier transform infrared spec-
troscopy, X-ray photoelectron spectroscopy, intermetallic compounds, PdGa, heterogeneous catalysis,
molecular adsorption, site-isolation concept, ensemble effect, acetylene semi-hydrogenation,
enantioselectivity



Zusammenfassung

Die Materialgruppe der intermetallischen Verbindungen bietet vielversprechende Eigenschaften
fir die Entwicklung neuer Katalysatoren. Aufgrund ihres teilkovalenten Bindungscharakters und der wohl-
definierten Kristallstruktur bieten diese ,geordneten Legierungen” potentiell héhere chemische Stabilitat
und katalytische Selektivitat als ihre Aufbaustoffe in elementarer Form, oder als ungeordnete Oberflachen-
legierungen. In Hinblick auf die Katalyse stellt sich jedoch die Frage ob diese besonderen Eigenschaften
auch an der Oberflache des Materials erhalten sind. Die chemische Zusammensetzung und die atomare
Struktur der Katalysatoroberflache sind entscheidend fiir den Reaktionsablauf, da die Edukte lediglich mit
den aussersten atomaren Lagen der Oberflache interagieren. Vor kurzem wurde die intermetallische Ver-
bindung Palladium-Gallium (Pd;Ga;) als hochst selektiver und stabiler Katalysator fur die Semi-
Hydrogenierung von Acetylen vorgestellt. Die hier vorliegende Doktorarbeit beinhaltet eine experimentelle
Oberflachenstudie an Einkristallen dieser Verbindung, in der die atomare Oberflachenstruktur bestimmt,
und die Adsorption von Molekilen untersucht wurde.

Mittels Vergleich von experimenteller und simulierter niederenergetischer Elektronenstreuung (LEED-I(V))
wurden die atomaren Strukturen von fiinf PdGa Oberflaichen mit den Millerschen Indizes (111), (-1-1-1),
(100), (110) und (210) bestimmt. Atomar aufgeloste rastertunnelmikroskopische Aufnahmen (STM) und
theoretische Untersuchungen mittels Dichte-Funktional-Theorie (DFT) bestatigten die Ergebnisse. Die drei-
fach rotationssymmetrischen (111) und (-1-1-1) Oberflachen zeigen eine starke Separierung der Oberfla-
chenpalladiumatome und sind durch isolierte Pd Atome, respektive atomare Pd Trimere, terminiert. Die
(100), (110) und (210) Oberflachen weisen eine weniger starke Separierung von Oberflachenpalladiumato-
men auf, welche kettenférmig angeordnet sind. Diese charakteristischen atomaren Strukturen aus potenti-
ell katalytisch aktiven Pd Atomen und Ga Separierungsatomen, bilden ideale Modellsysteme um den Ein-
fluss der lokalen atomaren Struktur auf die Bindungseigenschaften von Adsorbaten zu erforschen.

Fiir die Untersuchung der Separierung der Bindungsplatze wurde Kohlenstoffmonoxid als Test-Molekil auf
den verschiedenen PdGa Oberflachen adsorbiert, und der Einfluss der unterschiedlichen atomaren Pd En-
sembles auf das Adsorptionsverhalten untersucht. Die Kombination aus Infrarot Spektroskopie, Tieftempe-
ratur-STM, DFT und temperatur-programmierter Desorption (TPD) zeigte, dass die Struktur der unter-
schiedlichen Pd Oberflaichenensemble die Adsorptionskonfiguration von CO bestimmt, wahrend keine Bin-
dung auf Ga Atomen der Oberflichen beobachtet wurde. Die Adsorption von Acetylen, Wasserstoff und
Ethylen wurde auf den dreifach symmetrischen PdGa Oberflaichen mittels Tieftemperatur-STM, TPD und
DFT untersucht. Acetylen bindet mit einer starken o—Bindung auf den Pd Trimeren und mit einer schwa-
chen m—Bindung auf den isolierten Pd Atomen. Dahingegen hat die lokale atomare Struktur der Pd Ensem-
bles einen vergleichsweise geringen Einfluss auf die Bindung von molekularem Wasserstoff und Ethylen.
Auf den isolierten Pd Atomen und Trimeren bilden beide Molekiile jeweils eine schwache m—Bindung
zur Oberflache.



Zusammenfassung

Die Kristallstruktur von PdGa gehort zur Raumgruppe P2:3 und besitzt daher eine intrinsische Handigkeit,
trotz des kubischen Gitters. Die auf allen Oberflachen vorhandene Chiralitat ist auf den verschiedenen Kris-
talloberflachen unterschiedlich stark ausgepragt. Um den Einfluss der chiralen Struktur der Bindungszen-
tren auf Oberflachenadsorbate zu untersuchen, wurden prochirale 9-Ethinylphenanthren (9-EP) Molekiile
auf den dreifach rotationssymmetrischen Oberflachen abgeschieden. 9-EP ist ein planares Molekil und
daher achiral im dreidimensionalen Raum. Wird das Molekiil jedoch auf einer Oberflache adsorbiert, geht
diese Symmetrie verloren und es bildet sich einer von zwei moéglichen chiralen Adsorbatkomplexen. In un-
seren Experimenten wurde das Vorkommen der dabei gebildeten Enantiomere mittels Tieftemperatur-STM
untersucht und statistisch ausgewertet. Dabei wurde ein bemerkenswert hoher Uberschuss von einem der
beiden mdglichen Adsorptionskomplexe festgestellt, mit einem Enantiomereliberschuss von bis zu 0.98 bei
Raumtemperaturadsorption.

Die hier dokumentierten Ergebnisse an PdGa Einkristalloberflachen demonstrieren den Einfluss der atoma-
ren Struktur der Oberflachenbindungsplatze auf die Bindungsgeometrie und —Energie von Molekiilen auf
intermetallischen Oberflachen. Es hat sich ausserdem gezeigt, dass PdGa ein hervorragendes Model-System
darstellt, um Bindungs- oder Reaktionseigenschaften verschiedener Pd Ensembles mit spezifischer Struktur
und atomarer Koordination zu untersuchen. Die prdsentierten Resultate bilden den ersten Schritt auf dem
Weg zur Verwendung von wohldefinierten Kristallfacetten als atomare Schablone fiir spezifische katalyti-
sche Reaktionen mit hoher Selektivitat.

Schlisselworter: Rastertunnelmikroskopie, niederenergetische Elektronenbeugung, Fourier-Transform-

Infrarotspektroskopie, Photoelektronenspektroskopie, intermetallische Verbindungen, PdGa, heterogene
Katalyse, molekulare Adsorption, Separation der Adsorptionspldtze, Ensemble-Effekt, Acetylen semi-
Hydrogenierung, Enantioselektivitat
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Chapter 1 Introduction

Knowledge-based catalysts

Catalytic reactions are involved in a large number of technological processes, ranging from chemical syn-
thesis, exhaust gas treatment and fuel refining to food processing and production of pharmaceuticals. Op-
timization of large scale catalytic processes is of importance to the reduction of resources- and energy de-
mands, both of which potentially lower production costs and environmental impact. One such large scale
process is the production of polyethylene from ethylene with a total annual volume of 80 Mt?, which heavi-
ly relies on an efficient polymerization reaction. The Ziegler-Natta polymerization catalysts used today suf-
fer from poisoning by traces of acetylene in the ethylene feed.? Therefore, pretreatment of the gaseous
ethylene precursor stream is required in order to remove the pollutant. Most often, this purification is
achieved by Pd-based catalysts, which convert the acetylene (C,H,) to the desired ethylene (C,H,) through
its selective semi-hydrogenation: C,H, + H, 2 C,H, * A common problem encountered for these catalysts
is their deactivation with increasing time-on-stream, which is due to the formation of carbon deposits
through unselective processes. These circumstances demand regular replacement of the catalyst and shut-
down of the chemical reactor.” Generally, the suitability of a good catalyst is characterized by an optimal
combination of activity, stability and selectivity to which the economical cost needs to be added.

Improvement in selectivity has been made for the catalytic process of acetylene semi-hydrogenation by
dilution of the active Pd species with other elements, such as Ag, and proper choice of the support materi-
al,** but there is still a large interest to develop catalysts of higher stability and selectivity.” Achieving high
selectivity is of particular interest in the production of fine chemicals and pharmaceuticals, where com-
pound purity is vital. The main problem to accomplish a paradigm change from the trial and error based
catalyst development to a truly knowledge based approach is the lack of a detailed understanding of the
chemical reaction pathways on the atomic scale, and the specific influence of the single catalysts compo-
nents on the catalytic process. A detailed understanding of the role of the atomic surface structure and
composition of the catalysts, allows for specific suggestions of how a catalyst should be prepared, or how
the reaction should be run (temperature, pressure, gas flow).”

An obvious starting point to gather this knowledge would be the detailed study of modern heterogeneous
catalysts, which are often composed of different metallic species and supported by oxides. Unfortunately,
most of today’s experimental techniques, yielding information on the reaction pathway on the atomic
scale, do not allow for in-situ studies on technologically applied catalysts under industrially relevant process
conditions.” A further complication arises from the morphological and structural properties of technical
catalysts which are mostly applied in form of milled powders. Recent advances in experimental equipment
overcome these problems partially,®” but the ability to study the precise structural configurations and reac-
tion pathways of the catalytic surface and the involved molecules is still lacking.
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Chapter 1. Introduction

Insights provided by surface science

The surface science approach to heterogeneous catalysis is based on the concept to study catalysis in an
idealized environment, focusing on particular aspects or selected steps of the process and extrapolation of
the findings to real world catalysts. ® In practice, the applied idealizations often include atomically clean
single crystal surfaces, ultra-high vacuum (UHV) surface preparation and characterization, low reactant
pressures, and low temperatures of adsorption, representing a “model system” of the technological cata-
lyst. As all these parameters are extreme with respect to industrial process conditions, there exists a risk of
oversimplification, introducing “gaps” between the research results and industrial application; like the so-
called materials gap and the pressure gap. Efforts to mitigate this risk are ongoing, with the goal to extend
the range of surface analytical tools to high pressures and temperatures.” ° However, experiments on ideal
model systems offer a much wider range of applicable analytical techniques to study the elementary pro-
cesses in catalysis, as for example the precise atomic structure of the catalysts surface, or reactant adsorp-
tion and -diffusion. In particular real space imaging of molecules on surfaces, by high resolution scanning
probe techniques, provides access to the local structure on the atomic length scale. To suppress the fast
thermal diffusion of the adsorbates, which is certainly present under real reaction conditions, these tech-
niques require low temperatures. Also scattering techniques take advantage of cryogenic temperatures, as
the thermal motion of the atomic scattering centers is reduced to obtain diffraction over more extended
regions in reciprocal space.

Maybe the most prominent example for the application of an idealized model system that is used to under-
stand an important technical catalytic process is the oxidation of carbon monoxide on different transition
metals, nowadays widely applied in exhaust gas treatment of automobiles. Early studies by Somorjai® and
Ertl'®, focused on the first step of the reaction, which is the binding, or adsorption, of CO on clean, single
crystal metal surfaces. Using low energy electron diffraction, different binding sites were identified, e.g.
“on-top” of surface atoms, or in between two (“bridge”), three or four (“hollow”) surface atoms. These
adsorption sites bind the CO molecules with different strengths and their occupation depends on surface
structure and CO coverage.? Such information from simplified model systems contributes to an in-depth
understanding of catalytic reactions, which is necessary for the rational design of novel catalysts.

A further example in this line, also from the group of Ertl'!, is the CO oxidation reaction, studied at reduced
temperatures on (111) single crystal metal surfaces by co-adsorption of CO and O,. For Rh(111), the disso-
ciative adsorption of the oxygen molecule was found to require a low coverage of CO on the surface to
make the Rh threefold hollow sites accessible for O, adsorption. In addition, two neighboring free hollow
sites are required for the O, dissociation, revealing that the low CO coverage is essential to the oxidation
reaction.’’ In an additional example by Wintterlin et al.’?, the kinetics of the CO oxidation reaction on
Pt(111) could be monitored in-situ by scanning tunneling microscopy, revealing that the oxidation reaction
occurs at the boundary between CO and O adsorbate islands. The series of STM images in Figure 1.1 visual-
izes this process, showing the growth of CO islands on the previously oxygen-covered surface, as a function
of time. The reaction product, CO,, desorbs immediately after reaction at the borders between the CO and
oxygen islands.
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Figure 1.1 In-situ CO oxidation on Pt(111).Series of STM images, recorded during reaction of pre-adsorbed oxygen
atoms with CO molecules at 247 K, all from the same area of a Pt(111) crystal. At t>0, the partially O (dark) covered
surface is continuously exposed to CO. As time increases, the O islands become smaller. The reaction pathway (blue in
the image at 140 s) includes CO adsorption on clean surface parts, diffusion to O-covered surface, reaction to CO, and
immediate desorption. At t=290s, the previously clean areas become occupied by CO. At t = 2020 s, all oxygen has
reacted to CO,. (Figure adapted from Ref. 12)

Another well-studied example, and of particular interest to this work, is the investigations on Pd single crys-
tal surfaces with regard to the selective hydrogenation of acetylene to ethylene,**® whose technological
importance has already been discussed at the start of this chapter. As Pd generally performs well as a hy-
drogenation catalyst, modified oxide-supported Pd catalysts are the most widely applied systems to
achieve this conversion.>* Increased selectivity towards semi- instead of full hydrogenation is observed
after exposure of the Pd catalysts to gaseous hydrocarbons, which is believed to originate from carbona-
ceous deposits on the Pd surface. These deposits form during the catalyst stabilization phase, prior to
steady-state reaction conditions and cover most of the Pd surface. The carbonaceous layer exhibits small
vacancies of atomic dimensions, which allow for specific adsorption of acetylene onto exposed Pd sites and
subsequent conversion to ethylene. The increased selectivity in this case is believed to be associated with
the size reduction and spatial isolation of the reaction centers. This strategy to enhance selectivity is gener-
ally called site-isolation concept. Figure 1.2a shows different strategies how such reaction site-isolation can
be achieved.

It was suggested that the small size of the isolated Pd sites is responsible for the high selectivity, due to
several reasons:* Firstly, the larger van der Waals radii of ethylene leads to a stronger reduction of the bind-
ing strength to the isolated Pd sites than for acetylene, promoting desorption of ethylene instead of further
hydrogenation (the van der Waals radii of the two molecules are depicted in Figure 1.3). Secondly, also the
acetylene is weaker bonded and less coordinated with Pd surface atoms as compared to adsorption on an
extended Pd surface, which might reduce the hydrogenation barrier and thus lead to higher activity.
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Figure 1.2 The site-isolation concept realized in different ways. (a) On the pure Pd catalyst (dark blue and cyan), car-
bonaceous deposits (gray) leave available isolated sites (cyan) for acetylene adsorbates (orange and white). (b) Dilu-
tion of Pd (blue) with an inert element (brown) in surface alloys leads to small Pd ensembles which serve as isolated
binding centers for acetylene. (c) Site-isolation on a surface of an intermetallic compound; due to the crystal structure,
the active adsorption sites (blue) are well-defined and of high areal density, while at the same time being separated by
an inert atomic species (brown).

Hence, it is concluded that the key ingredient to obtain increased selectivity for semi-hydrogenation is the
provision of spatially separated, single or few atom Pd adsorption sites leading to m-bonded acetylene.?
Consequently, the aim is to reduce the size of the active site and the coordination of the molecules with the
surface atoms for this reaction. This can be obtained by alloying of the Pd surface with Ag, leading to the
creation of small reaction centers of Pd, as shown in Figure 1.2b. Indeed, the Ag-diluted Pd catalysts exhibit
higher initial selectivity than pure Pd."” However, long-term stability of the catalyst is reduced, as segrega-
tion can lead to structural and compositional changes at the surfaces causing a loss of selectivity and/or
activity under reaction conditions.*®

An alternative approach to achieve more stable site-isolation is based on using intermetallic compounds as
novel catalyst materials. This class of materials is distinct from standard metallic alloys by ordered crystal
structures, which are markedly different from those of their single elemental constituents. Additionally, the
interatomic bonding has a partial covalent character which can lead to beneficial materials properties like
increased corrosion resistance and hardness.” In contrast to surface alloys, an intermetallic compound can
be expected to exhibit well-ordered and -defined catalytic sites (Figure 1.2c), which is the ideal condition
for selective reaction pathways by site-isolation and long-term stability due to the directional bonding
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Figure 1.3 Van der Waals radii of adsorbed molecules of ethyne and acetyleneand plane view of palladium atom for
comparison (Figure reprinted from Ref. 3)
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The Palladium-Gallium catalyst

The present study on intermetallic PdGa is motivated by the particular crystalline bulk structure of the
compound, which bears two geometrical features that are highly interesting for heterogeneous catalysis.
The first is the intrinsic isolation of the Pd atoms, which are surrounded by a shell of Ga as nearest neighbor
atoms, and exhibit a 10% larger Pd-Pd distance compared to metallic Pd.”° The second intrinsic feature of
PdGa is the bulk chirality of the intermetallic compound, which originates from its crystal structure belong-
ing to the space group P2;3. This results in a chiral basis of the unit cell even though the lattice is cubic. This
bulk chirality is expected to result in chiral atomic arrangements on the surfaces. We will discuss both these
structural properties in greater detail in Chapter 2.

Outstanding properties have been demonstrated for PdGa as a selective catalyst in the semi-hydrogenation
of acetylene by the group of Armbrister et al., which was assigned to the intrinsic site-isolation and stabil-
ity.”® Figure 1.4 shows the enhanced stability of the compound in comparison to an oxide-supported Pd
catalyst. The bulk properties of PdGa were studied in detail by experimental®® and computational tech-
niques®’, revealing the partial covalent character of the intermetallic bonds. In contrast to metallic Pd, no
hydrogen uptake was observed for PdGa,?* ?® which is advantageous in order to favor semi- instead over
full-hydrogenation of reactants. By application of surface-sensitive analytical techniques in earlier studies,
the separation of adsorption sites was demonstrated on PdGa powder samples using CO as a test molecule
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in infrared absorption experiments. However, the detailed atomic structures of the active catalytic sites

remained unresolved.
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Figure 1.4 Conversion and selectivity of PdGa comparison to supported Pd in the semi-hydrogenation
of acetylene. (Adapted from Ref. %)

To obtain an adequate picture on the presence, distribution and structural nature of Pd sites on the atomic
scale, the surface structures of several low-Miller index facets of PdGa were determined in this study, using
surface science techniques. The main goal was to obtain a detailed understanding of binding and adsorp-
tion of molecules on site-isolated surfaces. Therefore, we aimed to answer the following questions: Which
atomic ensembles are present on the intermetallic surface? How does the structure of the sites influence
the adsorption of molecules? Which types of ensembles should be present to obtain a strong, or weak
bond of a certain molecule to the substrate?

To approach these questions, we apply well-defined, crystalline and reproducible sample surfaces, which
require preparation in UHV. Only under these conditions an unambiguous interpretation of the experi-
mental data is possible. It is clear, that it is not straight forward to relate the findings, obtained from UHV
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prepared model surfaces, to the PdGa material used in high pressure experiments to assess its catalytic
properties. Here usually powder material of polycrystalline nature is used. However, it can be expected that
the equilibrium crystallite shape of PdGa exhibits these terminating low-Miller index facets,?”” even though
their size might be small and the step density high. Leaving aside the role of step edges and surface defect,
which certainly should not be neglected generally, the molecular adsorption mechanism on the single crys-
tal facets compares to the one on the powder samples, such that information on the active metallic species
and the preferred bonding geometries can be retrieved from the single crystal model catalysts.

In addition to the Pd site-isolation, we studied the surface chirality of this intermetallic compound, which
originates from the chiral basis of the unit cell. The expression of intrinsic bulk chirality of an intermetallic
compound on its surfaces has not been studied so far, although, this bears great potential for chiral synthe-
sis, which is important to the pharmaceutical industry and biotechnology. Here, we conducted a first ap-
proach to this topic by investigating the enantioselective adsorption of prochiral molecules on PdGa, which
is the first step to enantioselective catalysis.
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Structure of the thesis and personal contribution

Chapter 2 gives an overview on the bulk crystal structure of PdGa and the features that are relevant to this
study. The experimental methods are discussed subsequently. Further chapters of this thesis discuss the
experimental findings, focusing on selected aspects of the PdGa surfaces. Each chapter starts with short
introduction to the topic, followed by a publication summarizing the most important results (with some of
them being in preparation for publication). Supporting information and additional experimental data pro-
vide deeper insight and may raise new questions. In Chapter 3 we report on the surface atomic structures
of five low-Miller index surfaces. This information is pivotal for the interpretation of the subsequently pre-
sented adsorption experiments. In Chapter 4, the CO adsorption sites are identified and characterized for
four surfaces. To approach the semi-hydrogenation reaction, we studied acetylene, hydrogen and ethylene
adsorption on the two threefold surfaces, which is the content of Chapter 5. The influence of surface chiral-
ity on enantioselective adsorption of prochiral molecules is presented in Chapter 6.

In the course of the PhD project, the consortium of several collaborators, which was meeting on a regular
basis in the frame of the “Pd-days”, initiated by the Fritz-Haber Institute Berlin, has led to a review article
on selective hydrogenation catalysis on Pd- based catalysts:

Armbrister, M., Behrens, M., Cinquini, F., Fottinger, K., Grin, Y., Haghofer, A., Kl6tzer, B., Knop-Gericke, A.,
Lorenz, H., Ota, A., Penner, S., Prinz, J., Rameshan, C., Révay, Z., Rosenthal, D., Rupprechter, G., Sautet, P.,
Schlogl, R., Shao, L., Szentmikldsi, L., Teschner, D., Torres, D., Wagner, R., Widmer, R. and Wowsnick, G.
How to Control the Selectivity of Palladium-based Catalysts in Hydrogenation Reactions: The Role of Subsur-
face Chemistry. ChemCatChem (2012), 4: 1048-1063

My contributions to the publications discussed in this thesis are the collection of all experimental data,
simulation of low energy electron diffraction, data analysis, and large contribution in the writing of the pa-
per texts. All measurements were conducted at the Federal Laboratories for Materials Science and Tech-
nology (Empa), in Diibendorf Switzerland, in collaboration with the Ecole Polytechnique Féderal de Lau-
sanne (EPFL). Fourier-transform infrared spectroscopy was performed in the laboratories of Empa section
203. Ab-initio calculations were performed by Roberto Gaspari, Carlo Pignedoli, and Daniele Passerone.
PdGa single crystals were grown and provided by Prof. Peter Gille (LMU Munich) and Prof. Yuri Grin (MPI
Dresden), respectively. A second set of samples was purchased from Mateck GmbH (Juelich).

The research project was funded by the Swiss National Science Foundation under the
contract 200021-129511.

EMPAQ (P QNF

ECOLE POLYTECHNIQUE Swiss NATIONAL SCIENCE FOUNDATION
Materials Science & Technology FEDERALE DE LAUSANNE
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Chapter 2 Materials and Methods

This chapter provides background information on the crystal structure of the intermetallic com-
pound PdGa and gives an introduction to the methods that were used in the experimental surface analysis.
The intrinsic bulk site-isolation and chirality of PdGa are addressed in Chapter 2.1. Preparation of the single
crystal surfaces in UHV is shortly described in Chapter 2.2. The following Chapters 2.3 and 2.4 contain an
introduction to quantitative low energy electron diffraction (LEED-I(V)) and scanning tunneling microscopy
(STM). The two were used in combination to determine the atomic surface structures of the single crystals,
while the latter was also applied to study the local structure of molecules on the surfaces. In Chapter 2.5, a
short introduction to reflection absorption infrared spectroscopy (RAIRS) is given, which was used for iden-
tification and characterization of the adsorption sites. Temperature-programmed desorption (TPD) yields
information on binding strength of adsorbates and is discussed in Chapter 2.6. To investigate the electronic
structure of adsorbates, X-ray photoelectron spectroscopy was applied. The method’s basic working princi-
ple is explained in Chapter 2.7.

2.1  The bulk structure of the intermetallic compound PdGa

The crystal structure of PdGa belongs to the P2,3 space group, i.e. it is of FeSi type. The cubic unit cell
shown in Figure 2.1, with lattice parameter a = 4.897 A % contains 8 atoms. As depicted in Figure 2.2, each
Pd atom is embedded in a cage of Ga atoms, such that the seven nearest neighbors to each Pd atom are Ga
atoms. The nearest Pd-Pd distance in the bulk amounts to 3.00 A, which is about 10% larger than in ele-
mental Pd. Therefore, isolation of Pd atoms is already present to some extent in the bulk of the intermetal-
lic compound. The question to be addressed is whether and in which form it is expressed at the surfaces.
Another peculiarity regarding the crystal structure is its chirality, which is illustrated in the right panel of
Figure 2.2. The view along the <111> direction on the 7 atom Ga cage of the centered Pd atom reveals the
absence of any mirror symmetry plane, as the triangle formed by the topmost three Ga atoms is rotated by
about 23° clockwise or counter-clockwise, with respect to the triangle formed by the lower three Ga atoms,
with the direction depending on the enantiomer form. This chirality of the crystal is reflected in the intensi-
ty pattern of the Bragg-spots in LEED, which is shown for a threefold PdGa surface in Figure 2.3. The surface
chirality of the different low-Miller index samples will be discussed in Chapter 3.3, after the determination
of the surface atomic structures. To distinguish the two enantiomorphs, a capital A or B, separated by colon

punctuation, is following the chemical formula (PdGa:A and PdGa:B), as introduced in Refs 2%
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Chapter 2. Materials and Methods

Figure 2.1 Cubic unit cell (a = 4.89 A) of the PdGa bulk crystal structure containing eight atoms. (Pd: cyan, Ga: red)
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Figure 2.2 Local atomic structure in bulk PdGa. Left: In the bulk crystal structure of PdGa each Pd atom (cyan) is sur-
rounded by 7 Ga nearest neighbors (red). The closest bond d, (black) is parallel to the threefold symmetric direction.
The graphic shows a section of the PdGa:A structure. Right: Top view on the same cluster in the two enantiomer forms
PdGa:A and PdGa:B, revealing the chiral atomic arrangement in the PdGa unit cell.

The PdGa surfaces studied in the course of this thesis are obtained from precise cutting of a PdGa single
crystal parallel to the principal crystal planes that are defined by the Miller indices (111), (-1-1-1), (100),
(110), (210). Please note, that we distinguish the (111) and the (-1-1-1) surfaces, which are non-equivalent
since the crystal is build up out of 4 different atomic layers along this direction, Pd3-Ga3-Pd1-Gal. Care
must be taken in the comparison of the threefold symmetric surfaces of the two enantiomers, as by con-
vention the crystalline directions are switched when going from Form A to Form B. Thus, PdGa:A(111) and
PdGa:B(111) show an inverted layer stacking, and in order to compare surfaces that are exact mirror imag-
es of one another, one needs to compare the PdGa:A(111) surface to the PdGa:B(-1-1-1) surface (or:
PdGa:A(-1-1-1) to PdGa:B(111) ).
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2.2. Preparation of the single crystal surfaces in UHV

2.2 Preparation of the single crystal surfaces in UHV

In this study, PdGa single crystals of several cm® grown by the Czochralski method have been used.*® The
enantiomer form of the final crystal can be controlled by choice of a PdGa seed crystal of either enantiomer
form A or B. The determination of the crystal orientation has been achieved by Laue diffraction. Subse-
quently, the crystal has been cut perpendicular to the desired crystal direction to better than 0.1° accuracy
and mechanically polished to mirror-like surface finish. For the experiments we rely on a reproducible
method to prepare atomically clean surfaces, which is achieved by sputtering-annealing cycles in a UHV
chamber (pressure < 5¥10° mbar). Argon or Neon ion sputtering at 1kV acceleration voltage was used in
all studies. Annealing was performed by resistive heating or electron bombardment from the backside of
the crystal. An annealing temperature of 850 £ 30 K results in large, atomically flat terraces. Temperature
monitoring was performed using optical pyrometers by Raytek (emissivity = 0.1).
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Chapter 2. Materials and Methods

2.3 Quantitative LEED analysis, LEED-I(V)

Low energy electron diffraction (LEED) is an analytical technique that allows the determination of the atom-
ic structure of crystalline surfaces. It is not only one of the most widely applied, but also one of the earliest
techniques with encompasses the scientific discipline of surface science. After the prediction of electron
diffraction in 1924 by de Broglie, the effect was shown experimentally in 1927 by Davidson and Germer??,
being one of the first experimental confirmations of de Broglie’s postulation of the electrons particle-wave
duality. It wasn’t until the early 1960s, that LEED was introduced as analytical tool in surface science, which
is due to the advances and availability of high vacuum techniques in this period, allowing for preparation
and characterization of atomically clean surfaces.
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Figure 2.3 LEED setup and threefold LEED pattern. Left: Schematic of a four grid LEED display system. (Figure adapted
from Ref. ) Right: LEED pattern of a threefold symmetric PdGa:B(-1-1-1) surface showing different spot intensities,
using an electron kinetic energy of 54 eV.

The basic LEED experiment setup is comparably simple; a collimated mono-energetic electron beam is inci-
dent on a sample surface, from which it is back-scattered towards a hemispherical fluorescent screen. A
series of spherical grid electrodes repels secondary electrons and accelerates the elastically scattered (i.e.
diffracted) ones on the screen to produce visible spots. A sketch of the experimental setup and an image of
a LEED-pattern are shown in Figure 2.3. If the sample shows a two-dimensional periodic structure on the
length scale of the de Broglie wavelength of the impeding electrons and a sufficiently extended structural
coherence, the back-scattered electron waves interfere, resulting in a pattern of Bragg spots on the screen.
By this fast and reliable method a direct image of the reciprocal space of the two-dimensional surface
structure is obtained, which is one of the strength of the method. From back transformation into real
space, the 2D lattice parameter(s) of the surface and/or adsorbate phases are accessible.

Based on this principle, many derived techniques have developed that make use of different aspects of the
electron diffraction process, like for example ”spot profile analysis-” (SPA-) LEED, and “reflection high ener-
gy electron diffraction” (RHEED). The method applied within this thesis is LEED-I(V), in which the intensity
() of a set of diffraction spots is analyzed as a function of the electron kinetic energy, which is given by the
acceleration voltage (V). By exploiting the intensity information of the Bragg beams, the three-dimensional
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2.3. Quantitative LEED analysis, LEED-I(V)

structure of the first few atomic layers of the sample’s surface can be determined with high precision
through comparison with simulated intensity data. This very powerful approach requires a complex dynam-
ical scattering theory, to obtain high accuracy, and an initial model structure which is close to the real one,
to get convergence. In this introduction, a conceptual overview of the main theoretical concepts of LEED-
I(V) ) analysis is given. As a full description of the theory and its implementation into the simulation would
go beyond the scope of the thesis, the interested reader is referred to Refs ** and *>.

The necessary ingredients for the LEED-I(V) analysis and the simulation of the electronic scattering will be
treated in the following subchapters. As the surface will be approximated to be built up of non-interacting
single atoms, we start with the scattering of electrons on isolated spherical potentials (2.3.1). Thereafter,
the problem of multiple electron scattering is treated, which is vital for the quantitative simulation of LEED
(2.3.2). The next subchapter (2.3.3) is on the conceptual implementation of multiple scattering in the three-
dimensional atomic lattice. At this stage, we are in principle able to simulate the LEED beam intensities.
However, in order to practically determine the atomic position of the surfaces atoms, an iterative structure
refinement has to be performed, which is done here by the Tensor-LEED approach (2.3.4). In the last sub-
chapter (2.3.5) we comment on the use of LEED-I(V) on the intermetallic compound PdGa.

2.3.1 Electron scattering on a spherical potential

The main task in the computation of the Bragg beams intensities in LEED, is to simulate the scattering pro-
cess of an incident electron with the surface. This is a complex, multi-particle problem, where the incident
electron is scattered by all coulomb charges that are present in the sample. These are core- and valence
electrons, as well as the positively charged atomic nuclei. The problem is described comprehensively
through the following Hartree-Fock Type equation®?, including interaction with the atomic nuclei (Z),
screening charges (V) and the exchange interaction:

- —Z‘ ()+Zj ”' d’r, |p(F)

(2-1)

_Z J‘Md? ¥ (i) = Ep(F)

F -7

Here ¢(r) describes the wave function of the scattering electron, and y;(r) that of the electrons of the sur-
face (i=1,...,N). While the first term includes the kinetic energy and the local interactions of the scattering
electron with the charges of the sample, the second term describes the non-local exchange interaction
between all the electrons of the system. The complete description of the problem in this form is unpractical
due to the appearance of ¢(r) in the integral of the exchange term and the consideration of all surface elec-
trons. Consequently, several approximations are applied to allow for a solution with a reasonable computa-
tional effort.

Instead of simplifying equation (2-1) for the entire surface, a different approach is followed to solve the
electronic scattering process at the basis of LEED. The starting point is the description of the sample as be-
ing built up of independent atoms, represented by spherical potentials specific to their element type, i.e.
the materials related features of the valence electronic structure are neglected. This so called muffin-tin
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Chapter 2. Materials and Methods

approximation is schematically depicted in Figure 2.4. The shape of the potentials is determined by the
atomic charges and their cut-off radius is chosen as half the distance between nearest neighbors. The
“empty” space between the spheres is set to a constant potential background (muffin-tin constant), leading
to the muffin-tin shape of the electron potential landscape. As shown in Figure 2.4, this potential landscape
exhibits steps, e.g. between the vacuum and the surface, which have to be considered in the description of
electron scattering.
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Figure 2.4 The muffin-tin approximation. The potential landscape of the sample is approximated as being built up of
potential steps and spherical scattering potentials (muffin-tin potential landscape). (Image adapted from Ref. 32)

The spherical potentials are defined by the charge of the atomic nuclei and the electronic charge distribu-
tion given the well-known atomic orbitals and their occupation. Once the scattering process is solved for
such an element specific, spherical atomic potential, the atom can be treated as a point scatterer described
by a phase shift and an angle-dependent scattering amplitude. This is a legitimate approximation outside
the spherical potential which can be proven by scattering theory.*

In order to solve equation (2-1) for a single spherical potential, the incoming electron plane wave is ex-
panded in terms of spherical waves of angular momentum /. This allows for separating the above equation
into a radial and an angular part, resulting in the following, one-dimensional Schrodinger equation for scat-
tering on a spherical potential:

_n ( 1 j d (,,2 de(r)]+ h221(1+2 1) R/(r)_|_( 7 +[/;C(r)+V;x(r)le(r) _ER() @2

2m 7 dr dr mr _T

The solution of the scattering problem is given by the sum of an incoming plane wave and a set of outgoing
spherical waves of different angular momentum /. Since the direction of the incoming wave breaks the
spherical symmetry of the system, the outgoing spherical waves show a dependency on 6, the scattering
angle, which is reflected in the complex scattering amplitude f{6).
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Figure 2.5 Plane wave scattering on a spherical potential. The outgoing wave is a superposition of the incoming plane
wave and an angle-dependent spherical wave. (Image adapted from Ref. *%)

Within this partial wave approach to elastic electron scattering, the influence of the spherical scattering
potential, and thus of the atomic species, is completely described by the energy-dependent phase shifts ¢
between the incoming and the outgoing waves. The resulting wave functions are given by:

. ikr
W,(r,0) = ¢ + f(0)—

r
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2
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In the scope of this thesis the Barbieri/Van Hove phase shift program was used for the computation of the
phase shifts.>®> As described above, atomic orbitals are used and their electronic occupation is an input pa-
rameter to the program. In this way, a solution for each atomic species is determined individually. For the
PdGa intermetallic compound, the bulk structure was input to compute the potential step to the vacuum
(muffin-tin-zero) and the atomic (muffin-tin) radii, which were defined as the half of the nearest neighbor
atomic distances (a test in which this parameter was varied showed that the influence of the muffin-tin
radius on the overall LEED-I(V) results is small). The following peaks shifts were computed for the two
atomic species:
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Figure 2.6 Energy-dependent phase shifts for electron scattering on Pd (left) and Ga (right) atomic cores in the PdGa
compound, obtained by the program by Barbieri and Van Hove.

The comparison of the phase shifts in Figure 2.6 reveals that the average values for Pd are larger than those
of Ga, which is reasonable, as electron and nuclei charges of Pd are larger than those of Ga. To visualize the
scattering amplitudes of the two atomic species the values are applied in above equations to compute f(6).
Figure 2.7 displays |f{8)|’ (i.e. the scattering probability) in a polar graph as a function of scattering angle 8
for different incident electron energies.

; / 3 j ’ } /

Figure 2.7 Angular distribution of the scattering amplitude |f(9)|2 of a plane wave on the spherical potentials of the Pd
and Ga atomic potentials with the incident electron direction from the left.

For all energies computed, the forward scattering of electrons is predominant, with increasing importance
at higher energies. The larger scattering strength of Pd in comparison with Ga is observed in the scattering
amplitudes.

The scattering on the isolated atomic potentials described so far is an essential ingredient to simulate the
elastic scattering of LEED electrons from the whole surface. The next step is to assemble the spherical
atomic potentials, which can now be approximated as point scatterers, to form the surface structure. This
requires consideration of additional effects that are treated within the dynamical scattering theory as dis-
cussed in the next subchapter.
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2.3. Quantitative LEED analysis, LEED-I(V)

2.3.2 Kinematic and Dynamic Theory

Before discussing the scattering of LEED electron on a three-dimensional lattice of atomic potentials, the
concept of the dynamic scattering theory is introduced, which is needed to describe LEED comprehensively.
Single scattering phenomena and weak scattering interactions, as in X-ray or neutron diffraction, are well
explained by the kinematic theory. In contrast, the scattering of an electron in a solid involves strong elec-
tronic interaction. Therefore, the “dynamic theory” extends the kinematic one by including multiple scat-
tering effects. Multiple scattering can occur between the atoms of a structure, but also within single atomic
potentials, causing large energy-dependent phase shifts. Indeed, this consequence of intra-atomic multiple
scattering was already taken into account in Figure 2.6 for Pd and Ga. The second point is multiple scatter-
ing between different atoms of the surface, which requires a self-consistent treatment of a large number of
possible scattering pathways within the surface. In this context, the term “self-consistent” refers to the
requirement of current conservation of the scattering process, i.e. current of the incident electron beam
equals the one of the sum of the outgoing, multiply scattered beams plus inelastic losses (discussed below).
The consequence is a large increase of computational effort in comparison to simulations based on the
kinematic theory. The simulation of the Bragg spot positions in the two-dimensional LEED pattern does not
require information on the scattering potential, nor consideration of multiple scattering, and therefore can
be achieved using purely kinematic theory. However, to describe electron energy dependence of the Bragg
beam intensities, the quantitative, self-consistent approach has to be applied, yielding information on the
near surface, three-dimensional and chemically resolved surface atomic structure.

The reason why multiple scattering has to be considered for electron scattering is the Coulomb interaction
of the scattering electrons with the charges in the surface, namely electrons and ionic cores. This interac-
tion between charged particles is much stronger than for example interactions of X-rays with Coulomb
charges. Consequently, the probability of an incident electron undergoing a scattering event is much larger
than for example for an incident photon, which is traveling the same distance within a solid. Accordingly,
electrons/photons that have already scattered once are more/less likely to undergo a second scattering
event on their way back to the detector. Therefore, all possible pathways involving the nearby atoms in the
crystal have to be considered in the LEED simulation, including multiple forward and backward scatterings,
with the different path lengths leading to different phases of the wave amplitudes.

Even though it seems like an overwhelming number of possible pathways has to be taken into account, one
can make use of two circumstances, which reduce the computational effort. First, only those pathways
have to be considered that fulfill the two-dimensional Bragg condition of the surface crystal structure, and
thereby contribute to the coherent scattering. Second, very long scattering paths carry only very small
wave amplitudes and thus don’t need to be taken into account, as inelastic, i.e. incoherent, scattering
events become more probable. This is reflected in the so-called “universal curve” of the electron inelastic
mean free path as a function of energy, shown in Figure 2.8. This curve also represents the surface sensitivi-
ty of analysis methods based on elastically scattered electrons, and especially that of LEED, as typical LEED
energies are of 50 - 500 eV. The minimum indicates that electrons with kinetic energies of 50 eV are most
surface sensitive, while at larger LEED energies, electrons can penetrate deeper into, and out of, the sur-
face, since the probability for an inelastic scattering event is smaller.
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Figure 2.8 “Universal curve” for electron scattering, describing the electron mean free path in different solids as a
function of kinetic electron energy. (Figure adapted from Ref. *°)

In a LEED experiment, only the elastically scattered electrons are observed. Nevertheless, the loss of inten-
sity through inelastic scattering events has to be considered in the simulation. This is obvious when looking
at the energy spectrum of backscattered electrons from a surface under irradiation with a mono-energetic
electron beam, shown in Figure 2.9. Indeed, only about 1 or 2 % of the incident electrons are backscattered
elastically,® which explains the need for consideration of the inelastic events as a part of the quantitative
self-consistent treatment of the scattering amplitudes.
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Figure 2.9 Schematic diagram of energy distribution of electrons backscattered from a solid. The sharp peak at the
right contains the elastically scattered electrons. (Figure adapted from Ref. 33)

In the frame of the computational simulation, this is taken care of by the definition of an imaginary part of
the inner potential which is present between the atomic point scatterers. The consequence is an exponen-
tial decay of the wave amplitude with the propagation length in the solid. Scattering paths that carry ampli-
tudes that are smaller than a certain threshold value are neglected.
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2.3. Quantitative LEED analysis, LEED-I(V)

Additionally to the effects discussed above, vibrations of the atomic positions due to temperature are taken
into account in the dynamical LEED theory, as vibrations increase the incoherency of non-forward scatter-
ing events. A complete description of the theory can be found in Chapter 4 and 5 of Ref. ** and in Ref *>.
After this short description of the most important aspects of the dynamical approach to LEED, their tech-
nical realization is summarized in the following chapter.

2.3.3 Electron scattering on the crystal lattice

The inclusion of multiple scattering is performed on various levels in a LEED calculation. In Chapter 2.3.1,
we discussed the energy-dependent phase shifts which incorporate multiple scattering within the atomic
spherical potentials. To treat interatomic multiple scattering, the structure is separated into different com-
posite layers parallel to the surface. A composite layer, in turn can contain several atomic planes, while
each plane contains one atom of the surface unit cell. The program that was used here for the dynamical
simulation of the LEED curves is the “symmetrized automated tensor LEED”, or SATLEED, program by Barbi-
eri and Van Hove.*

When an electron wave is incident on the first composite layer, it is treated as a plane wave that is scat-
tered into spherical waves at the atoms of the crystal. The incident electron energy and the phase shifts
(Figure 2.6), characteristic for the scattering atoms, define the angular dependence (Figure 2.7) of the
waves that are emerging from each scatterer. Subsequently, these spherical waves will propagate to all
other atoms in the composite layer and perform additional scattering events. Following this procedure, all
possible scattering pathways over multiple scattering events are taken into account. The self-consistency is
preserved through the quantitative treatment of the scattering amplitudes between all scatterers. Inelastic
effects are treated as wave attenuation as a function of wave propagation length. Mathematically, this self-
consistency is described in a matrix notation, resulting in a layer diffraction matrix for each composite layer.
By stacking these layers parallel to the surface plane, the complete surface structure is simulated. Wave
propagation in between the composite layers is treated in the plane wave representation. In practice, only
the amplitudes of the Bragg beams corresponding to the in-plane lattice structure of the layer are transmit-
ted from one composite layer to the next. Ultimately, the intensities of the recorded Bragg beams are com-
puted for the stack of layer diffraction matrices, and for each incident electron energy. The next step is to
compare the computed intensity vs. energy profiles, or I(V) profiles, with experimentally measured ones
and determine the precise atomic structure.

2.3.4 Iterative structure refinement by Tensor LEED

As the diffraction is very sensitive to the surface structure geometry, small deviations in the atomic coordi-
nates may cause a disagreement in the comparison of the computed beam intensities with experiment.
This means, one would have to compute the spot intensities for a large range of structure parameters,
which is a rather large computational effort as soon as the coordinates of a few atoms should be optimized.
Alternatively, a perturbation theory based approach can be followed, which allows for a more efficient
search for the optimized structure model.

In order to allow reasonably fast optimization of the structure coordinates, the Tensor — LEED method is
applied.*” Based on the wave-field that was computed by dynamical means for an initial guess of the atomic
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structure, the weak modification of this wave-field caused by a small displacement of the atoms is consid-
ered as a first order perturbation. To this end, the derivatives of the diffraction amplitudes with respect to
the atomic positions are computed and stored in a tensor file. From this starting point, trial structures are
produced by displacing the atoms in the structure slightly (up to +0.4 A) which results in a modification of
the simulated Bragg beam intensities. From comparison to experiment, the new agreement is evaluated. In
an automated fashion, a multi-dimensional search is performed, using search-algorithms to optimize the
agreement between simulation and experiment by changing the atomic coordinates slightly. A detailed
discussion of the Tensor — LEED method is given in Ref. *.

The agreement between the computed and the measured Bragg beam intensities, or I(V) curves, is ex-
pressed by terms of reliability, or R-, factors. For LEED-I(V), the R-factor introduced by Pendry® (Re) is used
in the structure refinement carried out in this work. The comparison of experimental data and simulation is
expressed in a single value of Rp, which is computed as the sum of the differences in the logarithmic deriva-
tives of the computed and measured I(V) profiles over all energy values. In this way, the Ry is sensitive to
peak positions (in energy) rather than absolute peak heights.

2.3.5 The application of LEED-I(V) to the intermetallic compound PdGa

The automated structure refinement-algorithms and the application of Tensor LEED enabled surface scien-
tists to determine a broad range of surface structures. Indeed, LEED-I(V) was the method used to deter-
mine the majority of the atomic surface structures known today.*®*! The first LEED-I(V) structure determi-
nations were those of low-Miller-indexed pure metal single crystals and due to the purely metallic binding
within those samples, the muffin-tin potential approximation discussed above is perfectly suited to de-
scribe the surface. For covalently bonded materials, the validity of this approximation might be more ques-
tionable, as directional bonds might lead to non-spherical charge distributions around the ion cores. Sur-
prisingly, the spherical potential approximation yields acceptable agreement also for the determination of
oxide structures and covalent molecular adsorbates.*”* Even though the R-factors for pure materials are
generally lower than those of partially covalent compounds, the latter still allows for an identification of the
best fit structure from a set of model structures, which is the approach that is applied in the case of PdGa
within the scope of this study.
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2.4  Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is part of the broader field of scanning probe techniques which allows

for real space topographic imaging down to the atomic length scale. Due to its ability to resolve single mol-

ecules and atoms on surfaces, it has evolved to one of the major tools of modern surface science. STM is

based on the quantum-mechanical tunneling effect between a small conductive tip that is brought in close

STM tip

trajectory

Figure 2.10 Working principle of an
STM. The tip trajectory for a constant
tunnel current yields a profile line of
constant electronic density.

distance to a conductive sample.** If a voltage is applied between
the two components, quantum tunneling allows for an electric
current across this tunnel gap, while the magnitude of the current
is strongly dependent on the width of this gap and therefore the
spacing between tip and sample. By moving the tip parallel to the
surface plane, and keeping the tunnel current constant through a
regulation of the height of the tip above the sample, a profile line
of the surface topography is obtained, as shown in Figure 2.10.
Likewise, scanning a two-dimensional area yields a topographic
image of a surface. In fact, the “topography” of the sample in terms
of atomic positions is not directly probed, but the measured data
represents in first approximation a surface of constant electronic
density which depends on the applied tunnel voltage (cf. right pan-
el in Figure 2.11). More details on the theory of STM and the exper-
imental setup are given in the next subchapters.

After its invention in 1982 by Binning and Rohrer at the IBM Lab in Rischlikon®, STM has experienced an
enormous growth in terms of installed instrumentation and application range. Starting with the first images

of the atomically resolved Si(111) 7x7 reconstruction®® (cf. left panel in Figure 2.11), latest developments

allow to visualize the precise shape of molecular orbitals on surfaces.”’

HOMO Gap LUMO
o — —
=
8
2
= —
(D i%D = :
[0]
C
[0
(&)
g
c
()
o
HOMO Geometry LUMO
3
- ©
L S AR
o3
2 25A x 20A

Figure 2.11 The evolution of STM in the last decades. Left: First STM images of the Si 7x7 reconstruction from 1982 by
Binnig and Rohrer. (Figure adapted from Ref. *°) The cardboard model visualizes an area of about 10x4 nm in size.
Right: HOMO and LUMO orbitals of pentacene adsorbed on a non-conductive surface, imaged by STM in 2005. Nodes
and maxima of the different molecular orbitals are visible in the STM topography. The size of the images are 2.5 x 2.0
nm, yielding sub-nm lateral resolution. (Figure adapted from Ref. %)
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2.4.1 The theory of STM

The theoretical concept behind STM is visualized in Figure 2.12. A DC bias voltage V7 is applied between tip

and sample which are made of conductive materials. If the distance d is small enough, electrons can tunnel

across the vacuum. It is important to distinguish between the regimes of quantum tunneling and field emis-

Figure 2.12 Principle of tip-sample tunneling.

a) Scematic view of the STM. A tunnel voltage
Vr is applied between a metallic tip and the
sample which are separated by a distance d (=
0.5 — 10 A). b) The electron wave functions
(yellow) decay exponentially over the tunnel
barrier. The barrier shape is defined by the
workfunctions of tip and sample materials, the
tunnel voltage, and the distance d. c) Diagram
of the tip and sample DOS when a bias voltage
is applied.

sion. In the latter case, a much higher voltage is applied and
electrons can overcome the workfunction of the material,
leading to an emission current of free- electrons traveling
through the vacuum. In the case of quantum tunneling, the
applied voltage does not suffice to overcome the workfunc-
tion of the material, but the small distance leads to an over-
lap of the atomic orbitals of tip and sample. In a simplified,
one-dimensional picture, quantum tunneling can be under-
stood through the decay of the electron wave function am-
plitude within the potential barrier of the vacuum gap, as
shown in Figure 2.12 b). The non-zero amplitude at the right
end of the barriers gives rise to a coupling of the tip elec-
tronic state to the counter electrode, and thus a probability
of tunneling through the gap. The trapezoidal shape and
height of the potential barrier ¢(z) are defined by the work-
functions of the tip @, and the sample @, and by the applied
tunnel voltage V7.*° In the solution of the Schrodinger equa-
tion for tunneling through a one-dimensional barrier, the
resulting tunnel current I is exponentially dependent on the
tip-sample separation:

1,.(d) o< exp(-2sal)

o /2;:12;&; ¢:CI>,+CI>2S—eVT (2-4)

where m is the electron mass and 7 the reduced Planks con-

stant. Here, ¢ is approximated as the average barrier
height.* This exponential relation allows a very precise
measurement of variations in the tip-sample distance d by
monitoring the tunnel current /7.

Additionally to the tip-sample separation, the electronic structure has a major influence on the tunnel cur-

rent. A scheme of the energetic levels and the density of states (DOS) in STM is shown in Figure 2.12 c). Due

to the applied tunnel voltage, the Fermi levels of tip and sample are energetically offset by el7 with respect

to each other. In the case of positive sample voltage shown in the Figure, electrons from the occupied

states of the tip tunnel into the unoccupied stated of the sample. Consequently, electronic states of the tip

in the range of Er, to Er, - eV, and those of the sample in the range of Er to Er, + eVr contribute to the

tunnel current. In fact the current /7 is a convolution of the density of states of tip and sample, as described

by Bardeen’s theory for tunnel between two planar electrodes (see equation (2-5)).
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I, o j DOS, (s +eVy)-DOS, ()M (&) [f (&)~ f (e —eV;) e (2-5)
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(&) = 1
~ [+ exp(e (K, T)) @7

The transition matrix element M,,, describes the probability of an electron in the state n of the tip, to tun-
nel into state m of the sample, while H,, is the transfer Hamiltonian and f{e) the Fermi distribution. ¥, and
¥,.. are the initial and final wave functions of the entire system, respectively, differing by the one electron
which is transferred from tip to sample (or vice-versa). The spatial integration in the matrix element (equa-
tion (2-6)), incorporates the exponential dependence of the tunnel current on the tip-sample separation (cf.
equation (2-4)). In most cases of STM and particularly scanning tunneling spectroscopy, a close to constant
DOS of the tip is preferred, in order to minimize the influence of the tip states on the tunnel current.

Based on Bardeens formalism of 1961, Tersoff and Hamann refined the theory towards the application of
STM by modeling the tip as an s-orbital of a single atom, leading to the current dependence shown in equa-
tion (2-8).”

- |2
I, <V, DOS,(E)R* exp(2&R)Y_|p,, (7)) 6(E,, — E..) (2-8)

where R and r) denotes the radius and the center of curvature of the tip and the sum is over all states m of
the sample, with wave functions ¢,, that are in the range of the delta function. This result is obtained by
substituting the s-type wave function of the tip into equation (2-6) and evaluating equation (2-5) for states
near the Fermi level. This limits the validity of Equation (2-8) to small tunnel voltages V7 << ¢. The exponen-
tial decay of the tunnel current with tip-sample separation d that holds for the one-dimensional case in
(2-4) is preserved in (2-8), since the sample wave function is evaluated at the tip position r, and thus
| @ (ro)|* < exp[-2k (R+d)]. Equation (2-8) is the basis of most STM simulations based on density functional
theory (DFT).
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2.4.2 The main components of an STM setup

The main components of an STM experimental setup are shown in Figure 2.13. The high resolution of STM
is based on the ability to control the lateral position of the tip (or sample) in the pm range. While in early
STM setups three separate piezos for x,y and z motion were applied, respectively, more recent STM designs
use single piezo tube scanners for positioning.

To avoid electronic noise, the tunnel current is pre-amplified close to the sample-scanner assembly, and
after that input to the scan control electronics. Typical tunnel current values are in the range of a few pA to
a few hundred nA, while gap voltages of a few mV to V are used. The choice of the optimal current and gap
voltage depends strongly on the stability of the sample and the tip, as adsorbates might move or degrade
under the influence of high tunnel currents. On the other hand, if a clean substrate is imaged, high tunnel
currents are useful to decrease the tip-sample separation and achieve high resolution.
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Figure 2.13 Main components of an STM setup. (figure by Michael Schmid, TU Wien)

As discussed above, the exponential dependency of the tunnel current /7 on the tip sample separation al-
lows for a very precise measurement of height variations. The accuracy of this measurement however criti-
cally depends on the positional stability of the system with regard to mechanical vibrations and drift, as
well as the reduction of electronic noise. Accordingly, the improvements in resolution and stability which
took place over the last 30 years are mainly due to the sophistication of both electronic and mechanical
damping systems.

The mechanical stability is especially important if the instrument is to be used at reduced temperatures.
Due to thermal expansion, the design of a combined cryostat and STM experiment has to be in a way to
minimize deformations of the tip-sample positioning which would lead to an enduring distortion of the
recorded images, also known as “thermal drift”. A good thermal, i.e. mechanical, contact of the STM stage
with the cryostat is needed, which is a problem as vibration would couple to the tunnel gap. In modern
designs, this problem is solved by pressing the STM stage to the bottom of a cryostat during cool-down, and
releasing it into a suspended position for measurement. In the suspended position, vibrations are inhibited
by springs and eddy current damping, while cooling is provided only from a bunched wire connection to the
cryostat. It is necessary to shield the suspended parts from thermal radiation, to maintain the low tempera-
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ture. Measurements in this thesis were performed using variable temperature (VT-) and low temperature
(LT-) STM by Omicron (http://www.omicron.de).

The most commonly applied operational mode in STM is the constant-current mode, where the user de-
fines the tunnel current as the set-point to a feedback loop, which regulates the z-piezo voltage and conse-
guently the separation of tip and sample to stabilize the tunnel current. By recording the regulated tip
height z as a function of the lateral position, an iso-surface of the electronic density is measured, which is
then processed and displayed. Data processing and analysis was performed using the matrixfilereader
package by Thomas Braun (http://www.byte-physics.de), and several home-made procedures based on
Wavemetrics IGOR Pro.
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2.5 Infrared Spectroscopy

A powerful technique to study the state of an adsorbate bound to a surface comprises the analysis of its
vibrational modes. The most important property in this context is the vibrational frequency, or vibrational
energy, as it provides information on the strength of a certain bond within an adsorbed molecule associat-
ed with the vibrational mode considered. A free di-atomic molecule can be approximated as a spring con-
necting two masses, yielding a harmonic oscillator with a defined vibrational eigenfrequency corresponding
to its normal mode. This frequency depends on the two masses and the spring constant. In the molecular
picture, the spring constant is defined by the bond strength between the two atoms. For an adsorbed mol-
ecule, (at least) one of the atoms forms a bond with the surface, which, in the case of a chemisorption type
of situation, leads to a significant mixing of the molecular- with the surface electronic states.”*>* Within this
adsorption process, the di-atomic bond within the molecule is altered and consequently also the vibrational
frequency of the oscillator which is accessible experimentally. The assignment of a measured vibrational
mode frequency to a specific binding configuration is not trivial and is best performed through comparison
to experimental reference data of the adsorbate in the gas phase and adsorbed on a comparable surface,
or ab-initio simulation of the adsorbate configuration and the bond strength.

IR intensity [arb. units]

Figure 2.14 Experimental principle of RAIRS. Molecular dipoles adsorbs specific wavelengths of IR light (incident from
the left in the graphics). The outgoing spectrum exhibits sharp peaks at energies that correspond to the vibrational
modes of molecule. These depend, for instance, on the adsorption site, as shown in the example for hollow and on-

top sites.

A well-suited technique to measure vibrational modes of adsorbed molecules is the absorption of infrared
(IR) radiation as a function of wavelength. As IR frequencies are in the range of typical vibrational mode
frequencies, the photons interact with, or excite vibrations in free or adsorbed molecules, leading to sharp
absorption peaks for IR light passing through a sample. However, the molecule requires a non-zero electric
dipole moment that is coupled to the vibration, to be able to absorb electromagnetic radiation, and be “IR-
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active”. In the case of IR spectroscopy on single crystal surfaces (see Figure 2.14), the IR light is reflected
from the adsorbate covered surface with low incident angle, which is known as Reflection Absorption Infra-
red Spectroscopy (RAIRS). If weakly absorbing, sub-monolayer coverages are investigated, a reference spec-
trum of the clean surface is required for background subtraction.

An enormous improvement in the detection of the outgoing IR light spectra has been achieved by the im-
plementation of an interferometric analysis technique. To detect the intensity as a function of wavelength,
the incident beam is split in two, and for one of the two branches the beam path length is modulated by a
movable mirror. The principle of the setup is very similar to that of the Michelson Interferometer and a
schematic diagram is shown in Figure 2.15.
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Figure 2.15 Working principle of a Fourier transform spectrometer. Left: Scematic view of the setup. The intensity at
the detector is a function of the pathlength difference, i.e. of the position (x) of the movable mirror. Right: Interfero-
grams (I(x)) and Spectra S(V) for different spectral distributions: from a) monochromatic light (laser), to d) broad
wavelength distribution (FTIR experiment). (Figures adapted from Ref. >)

After recombining the two beams of different paths they interfere at the detector. The measured total in-
tensity is recorded as a function of the displacement of the movable mirror x, which generates a path
length difference and consequently a phaseshift between the two beams. In this way an interferogram I(x)
is recorded and examples for different cases are given in the right panel of Figure 2.15. The case d) is clos-
est to the experimental case of FTIR, where a broad wavelength distribution is used. Evidently, a precise
determination of the path length difference x is vital to a high precision measurement. To this aim, a mono-
chromatic laser beam is guided in parallel to the broadband IR radiation and a second interferogram is rec-
orded simultaneously as reference, yielding a sine signal as function of x (see case “a” in Figure 2.15) with a
periodicity of the well-known laser wavelength. The zero-crossings of this laser interferogram are used as
sampling points for the IR interferogram, allowing for a recording at equidistant points of path length dif-
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ference. In this way, more accurate spectra with better signal-to-noise ratios are obtained compared to the
formerly applied dispersive spectrometers.

The computed Fourier transformation of this interferogram yields the intensity as a function of reciprocal
path length and therefore photon energy, usually expressed in units of cm™ = 0.12398 meV, which is the
intensity vs. wavenumber spectrum. A more detailed description of the mathematical transformation is
given in Ref. *°. As the computational effort involved in the Fourier transformation is easily accomplished by
modern personal computers, FTIR has developed the most applied technique for infrared spectroscopy.

Within the present PhD thesis, FTIR was used to study the different binding sites on PdGa surfaces by ana-
lyzing the vibrational modes of carbon monoxide adsorbates. As CO is a commonly applied test molecule a
large dataset for comparison of vibrational mode frequencies is provided by literature.
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2.6 Temperature-programmed Desorption

Temperature-programmed desorption (TPD), is an experimental technique to study desorption processes
of adsorbates (molecules or adatoms). After UHV preparation of the sample surface, the adsorbate is dosed
at low temperatures, to achieve a desired coverage and the sample is subsequently heated with a well-
defined heating rate. While the sample temperature is increased, the desorbed molecules or atoms are
most commonly detected with a quadupole mass spectrometer (QMS), where the partial pressures for one,
or several characteristic masses are monitored as a function of sample temperature. The desorption rate
(dordt) vs. temperature (T) graph allows insight into the binding energy of the desorbed species and the
kinetics of the desorption process by analysis of desorption peak position and shape, respectively.

The basis of all analysis methods for the study of desorption experiments is the Polanyi-Wigner equation®’,

—C;—j =u(o,T)o" exp(—E(o,T)/ k,T) (2-9)

where v is the rate constant, or "attempt frequency", o is the coverage, E is the binding energy of the ad-
sorbate, and n the order of the desorption process. Zero order desorption yields coverage independent
rates of desorption and can be used to describe evaporation of substrate material. First order desorption
implies desorption of the adsorbates directly from their preferred binding sites on the surface. A second
order desorption process is a two-step process, involving for example a recombination of two atoms into a
di-atomic molecule before desorption, for instance for O, on Pd(100).*

For the analysis of the CO desorption data presented in this work, several data analysis methods were test-

960 were not

ed. Due to the low signal to noise ratio of the desorption curves, advanced analysis methods
applicable to the data and a simple desorption simulation by kinetic Monte-Carlo methods yields good re-
sults through comparison of experimental and simulated desorption peaks. These simulations are based on
the Boltzmann factor for overcoming an energy barrier as a function of temperature and binding energy.
The probability per simulation time-, respectively temperature step, for a desorption event then reads in

the Monte-Carlo computation:
P=v,Nexp(-E/k,T), (2-10)

where N is the total number of simulated adsorbates (N > 10°). The resulting simulated desorption curved
are equivalent to those simulated using the well-known Redhead theory.®! For the determination of the
desorption parameters, binding energy and desorption frequency were fitted to match the measured peak
shape and position. A frequent controversial point in desorption simulations is the attempt frequency,
which is commonly assumed to be on the order of vy = 10" Hz. However, in particular for CO, very different,
and strongly coverage-dependent values are reported for desorption from different transition metal sur-
faces ranging from 10° to 10" Hz. (See Ref. ® and references therein). Even though advanced methods al-
low for determination of this pre-factor, quality and quantity of the data presented here does not suffice to
allow for this analysis. Instead, we compare the data of different samples and molecular coverages to de-
termine relative adsorption energies and orders of desorption.
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To increase the accuracy of the TPD experiments
conducted within this study, an appropriate heating
setup was installed and thoroughly calibrated. A spe-
cially designed sample holder was used, in which the
single crystal sample is hold only by the heating
wires, as shown in Figure 2.16. This design allows fast
heating ramps and reduced temperature gradients
on the sample surface. The temperature is monitored
using a type K thermocouple, which is pressed to the
back of the sample by a ceramic piece. A thin wire
diameter was chosen for the thermocouple such that
it adds little thermal mass to the system, and exces-
sive cooling through the wires is suppressed. Since
the heat source is closer to the sample surface than
to the thermocouple and the ceramic piece is not
heated, one can expect a lower temperature reading
with respect to the real temperature of the surface.
To quantify the offset, calibration measurements of
CO desorption from Cu(111) were conducted. The
curves in the top of Figure 2.16 show the CO desorp-
tion signal from Cu(111), obtained in the employed
setup, in comparison to literature data®®. The calibra-
tion curve reproduces the characteristic shape and
desorption temperatures reported in literature.

For the detection of desorbing molecules, the sample
was placed in close proximity (1-2 cm) of the QMS
(Hiden, HAL 511/3F) with the surface normal pointing
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Figure 2.16 Photo of the TPD sample holder and cali-
bration curves using CO/Cu(111).

The sample is contacted only the heating wires, such
that there is no heat sink during a temperature ramp,
except for the small thermocouple which is pushed to
the sample from the bottom. Calibration using CO de-
sorptég)n from Cu(111) yields agreement with literature
data.

towards its opening aperture. As no shielding of the heating wires or sample holder was available, CO de-

sorption from metallic parts, touching the heating wires, and from the heating wires themselves, can con-

tribute to the detected signal. This may result in an increased background, or smeared-out peaks. To detect

CO molecules with a large temporal- (and thereby thermal-) resolution, the signal for mass 28 was meas-

ured, exclusively.
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2.7. X-ray Photoelectron Spectroscopy

2.7  X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is one of the most frequently used methods for chemical surface charac-
terization, yielding information on the electronic structure, elemental composition and chemical state of
near surface atoms. The technique, also known as “electron spectroscopy for chemical analysis” (ESCA), is
based on the photoelectric effect, which describes electron emission from a sample upon illumination with
high energy photons. The possibility to selectively detect emitted photoelectrons according to their kinetic
energy allows for recording of emission spectra as a function of electron binding energy, if the photon en-
ergy (hv) is known. The energy resolution of the method depends on the analyzer resolving power and
most importantly on the energy spread of the excitation photon source. For laboratory use the characteris-
tic x-ray emission lines of specific elements Al-K, or Mg-K,, are used for this purpose. By using Bragg crystal
monochromators the line width of such characteristic emission lines can be significantly reduced. X-rays of
high brilliance, low energy spread and variable energy can be produced at synchrotron facilities.

The photoelectron kinetic energy (KE) is related to the binding energy of the electron (Eg) through the Ein-
stein equation for the emission of photoelectrons:

EBF:hV—KE—¢ (2-11)

The Einstein relation holds true for the full path of the electron from the sample surface to the electron
counting detector, if ¢ is viewed as the vacuum potential at the position where the kinetic energy is consid-
ered. As the kinetic energy is measured in the analyzer, the correct workfunction to be introduced in the
Einstein equation is the analyzer work function ¢, which might be different from the one of the sample. A
diagram of the different energy levels is shown in Figure 2.17. As sample and analyzer are in electrical con-
tact, their Fermi levels are aligned. The measured kinetic energy and the binding energy of the sample elec-
trons are connected through the adapted Einstein equation® (2-12).
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Sample Spectrometer
Y
KE KE is actually
measured
KE
ana E vac
spectrom
/ \"' sp~%s
E
sample 4 q
Q Sp
bg
hv
Conduction Bands l
Eg Er
A
Valence Bands
vac F 2%
Eg Eg

Figure 2.17 Energy level in the XPS experiment for conductive samples. The Fermi levels of sample and
analyzer are aligned. To determine the electron binding energy with respect to the Fermi level, the work function of
the analyzer has to be taken into account. (Figure adapted and modified from Ref. *)

KEanu:hV_Eg_¢S; KE:KEana_(¢Sp_¢S)
(2-12)
E, =hv-KE-¢,

For the experiments presented in this work, a monochromatized Al K, X-ray source was used for excitation
and a VG Scienta Analyzer R3000 with a 2D detector was applied in sweep mode. XPS was used to deter-
mine the shifts of atomic core level energies upon molecule deposition on PdGa surfaces. Primarily, carbon
C1s peaks are analyzed to study the amount of adsorbed carbon and the bond of the molecule to the sur-
face. To ensure temperature stability during molecule deposition, samples were cooled for 1h using liquid
nitrogen before deposition. XPS measurements were started on the clean sample and C,H, was then ex-
posed by backfilling of the chamber to a defined pressure and time (differences in hydrocarbon ionizability
for pressure determination were neglected).

The Wavemetrics Igor Pro routines provided by the manufacturer were used for data processing and dis-
play. For peak fitting and quantitative spectra evaluation CasaXPS was employed. C1ls peak shapes were
fitted using Gaussion-Lorenzian (50:50) peak shapes with asymmetric tail function (T0.9).
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Chapter 3 Structure determination of inter-
metallic PdGa single crystal surfaces

The pivotal step in the study of model catalyst systems is to develop a detailed knowledge of the
structural properties of the catalyst and the catalyst’s surface. In the present case, this knowledge includes
surface chemical composition and morphology on the atomic length scale. This detailed structural infor-
mation enables the correct interpretation of experimental results on adsorption sites and molecular bind-
ing configurations, from which in turn a deeper understanding of the interactions between the surface and
the reactants can be obtained. Furthermore, the knowledge of the precise atomic surface structure opens
the door to treat the model catalyst system by means of ab-initio calculations and study physical properties
and reaction pathways.

This chapter begins with the structure determination of the threefold PdGa surface, which was published as
a “Communication” in the journal Angewandte Chemie-International Edition (Chapter 3.1). Thereafter, in-
vestigations on the (110), (210) and (100) PdGa surface structures are presented (Chapter 3.2), while a
comparative summary is given for the five investigated structures in the last part of the
chapter (Chapter 3.3).

3.1 Publication: “Isolated Pd Sites on the Intermetallic PdGa(111) and PdGa
(-1-1-1) Model Catalyst Surfaces” in Angewandte Chemie
- International Edition

(Article reprinted with permission. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Catalytic reactions are of highest technological and economic
importance, especially in the field of chemical synthesis and
exhaust gas treatment.! About 80% of the reactions in
chemical industry rely on catalysts, thus giving motivation for
research in this area.’>* There has been enormous progress in
heterogeneous catalysis through the understanding of reac-
tion mechanisms and the relation of catalyst surface struc-
tures to the reaction rate and selectivity.®”) A major step
forward has been achieved by comparing single-crystal model
catalysts to real catalysts and by combining the ultrahigh-
vacuum (UHYV) surface-science approach with high-pressure
studies of the reaction kinetics.?*! This development has led
to a paradigm shift in catalyst development.®

Amongst the most ingenious and innovative catalyst
materials are intermetallic compounds (IMCs) as they
enable spatial separation of the catalytically active sites”!
and thus the achievement of both high activity and selectiv-
ity.'! Additionally, it is also possible to tune the electronic
properties of IMCs by changing their chemical composition.
Recent results revealed that this new class of catalytic
materials might be of industrial relevance, and outperform
known catalysts, especially when highly selective processes
are demanded."

[*] J. Prinz," Dr. R. Gaspari,l! Dr. C. A. Pignedoli, Dr. O. Gréning,
Dr. D. Passerone, Dr. R. Widmer
Empa. Swiss Federal Laboratories for Materials Science and
Technology
Uberlandstrasse 129, 8600 Diibendorf (Switzerland)
E-mail: roland.widmer@empa.ch
Homepage: http://www.surfaces.ch
Dr. ). Vogt
Chemisches Institut, Otto-von-Guericke-Universitit
39106 Magdeburg (Germany)
Prof. Dr. P. Gille
Dept. fiir Geo- und Umweltwissenschaften
Ludwig-Maximilians-Universitat, 80333 Miinchen (Germany)
Dr. M. Armbriister
Max-Planck-Institut fiir Chemische Physik fester Stoffe
01187 Dresden (Germany)

J. Prinz,!*! Prof. Dr. H. Brune
Institute of Condensed Matter Physics, EPFL, Station 3
1015 Lausanne (Switzerland)

[+

[7‘: *

These authors contributed equally to this work.

This work was supported by the Swiss National Science Foundation
under the contract 200021-129511. We kindly acknowledge D.
Rosenthal, R. Schlégl (FHI Berlin), and Y. Grin (MPI Dresden) for
fruitful discussions, and the Swiss Supercomputing Center (CSCS)
for computational resources.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201203787.

Angew. Chem. Int. Ed. 2012, 51, 9339-9343

46

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

PdGa IMCs have shown remarkable catalytic properties
for an important reaction in polyethylene production, namely
the partial hydrogenation of acetylene to ethylene.!:13!
However, the reaction pathway is largely unknown. We
address this question on single-crystal IMC PdGa model
systems.! Their bulk crystal and electronic structure have
been reported earlier.'''*1¢18 Herein, we determine and
explore the stable surface terminations because they define
the activity and selectivity of the catalyst.[!

PdGa:B(111): Pd3 Gas Pd,
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Figure 1. Bulk-truncated surface terminations of the PdGa:B(111) and
(117) surfaces. The surfaces are named according to Ref. [12], includ-
ing the chemical composition, the enantiomeric form, and the surface
direction.

We combine quantitative low-energy electron diffraction
(LEED), high-resolution scanning tunneling microscopy
(STM), and abinitio thermodynamics calculations to
unequivocally identify the surface terminations of PdGa(111)
and PdGa(111) surfaces. These surfaces exhibit significant
differences in catalytic activity that are exemplified by
calculations of hydrogen dissociation.

The crystal structure of PdGa belongs to the P2,3 space
group and therefore exhibits two enantiomeric forms (labeled
A and B in Refs. [12,19]). Figure 1 displays a side view onto
a (110) surface of the structure model of form B that was
derived from X-ray diffraction."” The stacking sequence
involves four nonequivalent atomic planes. As a consequence,
the top and bottom surfaces are different, and each can
exhibit four possible terminations. Recent STM investiga-
tions!'?! revealed that there is only one step height, and its
value of 284 pm corresponds to four atomic planes, thus
implying that only one of the four terminations is realized.
LEED and X-ray photoelectron diffraction have shown that
the surfaces are chiral and unreconstructed.'” Herein, we
identify which of the four bulk terminations is realized and
discuss the structure—reactivity relation.
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Our initial approach to determining the surface termi-
nations was by using LEED. This technique is intrinsically
surface sensitive because of the small mean-free path of low-
energy electrons. In addition to the diffraction images of the
surface unit cells, information on the vertical structure was
acquired from the variation of the diffraction spot intensities
with incident electron energy owing to the interference of
electrons scattered from lower-lying layers. Comparison of
these I-V curves with simulated ones allows the determina-
tion of the atomic positions of the first atomic layers. The
quality of this comparison is quantified by the Pendry
reliability factor Rn™" which is O for perfect agreement and
1 for uncorrelated profiles. The agreement is acceptable when
Ry is less than 0.3.2%2!

We compared experimental results to the theoretical
results for the 32 possible structures that result from both
enantiomeric forms of the crystal, the four bulk truncations,
the two nonequivalent close-packed surfaces, that is, (111)
and (111), and both possible in-plane orientations of the
sample. Density functional theory (DFT) was used to
compute the atomic positions of the relaxed bulk-surface
terminations. The SATLEED code was applied to calculate
the LEED curves from these model structures.*?! The
atomic positions were further fine-tuned to minimize the Rp
factor for a given termination. The R} factors for the model
structures that were closest to the experimental structures
are presented in Figure 2. The best fit was found for the
PdGa:B(111)Pd; and PdGa:B(111)Pd, surface structures of
the respective samples.

The difference in the R, factor between the proposed
structures is larger for the (111) surface than for the (111)
surface because of the much lower atomic density of the
latter, and the weaker scattering cross section when Pd,
terminated. Nevertheless, the difference remains significant
also in that case, and the best fit for both structures give R, =
0.22. To get an impression of the agreement between
experimental and theoretical results, in Figure2 we show
for each surface the I-V curves for the structures with the
lowest and highest R, factors. Notably, the atomic displace-
ments from the DFT relaxed structure that was used for the

PdGa:B(111) PdGa:B(111)
Ga,
Pd,
Ga,
Pd,
0.6 0.4 0.2 0.0 0.0 0.2 0.4 0.6
Pendry R;, factor
Pds Ry (k) Pds Ry (hK)

. 0.15 (2,1) .1010(1.2)

Intensity

FTT035(20) [ A F N T 0.41(2,0)

100 200 300 400 100 200 00 400 500
Electron energy / eV Electron energy / eV

Figure 2. Top: R, factors for the surface terminations that are shown in
Figure 1. The experimental |-V data is derived from an average of 12
nonequivalent diffraction spots for each sample. The terminations
giving best agreement are marked in green. Bottom: Experimental
(dashed black line) and theoretical I-V curves (full blue line) for the

two spot profiles that are in best and worst agreement among those of

Pd; and Pd, (see also the Supporting Information).
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optimization of the R, factor are very small, being less than
7pm in the vertical and less than 27 pm in the lateral
direction. Finally, our LEED patterns confirm the formerly
found absence of a surface reconstruction.!'”

The surface terminations found by LEED are confirmed
by the atomic resolution STM images shown in Figure 3. The
unit cells are imaged as a trimer for the (111) surface and as

a single atomic protrusion for the (111) surface. In both cases,

PdGa:B(111)

PdGa:B(111)

:: 2900 '¢_o0° S
o P

Figure 3. Atomically resolved STM images (T=77 K) overlaid with
simulated STM images (top right inset) and the respective structure
models (bottom right inset; Pd=aqua, Ga=red). STM parameters

(PdGa:B(111)Pd;)/(PdGa:B(111)Pd,): V;=80/100 mV; I;=0.73/
0.4 nA; Az=32/51 pm; scan size=6x6 nm~.

the periodicity corresponds to the bulk value of 0.693 nm.!"®!
This atomic contrast was found for all terraces of the
respective surfaces, thus confirming that only one stable
termination exists. The STM simulations shown in the top
right insets agree with the experimental results. These
simulations were obtained by applying the Tersoff-Hamann
(TH) formalism™' to the DFT computed local density of
states (LDOS; see the Supporting Information), the isovalue
of which is matched to give good agreement with the
experiment.

We addressed the physical origin of the stability of the
identified terminations with DFT calculations. The relative
stability of all PdGa terminations were computed in the grand
canonical ensemble, where the different surfaces are at
equilibrium with external sources of Pd and Ga atoms, and
the equilibrium state is determined by the minimum of the
Gibbs surface energy, G, The chemical potentials of the Pd
and Ga atoms, upg and ug,, depend on external parameters,
such as pressure and temperature, and their individual values
are generally unknown. However, the range of allowed tpq
and g, values can be determined by thermodynamic consid-
erations.” The upper limit of the chemical potential of Pd
and Ga in the alloy is given by the respective bulk values.
Moreover, when the sources of Pd and Ga atoms are in
equilibrium with the PdGa bulk, upyg, is a function of up, and
Uca- This gives an interval of [Eq. 1]:

AH
PR =4 < poa S g

AH,
138 = < tna < g
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where AH;is the enthalpy of formation of PdGa per unit cell,
containing four Pd and four Ga atoms. For the bulk cohesive
energies we find ubi* = —3.69 €V and uP* = —2.78 eV, which
are in agreement with previous results.’>?! For the heat of
formation per PdGa unit cell we obtain AH;=-5.48¢V,
which is close to the experimental value of —5.96 eV.[*")

For both surface orientations, Figure 4 displays the
resulting AG,(ug,) curves, computed using periodic slab
calculations.®® AG, is expressed relative to PdGa:B(111)Ga;

PdGa:B(111) PdGa:B(111)
80 Ga,—— 40
I I B B N
SEEEE ~S

> | Pd, L~ S [ FEg]

aE> ......../..,4%... g

L= $ -
-100 -100

bulk ul ul ul
Hea +AHfM' Hea # I’GE H (;alk-"AHfM Haa H (bs:

Figure 4. Change in Gibbs surface energy as a function of uc, for the
different terminations. Vertical lines refer to the actual value of the
surface chemical potential estimated for the respective PdGa surfaces.

and PdGa:B (iﬁ)Pd3, respectively (see the Supporting Infor-
mation). The graphs shown reveal which surfaces can be
expected over the whole range of external parameters.
Clearly, the surface terminations determined by experiment
have the widest stability ranges with a Aug, value of 1 eV and
0.8 eV in the two cases. This finding confirms the experimen-
tal results for both surfaces. Moreover, the actual values of the
chemical potentials can be estimated under the assumptions
that the Pd and Ga sources are in equilibrium with kink sites
of the crystal surface and that the two opposite surfaces of the
same sample equilibrate independently. The explicit calcu-
lation (see the Supporting Information) gives values of ;48;1) =

Uk —0.57 eV and pg, 1:1) =uP™ —0.90 eV, which are indi-

G
cated in the energy profiles (Figure 4) as vertical lines. Again,

for these specific values Pd;(111) and Pd, (111) are found to
be the most stable terminations, in agreement with the
experimental results.

STM images of surface vacancies provide an additional
and very sensitive test of the determined surface terminations.
The distance from the surface as well as the chemical
composition of the underlying layer varies strongly with the
surface termination, thus giving rise to termination specific
STM contrast between the surface and vacancies. Figure 5
shows a comparison of measured and calculated constant-
current STM images and apparent height profiles going from
regular surface areas to vacancies and back. The surface layer
is identified from the simulated STM vacancy profiles for all
bulk terminations, by comparison of the calculated vacancy
depths with the experimental value.

For both surfaces, the measured apparent-vacancy heights
agree well with the calculated ones for the two identified
terminations, and differ significantly from all other termina-
tions. This result gives us additional confidence that
PdGa:B(111)Pd; and PdGa:B(111)Pd, are the actual surface

Angew. Chem. Int. Ed. 2012, 51, 9339-9343
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Figure 5. Top: Measured and calculated constant-current STM images.
Middle: Apparent height profiles for experimental (dashed black line)
and simulated (full blue line) STM images of surface vacancies.
Bottom: The tables show simulated values of the apparent vacancy
depths (az) for all DFT relaxed model terminations. The values that
have best agreement between simulation and experiment are marked
in blue. [a] In the DFT-optimized structure for (111)Pd; the underlying
Ga layer relaxes towards the surface and becomes the top layer.

structures. The STM simulations were obtained using the
TH™! model and DFT relaxed surface structures displaying
patterns of 2x2 vacancies with monoatomic steps. The
comparison of experimental and theoretical results is partic-
ularly robust, as the vacancy depth is rather stable against
changes of simulated isocurrent or tip radius. A large range of
tip—sample distances was covered by simulating STM images
for integrated LDOS values of 1077 and 10°''e A’ For
a pointlike tip, these values correspond to tip—sample
distances of 0.45 nm and 0.9 nm, respectively. The vacancy
depth intervals given in Figure 5 come from these two
extreme tip—sample distances and provide a conservative
error margin of the STM simulation.

An initial indication of the catalytic activity of the two
surface terminations can be obtained from the position of the
metal d-band center with respect to Eg, an indicator for the
bonding strength of adsorbates to metallic surfaces.””) How-
ever, this simple d-band-center rule has to be taken with care,
both, because covalent bonding plays a role in this system,
and in case molecular adsorption modifies considerably the
band shape (as seen in the Supporting Information, this is the
case for hydrogen adsorption).”” For high catalytic activity,
the bond to a reactant molecule should be of intermediate
strength, this is known as the Sabatier principle.”!! In
comparison to Pd(111), (for details see the Supporting
Information) the Pd d-band edge of both PdGa surfaces is
found at lower energy, which is an indication (with the above
caveats) of a weaker binding of the adsorbed molecules on the
IMC surfaces, in agreement with thermal desorption spec-
troscopy (TDS) results.'”! Additionally, the PdGa surfaces
exhibit a sharper d-band, and thus a stronger localization of
electronic states. In spite of their electronic similarity, as seen

www.angewandte.org
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by the projected density of states (pDOS; see the Supporting
Information), the two PdGa terminations allow for different
adsorption conformations as single Pd atoms or Pd trimers
terminate the surface. This site separation is particularly
evident for Pd,, where the surface atomic Pd—Pd distance is
2.5 times larger than for Pd(111), and more than twice the
bulk value of PdGa.l"!

A more elaborate assessment of the catalytic properties
can be obtained by DFT calculations of the binding energies
and adsorption sites; we performed these calculations for
molecular and atomic hydrogen adsorbed onto both surfaces
(Figure 6) while no hydrogen uptake into the bulk is

expected.”” On PdGa:B(111)Pd, the most favorable adsorp-

PdGa:B(111)Pd,

H, (@) (lJ H, (@)

H, (@ 0.25 2@

0.50 H+H (a)
0.75

1.00

H+H (q) 125
¥ Epge/eV

Figure 6. Adsorption sites and binding energies for H, and H on the
investigated surfaces. Energies are given in eV per H atom couple with
respect to the molecule in the gas phase.

tion site for H, is the Pd, on-top position with an adsorption
energy of 0.22eV per H, molecule. From this site H,
dissociation is exothermic with 0.11 eV and the most favor-
able site for atomic hydrogen is the threefold coordinated
hollow site on the Pd; trimer (Figure 6, right). This position is
70 pm below the Pd, surface plane, and 13 pm below the first
Ga; plane, a site that is sufficiently close to the surface for the
adsorbate to remain available for the hydrogenation of other
molecules.

The adsorption energy of H, on PdGa:B(111)Pd; is
0.28 eV, and thus comparable to PdGa:B(111)Pd,. Further-
more, similar adsorption positions for H, and H are identified
for both surfaces, that is, Pd top site and Pd threefold hollow
site, respectively. However, H, dissociation is associated with
a larger energy gain of 0.85 eV on the Pd; termination. This
comparison reveals that both surface orientations with their
terminations determined in the present study show mostly
quantitative differences in their behavior towards H, disso-
ciation. Although the binding energies of the molecular
precursor are quite similar, one surface has more strongly
bound dissociation products than the other. The different
bonding mechanisms of both surfaces are also highlighted by
the projected densities of states. Hybridization of the H s level
with the Pd d bands shows a different fine structure at around
6 eV below the Fermi energy (see the Supporting Informa-
tion), which is where there is maximum overlap between H
and Pd orbitals participating in the bonding (as it results from
a bond-order analysis performed within Bader’s topological
theory of atoms in molecules,* see Supporting Information.

www.angewandte.org

This analysis also confirms the stronger bonding of H atoms
on the surface trimer on the PdGa:B(111)Pd,).

In conclusion, we have determined the surface termina-
tions of the IMC PdGa:B(111)Pd; and PdGa:B(111)Pd,. The
structural details revealed in this work and their implications
on the binding of adsorbates will serve as the essential basis
for understanding chemical reactions on the PdGa surfaces
and help develop high performance catalysts from interme-
tallic compounds. The structural dissimilarities of the two
surface terminations lead to significant energetic differences
in the catalytic dissociation of a molecule as simple as
hydrogen, an essential reagent in many relevant reactions. We
expect similar or even larger differences for organic mole-
cules, a topic to be addressed in a forthcoming publication.
Moreover, the structural dissimilarity of the (111) and (111)
surfaces makes the IMC PdGa a prototype model system,
which allows the study of the effect of active-site separation in
heterogeneous catalysis.

Experimental Section

Methods: The single-crystal samples used in this study originate from
one large PdGa crystal grown by the Czochralski method.!! After
cutting and polishing, reflective energy dispersive X-ray diffraction
determined the surface orientations to be within 0.3° precise.

STM measurements were performed with an Omicron low-
temperature STM at 77 K and at a base pressure below 5 x 107! mbar
with a mechanically cut Pt/Ir-tip. STM data were analyzed using the
WSxM software.”!

Sample preparation in UHYV consists of several sputter-annealing
cycles (sputtering: Ar", 1keV; annealing: 20 min at 870 K) until
a sharp (1 x1) LEED pattern was obtained. During preparation, no
change in the surface stoichiometry of PdGa was observed.!'” The
LEED investigations were carried out with an Omicron multi-
channelplate Specta-LEED and acquired with a CCD camera at
1 eV/frame. Video analysis was performed using the Spectaview
software from Omicron. /-V profiles for the single spots were
background corrected. The angle of incidence was perpendicular to
the surface, thus allowing for averaging over the symmetry equivalent
spot profiles leading to an improved signal to noise ratio.?'??

Relative surface energies have been computed using DFT slab
calculations, employing the PWSCF code. Simulated STM vacancy
heights have been computed using supercell DFT slab calculations
employing the CP2KF”! code (for further details see the Supporting
Information).
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3.1.1 Supporting information for the publication "Isolated Pd Sites on the Intermetallic
PdGa(111) and PdGa(-1-1-1) Model Catalyst Surfaces"
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3. Estimation of the chemical potential from kink energy considerations
4, DFT vacancy simulation part

5. Projected density of states of the clean surfaces

6. Hydrogen adsorption and projected density of states

7. References

1. LEED-I(V) calculation part:

In the first step of simulating the I(V) profiles, the potential landscape within the material is approximated
as a muffin-tin potential, where the individual atomic cores are assumed to form symmetric spherical po-
tentials with the muffin-tin radius, embedded in a region of constant potential, the “muffin-tin zero”, or

IM

“inner potential”. For the PdGa structure, the radii of the respective atoms were chosen as half the distance
to the nearest neighbor. By solving the Schrodinger equation for an electron scattered on an individual
atom, i.e. a certain spherical potential, the energy dependent phase shifts for the scattering process were

obtained. For these calculations, the phase shift package of Barbieri and Van Hove® was used.

The next steps are the calculations of the intensity vs. energy profiles for different reference model struc-
tures and the optimization of the atomic coordinates via comparison to the experiment. For this, the relia-
bility factor R, was used, as defined by Pendry.* A value of R, = 0 would result from a perfect correlation of
experiment and theory, whereas Rp =1 means uncorrelated profiles. If R, < 0.3, the agreement is considered
to be acceptable. The SATLEED code used throughout this study makes use of the tensor LEED approxima-

tior,'.65—66

Within tensor LEED, the time consuming solution of the multiscattering problem in LEED is limited
to the reference structure only, while the (V) profiles of a large number of test structures deviating moder-

ately from this reference structure are calculated efficiently by means of a perturbation treatment.

In the main article, we present only the comparisons for structure models of the enantiomer form B, the
correct sample in-plane rotation (explained later in the text) and the surface directions according to the
respective sample ((111) and (-1-1-1)). However, within the analysis, a total of 32 sets of profiles originating
from 32 model structures were compared to both sets of I(V) profile, for the (111) and the (-1-1-1) surface.
This number arises from 4 different layers in the surface unit cell (Pds, Gas, Pd;, Ga,), 2 non-equivalent sur-
faces ((111) and (-1-1-1)), 2 enantiomeric forms and 2 possible rotational directions of the sample in the
LEED setup. The latter originates from the unknown in-plane direction of the threefold symmetric sample.
This problem is equal to the question of how to assign Miller’s indices to the experimental spots for the
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hexagonal pattern with a threefold rotational symmetry. A summary of the R-factors is shown as a bar-
chart in Figure 3.1.

The R values shown in Figure 3 of the main article and Figure 3.1 were obtained after fitting out-of-plane
and in-plane lattice parameters of the top 9-12 atomic layers, depending on the respective structure model,
and the real part of the inner potential.®’ Calculations for obtaining the R, factors presented in Figure 3.1
were carried out using a low maximum angular momentum (L., = 6) in the simulated scattering process to
increase convergence stability. For the precise determination of the atomic arrangement, the computation
was optimized for the two identified structures using L.« = 8 and a repetitive optimization of the model
structure, using the previous best-fit structure as a new reference structure.®’ Starting from the DFT re-
laxed structure models, this optimization procedure involved shifts of the atoms from their initial positions
not larger than 7 pm in the direction perpendicular to the surface with respect to the lowest layer of the
fitted stack. The in-plane shifts of the structure optimization were less than 27 pm.

Model Comparison to experimental data of

structure PdGa(111) PdGa(-1-1-1)

Pds
o Gas
= Pd;

)

e s e L P e b e

P, e
o e ]

o o A A o A o A o A r o v

L o o L A s
| |
A o A o o o A r A o v

08 06 04 02 00 02 04 06 08
[ ro Pendry R-factor

[ZZ Rr60

Figure 3.1 Pendry R, factors from the LEED-I(V) analysis of all structure models taken into account in the comparison
of experimental and theoretical I(V) profiles. For each surface termination, two possible rotations of the surface had
to be considered (RO and R60).

Resulting (V) profiles for the best fit structures are shown in Figure 3.2 and in the lower part of Figure 3 of
the main article.
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PdGa:B(111)Pd, PdGa:B(111)Pd,

Intensity / arb. u.

100 200 300 400 100 200 300 400 500
Electron energy | eV Electron energy / eV

Figure 3.2 Experimental (dashed) and theoretical I(V) profiles (drawn, blue) for the best fit structures showing visual
agreement for both surfaces. To the right of each profile, the respective spot indices (h,k) and the individual Rp is
given. The overall Rp are 0.22 for both surfaces.

The model structures consisted of two, so called composite layers®’: a substrate part of 12 layers, where
the atoms were kept fixed and the coordinates were determined by DFT bulk relaxation and on top of this,
a surface part, composed of 9 to 12 layers, depending on the surface model. Here, the initial atomic struc-
ture was taken from the DFT relaxation described later. In general, the error bars determined according to
Pendry* are larger than the actual shift, meaning that the precision of the initial DFT relaxed structure was

already good.

2. Surface energy calculation part:

PdGa surface stability was calculated in the framework of periodic slab simulations. For all the slabs consid-
ered, the unit cell is primitive along the surface plane. In the direction perpendicular to the surface, 20 A of
vacuum have been added in order to decouple the two surfaces of the slab (see Figure 3.3).
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(-1-1-1) Pds ,..oq. %oq,. %.1: (-1-1-1) Gas
O%O ‘O %0
oo i e,
Lt
Q$O $O O$O
MO (] ([ 1]

(111) Gas ® %8 %@ %o (111)Ga

Figure 3.3 Lateral view of two slabs used in the calculation of the surface free energies. The lower surface (111) Gas is

the same in both slabs, allowing to subtract the contribution of the latter face, and to obtain the difference between

the surface energies of the surfaces (-1-1-1)Pd; and (-1-1-1)Gas. Shown are also the simulation box (in blue) including
a vacuum region below and above the slab, and two repetition units in the lateral direction.

We prepared two stoichiometric slabs of 24 layers (two bulk units) and 36 layers (three bulk units), respec-
tively, both terminated (111)Gas and (-1-1-1)Pds. We computed the bulk energy of PdGa as the energy dif-
ference of the two relaxed slabs, following the prescription of Ref. ®®%°. By adding layers on the (111)Gas/(-
1-1-1)Pd; slab (24 layers), according to the stacking sequence, we obtained the (111)X/(-1-1-1)Pd;,
(111)Gas/(-1-1-1)X slabs, X being any of the 4 bulk terminations (Ga;, Gas, Pd;, Pds). In the (111) direction

the OK DFT energy of each slab, Egap % P8 s approximately related to the surface energies G (c,)
and G "R, ) by the relationship
11X (-1-1-1)Pd 3 (11X (~1-1-1)Pd3 (111X (~1-1-1)Pd 3 (111) X [(~1-1-1)Pd 3
Gsurf (luGa) + Gsurf (/’lGa) ~ Eslab - (nPd /’lPd + nGa /’lGa) (3-1)

Npa and ng, being the number of Pd and Ga atoms contained in the slab. By repeating the calculation for
another slab (111)X'/(-1-1-1)Pd; we obtain the surface free energy difference between the termination X

and X' as:
(111X (1nyx . (DX (~1-1-)Pdy _ (11X (~1-1-1)Pd _(IIDX A-1-1-1)Pd:
Gsw_’f (ﬂGa) - Gsw_’f (lLlGa) ~ Eslab ’ nPd 3:LlPd nGa lelGa
1) Xx'/(-1-1-1)Pd (1) X'/(-1-1-1)Pd A1) X'/(-1-1-1)Pd _
—Egu Pt np, CHpg TG, g, B2

The dependency of Gy,; on Wpy can be dropped, since U, and ppy are related by the relationship given by
the chemical equilibrium between the sources and the PdGa bulk.
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Adptg, +4up, = HpaGa(bulr) (3-3)

It must be noted that the free energy of the slab should in principle be used instead of the OK DFT total
energy. However the influence of zero point vibrational effects and entropic contributions can be neglected
in many cases, especially when surface energy differences are concerned.”®”?

The same procedure was applied to obtain the surface energy differences for the (-1-1-1) termination. As
reference terminations in Figure 4 of the main article we used (111)Gas, and (-1-1-1)Pd3 which therefore
appear constant in the respective graph.

Calculations on bulk Pd, bulk Ga (a phase) and bulk PdGa have been performed using the primitive bulk unit
cells of the two systems. For all the systems considered the PWSCF package’® was used for the calculations.
The structural optimization has been performed until the largest forces on the atoms were as small as 5-10°
* Ry/A. We used PBE exchange-correlation functional”, ultrasoft pseudopotential’ for all elements and a
plane wave cutoff of 30 Ryd. A convergence test was carried out using a plane wave cutoff of 40 Ryd. With
respect to a 30 Ryd cutoff calculation the change in cohesive energy of PdGa gives a difference of about 1
meV/atom. K-points sampling was performed using a 3x3x1 Monkhorst pack grid for the PdGa slabs and a
4x4x4 grid for the bulks of Pd and Ga.

Figure 3.3 shows the typical setup for the calculation of Gy, two slabs showing one similar surface are
optimized.

3. Estimation of the chemical potential from kink energy considerations:

Because of the peculiar structure of PdGa, Pd and Ga units lack lateral interaction at the surface. This be-
comes clear from the comparison of in-plane and out-of-plane nearest neighbor distances (in-plane:
0.43/0.69 nm for trimer/atomic distance; out-of-plane: 0.25 nm). Hence the lateral bonding of atoms on
the (111) and (-1-1-1) surfaces is weak compared to the out-of-plane bonding and consequently the energy
of a surface unit does not depend on the position in the sample: adatom, kink, step, and surface sites are
energetically equivalent. The energy of kink units has therefore been computed as the energy difference
between slabs with a contiguous number of layers, in the two orientations.

For the estimation of chemical potentials it was assumed that the sources of Pd and Ga are in equilibrium
with kink units of the crystal and that the two surfaces equilibrate independently. In this case the following
set of equations holds for both orientations:

_, kink kink
4G, = Moa + Meas (3-4)
kink kink

Aptpg = Hpqr T Hpgs

where uki”k is the change in energy of the system upon removal of a kink unit (which can be either a mono-

mer or a trimer, according to the kink type). In simple crystals the kink energy has the special property of
being equal to the cohesive energy. In the PdGa sample kink energies are related to the bulk energy by the
relationship:
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kink kink kink kink __
Hear t Mooz T Hpar T Hpaz = Hpaca(buik) (3-5)

The relationships in Equation 3 and Equation 4 hold separately for both the (111) and (-1-1-1) orientations
and can be combined to recover the equilibrium condition between the bulk and the sources as expressed
in the previous paragraph. Therefore the values of the surface chemical potentials given by Equation (3-4)
and (3-5) are compatible with the more general conditions under which the Gibbs surface energy profiles
(Equations (3-1) and (3-2)) were obtained.

4. DFT vacancy simulation part:

Electronic structure calculations were performed in the framework of density functional theory (DFT) using
the mixed plane wave-gaussian (GPW) basis set approach implemented in CP2K.”® Kohn-Sham equations
were solved using the PBE exchange correlation functional, Goedecker-Teter-Hutter (GTH) pseudopoten-
tials and contracted gaussian basis sets’’ for all elements. The Poisson equation was solved by expanding
the charge density in plane waves using a cutoff of 280 Rydberg. The surface unit cell of each PdGa slab is
rectangular, corresponding to the 3x(2xV3) primitive hexagonal surface unit cell. After the electronic opti-
mization was carried out, the individual states have been analytically extrapolated into the vacuum region

8 and STM images have been computed using the Tersoff-

using the matching procedure described in
Hamann (TH) approximation, with a negative bias of 0.5 eV. It must be observed that the original TH ap-
proximation only considers tunneling from states at Fermi level; however, if the bias voltage is small com-
pared to the work functions of the tip and the sample, the approximation can be easily modified to account

for non-zero bias voltages.”

Figure 3.4 Perspective view of a slab used to compute the STM profile of a surface with vacancies.In this case, a Pd;
surface is shown, with the Pd atoms at the surface highlighted in blue, to underline the presence of a 2x2 vacancy
pattern. 3x3 lateral simulation cells are shown.
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5. Projected density of states of the clean surfaces:

For the discussed surfaces, the pDOS (based on calculations done with g-Espresso”) is plotted together
with PdGa(bulk) and Pd(111) in Figure 11, in line with ultra-violet photoemission spectroscopy results.? In
comparison to Pd(111) the PdGa surfaces exhibit a sharper d-band, and thus a stronger localization of elec-
tronic states. In addition, the Pd d-band edge of both PdGa surfaces is found at lower energies, a hint for a
weaker binding of adsorbed molecules on the IMC surface, in agreement with TDS results.® Furthermore,
the center of the Pd d-band shifts remarkably, depending on the distance of the projection layer from the
surface as shown in Figure 11. A strong peak can be found around 2 eV below the Fermi energy for the pro-
jection on Pd d-bands of both PdGa surfaces which is absent in bulk PdGa. The overall shape differs only
slightly for PdGa:B(111)Pd; and PdGa:B(-1-1-1)Pd;, and thus the catalytic activity of the two surface termi-
nations is expected similar by the d-band model.

8 | | : |
a)=— PdGa(bulk) Yy %
7, gl b)— PdGa(111):Pd, g)gg; 1
b c)— PdGa(-1-1-1):Pd, C)) EyE
S d)—— Pd(111) o24
()]
T
(%)
@)
Q 2 ]
Q.
0 — =
-6 0

E-E /eV

Figure 3.5 The pDOS of the Pd 4d-bands of the two threefold PdGa surfaces in comparison with that of Pd(111) and
PdGa(bulk). The center of the d-band (colored triangles in the top) is shifted towards lower energies for the PdGa
surfaces with respect to Pd(111). Values of the positions of the d-band centers with respect to Eg are given in the top
right part of the graph.

6. Hydrogen adsorption and projected density of states

In order to test the adsorption properties of the available sites on the two most stable surface terminations
(PdGa:B(111)Pd; and PdGa:B(-1-1-1)Pd;) we performed ab-initio simulations using cp2k, using similar cells
as the ones described above. We choose cp2k because it allows a large supercell where adsorbed species
can be considered as isolated even with boundary conditions. In order to screen a large number of molecu-
lar and atomic adsorption sites, we first adopted thin slabs with 8 layers (192 atoms) in the substrate (12 or
36 atoms per layer), then we fully optimized the best configurations using thicker slabs with 24 layers,
which were also used to compute the adsorption energies. Basis set superposition error (BSSE) was verified
in a specific case to amount to less than 0.02 eV, thus not affecting considerably our results.

For each case (H, on Pd;, H, on Pds, H on Pd;, H on Pds) we started from a grid of initial configurations. We
could draw the following conclusions for the four cases:
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1. H,on Pd;. The best configuration is an on-top adsorption site (E,4=-0.22 eV). The second best site is
an on-top site on a subsurface trimer, already almost not bound.

2. H, on Pds. Also in this case, the best configuration is an on-top adsorption site (E,4s=-0.28 eV). The
second best site is a bridge site on the trimer, less bound by 0.15 eV

3. Hon Pd;. In this case the best configuration is a hollow site on the subsurface Pd; trimer (E,4=-0.33
eV per H couple, with respect to the molecule in gas phase). The second best site is barely bound,
with an energy worse by 0.23 eV.

4. H on Pds. In this case the best configuration is a hollow site on the surface Pd; trimer (E,4=-1.13 eV
per H couple, with respect to the molecule in gas phase). The second best configuration, a hollow
site on the same trimer, is less bound by 0.54 eV.

We show in Figure 3.6 the projected density of states on the d-bands of surface and subsurface Pd atoms,
together with the projection on the H s-bands, upon adsorption of molecular and atomic hydrogen. As
mentioned in the main text, hydrogen uptake of PdGa is not expected.”

A modification of the d-bands upon adsorption is clearly noticeable. For example, in a), we note that the
on-top adsorption on the Pd; makes the peak at -2 eV disappear. The same happens on the Pd; (panel c)).
But also in the case of atomic adsorption (panels b) and d)), a downward shift of the band is observed. The
observation done for H adsorption on Pd(111) in ®* thus remains valid, the authors recognize that the corre-
lation between band-center position and molecular adsorption is able to explain several observed phe-
nomena in reactivity but that... "This analysis shows that the d- band model is only appropriate if the inter-
action between adsorbate and substrate is not too strong. If there is a strong coupling, then the response
of the local d-band to the presence of the adsorbate has to be taken into account in addition to the d-band

position in order to understand the reactivity."*
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Figure 3.6 The DOS projected on the d-bands of selected Pd surface atoms and on the s-band of hydrogen atoms.

Additionally, we performed a Bader analysis in order to study the bonding of hydrogen atoms to the surface
trimer (Pd; case) and to the subsurface trimer (Pd; case). We use the procedure described in ®. First, the
boundaries of atomic basins are determined by a zero-flux condition applied to the electronic density.
Then, the atomic overlap matrix of the molecular orbitals is obtained by integration over Bader domains of
a given atom. The idea is then that if two orbitals will overlap significantly in the basin of an atom A and in
the basin of an atom B, this overlap will contribute to the bonding between A and B. The bond-order be-
tween two atoms A and B is then obtained by summing all such products of overlaps on basins A and B for
all orbital pairs. The C-C triple bond in acetylene leads for example to a bond order of 2.885, the C-C double
bond in ethylene to 1.984, the C-C single bond in ethane to 1.013, and the bond in the HF molecule to
0.480.

In our case, the adsorption to the trimer leads to a bond order of 0.48 (summed over all Pd atoms) for the
Pd; subsurface trimer, and to a bond order of 0.52 for the Pd; surface timer.
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Chapter 3. Structure determination of intermetallic PdGa single crystal surfaces

3.2 Determination of the PdGa(100), (110) and (210) surface terminations

In the present chapter, we discuss the surface structure determination of three low-Miller index surfaces
exhibiting rectangular unit cells, namely PdGa(100), (110) and (210). The goal is to reveal if the Pd site-
isolation is present and how it is realized on the surfaces. We follow the same approach as applied in the
previous chapter, combining LEED-I(V) with STM and DFT.

Figure 3.7 shows the PdGa bulk structure in viewing directions perpendicular to the [100], [110] and [210]
crystal directions. The vertical lattice parameters for the orthorhombic three-dimensional unit cells are
given (a =489 pm, b = a*V2 = 692 pm, ¢ = a*V5 = 1095 pm). The non-equivalent atomic layers are named
independently for the different facets (e.g. (100)Pd,, # (110)Pd,). The (100) surface unit cell contains 8 at-
oms and is identical to the cubic unit cell of bulk PdGa (cf. Figure 2.1). However, when considering a bulk
truncation at each of the four atoms of the upper half of the unit cell, an energetically identical truncation
is found in the lower half of the unit cell and therefore we identify 4 non-equivalent atomic layers for this
surface direction. This originates from the atomic coordination of the surface atoms after truncation, and is
due to the P2,3 crystal structure. Accordingly, surface terminations constructed from truncation at distanc-
es of a/2 have the same surface energy. Comparison of the atomic structures reveals that the truncations
are identical after in plane rotation of 180°. This will be important for the LEED-I(V) analysis, as the LEED
data will be an average of both domains appearing with equivalent abundances. The presence of half unit
cell steps is confirmed by the STM step heights shown in Figure 3.8 which correspond to a/2.

Also for the (110) surface unit cell of 16 atoms (cf. Figure 3.7) we find the layers of the top half of the ortho-
rhombic (110) unit cell repeated in the lower half. Here, a simple lateral shift along the <1-10> direction
exists between the structurally and energetically equivalent terminations, such that there is no domain
averaging needed in the LEED-I(V) analysis shown below. Again, the terrace step heights measured in the
STM topography confirm the existence of truncations at a layer distance of b/2. Additionally, STM reveals
the existence of enlarged, row-like intrusions on the surface, with a depth of about 100 pm. A model for
these surface vacancies is given later in this chapter, after the determination of the atomic surface struc-
ture by LEED-I(V).
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Figure 3.7 Side view of the orthorhombic (100), (110) and (210) unit cells of PdGa. Names for atomic layers are given,
corresponding to bulk truncations. Unlike for the threefold surfaces, the layer stacking sequences (not the chirality!)
are independent of the enantiomer form, for the unit cells presented here.

For the (210) surface unit cell, containing 40 atoms, energetically equivalent truncations are in a distance of
c¢/5 perpendicular to the surface, as shown in Figure 3.7. The side-view shows that layers are rather com-
pact and well-separated with each containing eight atoms per surface unit cell. There is a lateral registry
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3.2. Determination of the PdGa(100), (110) and (210) surface terminations

shift along the <-120> direction for subsequent layers and the STM topography shows step heights corre-
sponding to ¢/5, confirming the energy equivalent layers.
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Figure 3.8 STM images of stepped terraces and height profiles of the PdGa(100), (110) and (210) surfaces (from left to
right). The STM image of the (110) surface shows linear surface defects. (tunnel parameters, I1,V; from left to right:
3V,1nA; 1V, 0.2 nA; 0.6V, 0.75 nA)

The different symmetries of the three different facets are visible in the LEED patterns at selected electron
beam energies shown in Figure 3.9. From the Bragg spot intensities, the two-fold rotational symmetry can
be recognized for the (100) surface. In contrast, the (110) and the (210) surfaces exhibit no symmetries in
the spot intensities. None of the three surfaces exhibits mirror symmetry, indicating that the bulk chirality
of PdGa is perpetuated to the surface.

PdGa:A(100) - 95 eV PdGa:A(110) - 55 eV PdGa:A(210) - 62 eV

Figure 3.9 LEED patterns of PdGa:A(100), PdGa:A(110), and PdGaA:(210) surfaces. Reciprocal unit vectors are shown
in red. The Bragg spot intensities at the selected energies reveal the different symmetries of the surfaces (see text for
details).

The distinct step heights seen in the STM images reveal that the surfaces are well-defined and bulk-
truncated. However, similar to the analysis of the threefold surfaces, it remains unclear which atomic layer
terminates the surface. To approach this question, LEED-I(V) analysis was performed, using the DFT opti-
mized bulk truncations shown in Figure 3.7 as models structures for the simulation of the I(V) profiles. Simi-
lar to the study on the threefold PdGa surfaces, possible rotations and mirror inversions (enantiomer form
A and B) were taken into account. The phase shifts shown in Figure 2.6 were used to simulate the electronic
scattering on Pd and Ga. The Pendry R-factors obtained from the comparison of the simulated and experi-
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Chapter 3. Structure determination of intermetallic PdGa single crystal surfaces

mental (V) profiles are presented in Figure 3.10. For clarity, only the results for those sets of model struc-
tures that yield the best agreement are shown (same enantiomeric form and rotational orientation).

PdGa:B(100) PdGa:B(110) PdGa:A(210)

model structures model structures model structures

PdGa:B(100)P

o9

Figure 3.10 Comparison of LEED-I(V) and STM results for PdGa(100), (110) and (210). Top: Pendry R-factors from the
comparison of the experimental LEED-I(V) spot profiles to the model structures for the three PdGa samples. Bottom:
STM images (6 x 6nm) of the clean surfaces in overlay with a ball model of the best fit structure from the LEED-I(V)
comparison (Pd. cyan, Ga: red, tunnel parameters: I;,V; from left to right: 8 mV, 100 nA; 1.5V, 3 nA; 0.8 V, 2nA). The
two-dimensional surface unit cells are shown in green.

For the (100) surface, LEED-I(V) results clearly indicate agreement of the Pd, termination with experiment
(Rp=0.23). The comparisons for the (110) and (210) surfaces show minimum R-Factors of 0.30 and 0.32,
respectively. The agreement factors obtained here are not completely satisfactory, but compared to the
other tested model structures they still yield an acceptable agreement of the bulk truncations being Ga,, in
both cases. An additional confirmation for the identified structures can be found in recent publications by
Gaspari®, for PdGa(100) and (110), and by Krajci®, on PdGa(210). In both studies, the most stable bulk-
truncated surface terminations were determined using DFT, and the conclusions reach by the authors are
compatible with those of LEED-I(V) presented in Figure 3.10. However, considering the open structure of
the (110) and (210) surfaces, an evaporation of sub-surface atoms during preparation of the samples can-
not be excluded. A more extensive study on possible non-bulk-truncated surface structures is currently
undertaken, by taking into account a possible evaporation of sub-surface atomic layers.

The STM images shown in Figure 3.10 reveal the squared and rectangular unit cells of the (100) and the
(110) and (210) surfaces, respectively. The surface terminations determined by LEED-I(V) are superimposed
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3.2. Determination of the PdGa(100), (110) and (210) surface terminations

as ball models in the right hand side of each image. The STM images of the PdGa(110) termination shown in
Figure 3.8 and Figure 3.10 reveal that the surface termination exhibits irregularly, but frequently appearing
surface defects with mostly linear shape, in parallel to the short axis of the unit cell. The defects are often
found on step edges that are parallel to the long axis of the unit cell, as shown in Figure 3.11. The image
shows three distinct height levels, the top layer in blue, the intermediate defect layer in gray, and the bot-
tom layer in orange.
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Figure 3.11 STM image of a PdGa:A(110) step edge showing an enlarged defect area. The rectangular lattice is visible
in each of the three layers (top terrace: blue, defect layer: gray, bottom terrace: orange). Right: Section of the STM
image in overlay with a structure model of the Ga, termination, exhibiting a step edge at the dashed line. The side

view given below shows the color code used for the atomic ball model (Ga,: orange; PdGa: purple(Ga) and light-
green(Pd); Pdg: dark-green; lower layers: Pd: cyan, Ga: red; compare layer names Figure 3.7). The STM heights of the
three layers are drawn next to the side view of the step edge model, revealing that the defect step appears at about
1/3 of the total step height.

The height difference between top and bottom terrace corresponds to the characteristic step height for the
PdGa(110) surface. The intermediate defect layer (gray) appears 100 pm below the top terrace. This sug-
gests that one or several atomic layers of the intact surface have desorbed, leading to the formation of this
defect layer. To determine which atoms are absent, a surface structure model including a step edge
(dashed line) is shown in overlay with the STM topography in the right of Figure 3.11. The side view of the
atomic model structure below the image shows the color code that is used to represent different heights.
In the overlay with the STM image, the topmost atoms of the model (orange) are aligned with the protru-
sions in the STM topography of the intact surface. Between the top and bottom of the step edge, a registry
shift of % unit cell is present along the [-110] direction, which is visible in the STM topography and the
atomic model.

The overlay shows that the atoms drawn in purple coincide with the protrusions of the defect layer, while
no feature is visible at the position of the orange atoms or the light green atoms. Slight differences in the
lateral positioning might be due to surface relaxation (the step model is constructed from the bulk struc-
ture without DFT relaxation). Therefore, we identify the defect structures as vacancies in the
PdGa:A(111)Ga, termination in which the topmost Ga atoms (orange) and the Pd atoms of the mixed PdGa
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Chapter 3. Structure determination of intermetallic PdGa single crystal surfaces

layer (light-green) are missing. At one end of the linear defect, the neighboring topmost layer atom appears
misplaced with respect to the row of topmost atoms. This can be seen for the small defect in the bottom
right corner of Figure 3.11.

The frequent appearance of the linear vacancy defects suggests that the surface energy of the respective
termination must be similar to that of the Ga, surface termination. Consequently, due to entropy, the de-
fective termination contributes partially to the total surface area of the sample. An explanation for the va-
cancy structure can be derived from bond strength considerations. As described in Figure 2.2, each Pd(Ga)
atom is surrounded by seven nearest neighbors of Ga(Pd), while the bond to one of the neighbors is shorter
than to the others. Interestingly, the missing Pd-Ga pair of atoms is connected through this shortest Pd-Ga
bond. It is thus reasonable, that the Ga, termination is stabilized by this most stable bond, acting like an
anchor to the topmost Ga atom.

In conclusion, we have identified the surface terminations of the PdGa(100), (110) and (210) by STM and
LEED-I(V) using bulk truncations as model structures. The resulting surface geometries are discussed and
summarized in the following Chapter 3.3, together with previously shown structures of the threefold sur-
faces.
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3.3  Comparison of the determined surface atomic structures

The previous subchapters have shown a comprehensive determination of the low-Miller index surfaces
(111), (-1-1-1), (100), (110) and (210) structures of the intermetallic compound PdGa after preparation in
UHV at high temperatures (870 K). Here, we summarize the results and compare the structures with regard
to Pd site-isolation and symmetry. The following table shows the structure models of the five surfaces, to-
gether with the most important geometrical parameters.

The facets exhibit Pd site separations of very different extents. In comparison, the most isolated sites are
those of the threefold Pd; termination. The isolated Pd atoms are at the same time the ones with the low-
est coordination with the bulk, as only 4 of the 7 bonds to the nearest neighbors of Ga remain after bulk
truncation. Furthermore, these Pd atoms have a hexagonal arrangement, with a comparably large lattice
constant of 0.69 nm, which results in an open surface structure for Pd;, where even the 3 outermost
atomic layer seems accessible. The Pd; termination on the other hand exhibits a denser topmost layer, such
that only the 2" outermost atoms of Ga are accessible. The Pd trimers show the same hexagonal pattern,
but they offer Pd hollow sites for adsorption of molecules. Therefore, the two surfaces are prototypical
model systems to study the Pd site-isolation and the catalytic ensemble effect.

For the rectangular surfaces PdGa(100), (110) and (210), the smallest Pd separation in the outermost Pd
layer is given by the bulk lattice parameter, and is therefore lower than on the threefold Pd, surface, while
at the same time the coordination of the topmost Pd atoms is higher (5/7). Going from (100) to (110) to
(210), the area of the surface unit cell increases, which results in more open surface structures. On the
PdGa(210) surface, for example, four differently coordinated Pd atoms are accessible from the vacuum,
potentially offering four different adsorption sites. In contrast, for the (100) surface, the 2" topmost Pd
layer is well below the topmost atomic layer, such that only one type of Pd adsorption site seems available.
Furthermore, on the (210) surface the Pd atoms of various surface layers form continuous chains, while on
PdGa(100) and (110) the Pd atoms appear in alternating chains of Pd and Ga atoms. Depending on the di-
mension of the respective unit cell, the chains show a different separation from each other. This leads to
the question of how these chain-like atomic arrangements affect the steric hindrance of adsorbed mole-
cules and if it is possible to exploit the atomic patterning of the substrates to catalyze chemical reactions
with specific geometrical reaction pathways.

With regard to Pd site-isolation, all these surfaces can be compared to low-Miller index surfaces of clean
Pd, where a large dataset of adsorption studies is available in literature. However, one has to keep in mind
the electronic influence of Ga in the intermetallic compound, which alters the electronic structure consid-
erably.”
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OPd (top) OGa
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PdGa:A(-1-1-1)Pd; Enantiomer: PdGa:B(111)Pd;

Symmetry: threefold rotational, no mirror symmetry
Surface periodicity: hexagonal, lattice constant: 695 pm
Topmost atomic layer: Pd; — trimers of Pd atoms

2" topmost atomic layer:  Gaz —trimers of Ga (53 pm below Pd, layer)
Site-isolation: dtrimer-trimer = 695 pm
dpg.pg = 301 pm (within trimer)
Top Pd to bulk coordination: 4/7*
Symmetry equivalent faces: PdGa:A(-111), (11-1), (1-11) = multiplicity: 3

PdGa:A(111)Pd, Enantiomer: PdGa:B(-1-1-1)Pd;
Symmetry: threefold rotational, no mirror symmetry
Surface periodicity: hexagonal, lattice constant: 695 pm
Topmost atomic layer: Pd, —single atoms of Pd

2" topmost atomic layer:  Gaz —trimers of Ga (56 pm below Pd; layer)
Site-isolation: dpg.pg = 695 pm
dpd-pd(3rd layer) = 303 pm
Top Pd to bulk coordination: 4/7
Symmetry equivalent faces: PdGa:A(-1-11), (1-1-1), (-11-1) = multiplicity: 3

PdGa:A(100)Pd, Enantiomer: PdGa:B(100)Pd,,
Symmetry: no rotational or mirror symmetry

subsequent terraces are rotated by 180°
Surface periodicity: square, lattice constant: 489 pm
Topmost atomic layer: Ga,, — single atoms of Ga

2" topmost atomic layer:  Pd, — single atoms of Pd (5 pm below Ga, layer)**
Site-isolation: dpg.pq = 489 pm

Top Pd to bulk coordination: 5/7

Symmetry equivalent faces: PdGa:A(100), (010), (001),(-100),... = multiplicity: 6

PdGa:A(110)Ga, Enantiomer: PdGa:B(110)Ga,
Symmetry: no rotational or mirror symmetry

Surface periodicity: rectangular, lattice constants: 489 pm, 695 pm
Topmost atomic layer: Ga, — single atoms of Ga

2" topmost atomic layer:  PdGa — mixed layer of Pd and Ga (67 pm below Ga,, layer)
Site-isolation: dpg.pg = 489 pm (rows in distance of 695 pm)
dpg-pd(3rd layer) = 303 pm
Top Pd to bulk coordination: 5/7
Symmetry equivalent faces: PdGa:A(110), (-1-10), (-110), (1-10),... > multiplicity: 12

PdGa:A(210)Ga, Enantiomer: PdGa:B(210)Ga,

Symmetry: no rotational or mirror symmetry

Surface periodicity: rectangular, lattice constants: 489 pm, 1095 pm
Topmost atomic layer: Ga, — single atoms of Ga

2" topmost atomic layer:  PdGa — mixed layer of Pd and Ga (17 pm below Ga,, layer)
Site-isolation: dpg.pg = 489 pm, (rows in distance of 1095 pm)
dpd-pd(3rd layer) = 305 pm
Top Pd to bulk coordination: 5/7
Symmetry equivalent faces: PdGa:A(210), (-2-10), (-210), (2-10),... = multiplicity: 12
(not equivalent to PdGa:A(120) !)
* The value indicates how many of the seven nearest neighbors of the Ga cage (see Figure 2.2)
remain after bulk truncation.
** In the DFT relaxation, the initially outermost atomic layer Pd, relaxed towards the bulk. The
energetically most favorable position is 5 pm below the 2" layer Ga,.



3.3. Comparison of the determined surface atomic structures

A final point to discuss is the structural manifestation of the bulk chirality of the PdGa intermetallic com-
pound on the different low-Miller index faces. The chiral motives are depicted in Figure 3.12 for each sur-
face. For the Pd, termination, the chirality is defined by the arrangement of the Ga and Pd trimers of the 2™
and 3" outermost layers, respectively. This comprises a slight in-plane rotation of the triangles formed by
Ga and Pd with respect to the hexagonal lattice of the surface unit cell (see Chapter 2 for a more detailed
discussion). For the Pd; termination, an identical structural argument and manifestation of chirality holds
for the outermost Pd trimers and 2™ outermost Ga trimers. In Chapter 6, the threefold surface structures
are analyzed with respect to their ability to enantioselectively adsorb prochiral molecules.

A:(111)pd,  B:(111)Pd, A:(100)Pd,  B:(100)Pd,, A:(210)Ga, B:(210)Ga,
0¥ Q9090
0999 03030y

) o

[ o

050 030

-(110)Ga B'(110)Ga
000000 909000

Figure 3.12 Chiral motives of the PdGa surfaces.Pd: cyan, Ga: red. Surface unit cells are drawn in black.

While the handedness of the threefold surfaces can be seen from the ball models shown in Figure 3.12, the
(100) surface appears almost mirror symmetric with respect to a plane perpendicular to the surface and
along one of the main crystal directions. However, a closer look on atomic distances reveals that also for
this surface chirality is present. This is manifested in the Pd-Ga distance which is different for the [001] and
the [00-1] directions, with 257 and 271 pm, respectively. To which extend this can lead to enantioselective
adsorption has to be determined in experiment. A more obvious chiral arrangement of surface atoms is
seen on the (110) and (210) surfaces, exhibiting open, more corrugated structures. For PdGa(210), the
outermost Pd atoms are arranged in well-separated zig-zag lines, exhibiting a chiral pattern. Therefore, it
would be highly interesting to investigate this surface with respect to the formation of chiral molecular
polymers along these adsorption sites, which was recently demonstrated for non-chiral chains of alkanes
on Au(110).%

In summary, the surface structures of PdGa offer a wealth of differently coordinated and well-defined Pd
surface sites which allow for studying the ensemble effect and chiral recognition in adsorption and cataly-
sis. The determination of the atomic surface structures, presented here, is pivotal for studying molecules
on the prototypal catalytic surfaces by experimental and computational means.
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Chapter 4 CO as a test molecule for the iden-
tification of binding sites

The knowledge on the precise atomic surface structures allows extending the study on the PdGa

surfaces towards the emerging question of which atoms or atomic ensembles of the determined surfaces
offer the most stable adsorption configurations. Or in other words; which are the active adsorption sites?
To this end, we investigated the binding of carbon monoxide to the PdGa single crystal surfaces. As CO is a
frequently used probe molecule, a large set of reference data for comparison to different materials is avail-
able in literature 2%
In a combined approach of STM, RAIRS and DFT, we determine the local morphology of the adsorbates and
characterize the active sites by analysis of the vibrational modes of the CO molecules. The IR absorption
peak positions and shapes allow to retrieve information on the CO binding configurations (on-top, bridge,
hollow-site) and nearest neighbor interactions as a function of CO coverage, while the precise position of
the molecule on the surface unit cell is resolved by STM. This powerful combination enabled us to evidence
the site-isolation concept which is attributed to PdGa.

In Chapter 4.1, adsorption of CO on the threefold PdGa surfaces at low temperatures is investigated. This
work is summarized in a publication as an article in The Journal of Physical Chemistry C. Chapter 4.2 shows
additional data on very recent TPD experiments on CO desorption from the two surfaces. Thereafter, in
Chapter 4.3, we focus on CO interactions on the structures showing less site-isolation, namely the (100) and
(110) surfaces. CO adsorption on the PdGa(210) surface is subject to future studies and therefore not dis-
cussed here.

4.1 Publication: “Ensemble Effect Evidenced by CO Adsorption on the 3-Fold
PdGa Surfaces”in The Journal of Physical Chemistry C

(Article reprinted with permission. Copyright © 2014, American Chemical Society)
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ABSTRACT: The atomic structure and composition of a catalyst’s surface have a

major influence on its performance regarding activity and selectivity. In this

respect, intermetallic compounds are promising future catalyst materials, as their

surfaces exhibit small and well-defined ensembles of active metal atoms. In this

study, the active adsorption sites of the 3-fold-symmetric surfaces of the PdGa odGaBAIIPd:
intermetallic compound were investigated in a combined experimental and

computational approach using CO as a test molecule. The PdGa(111) and (—1— \
1—1) surfaces exhibit very similar electronic structures, but have Pd sites with very

different, well-defined atomic coordination and separation. They thereby serve as
prototypical model systems for studying ensemble effects on bimetallic catalytic

surfaces. Scanning tunneling microscopy and Fourier transform infrared
spectroscopy show that the CO adsorption on both surfaces is solely associated

with the topmost Pd atoms and Ga acts only as an inactive spacer. The different

local configurations of these Pd atoms dictate the CO adsorption sites as a

function of coverage. The experimental results are corroborated by density functional theory and illustrate the site separation and
ensemble effects for molecular adsorption on intermetallic single crystalline surfaces.

0oQo o

[ PdGa:B(111)Pd3

1. INTRODUCTION

Surface science methods allow for studying the structure of
catalytic surfaces on the atomic level, and in some cases even
under reaction pressures."”> This ability expanded the under-
standing of heterogeneous catalysis and led to many ideas on
how to structure catalyst surfaces to improve their perform-
ance.> ® An important aspect of research in catalysis, besides
achieving high activity, is improving selectivity. One proposed
enhancement is the dilution of the active (metal) species with
less active spacer atoms. This site isolation concept consists of
forming isolated catalytic centers of reduced size, leading to a
limited number of adsorption configurations for the reactants,
which is called the “ensemble effect”.””® The number of
reaction pathways emerging from these active centers is thereby
reduced, resulting in an increased selectivity, as compared to
metal surfaces consisting of a single element.

In addition to this ensemble effect, the electronic structure of

the active species is influenced by the nature and concentration
»7,9

experimental observation purely to the ligand-, and/or to the
ensemble effect of a catalytic surface.

One model system in this respect is bimetallic surface alloys,
which have a random spatial distribution of active sites.”” """
Intermetallic compounds (IMCs) are a second model system,
which have an ordered crystal structure. Additionally, they
exhibit a higher energy of formation, which potentially increases
surface stability.>'°~"> In this respect, the PdGa IMC has
recently received considerable interest due to its high activity,
stability, and selectivity in the semihydrogenation of
acetylene.'>"? This reaction is industrially important,'* as it is
a crucial step in polyethylene production, where currently Ag—
Pd alloy catalysts are applied. In the context of the site isolation
concept, also for PdGa, Pd is supposed to take the role of the
catalytically active species and Ga the role of the spacer atom.

In a recent publication,15 we reported on the 3-fold surfaces
of the PdGa IMC. The two crystallographically opposed

of the spacer atoms, which is known as the “ligand effect”.
Since atomic and electronic structure of a surface are always
interconnected, it is difficult to unambiguously impute a given

\.: 4 ACS Publications  © 2014 American Chemical Society
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surfaces, (111) and (—1—1—1), exhibit equal surface symmetry,
equal lattice parameters, and very similar electronic structure,
but different atomic configurations of the Pd atoms. On one
surface separated Pd trimers are present, while the other is
terminated by isolated, single Pd atoms. This particular
situation allows for investigating the pure structural ensemble
effect, while the influences from the ligand effect can be
neglected.

On the other hand, studying the ligand effect can be
accomplished by exchanging the chemical species of the spacer
atoms, while keeping the atomic surface structure unchanged.
Whereas the realization of this concept is experimentally
challenging, it has been used in theoretical studies, such as in
quantum chemical calculations performed by Nerskov et al.'®
This computational screening for improved catalysts reveals
trends for the selection of the most promising constituent
materials.

In this study, we present experimental and computational
results of CO adsorption on the PdGa:B(—1—1-1)Pd, and
PdGa:B(111)Pd; surfaces.'> These two surfaces serve as
prototypical system to study the ensemble effect because they
expose two different terminations. One consisting of single
palladium atoms (Pd;) and the second of palladium trimers
(Pd,). The effects of the Pd site structure are directly observed
in the vibrational frequency of the adsorbed CO as a function of
coverage as measured by Fourier transform infrared spectros-
copy (FTIR). Scanning tunneling microscopy (STM) provides
local information on the adsorption geometry and allows an
unambiguous interpretation of the vibrational spectroscopy.
Density functional theory (DFT) calculations agree with the
experimental results and allow for an in depth understanding of
the bonding situation of CO to the single atomic and trimer Pd
sites.

We observe strong site isolation effects on both PdGa
surfaces, which are most clearly expressed on the PdGa:B(—1—
1-1)Pd; surface, where the full CO coverage at low-
temperature (77 K) and pressure (107 mbar range) is about
15% of that of Pd(111). To the best of our knowledge, this is
the first experimental demonstration of the ensemble effect on
well-defined intermetallic compound surfaces, which is a
promising class of materials for the development of future
catalysts.

2. METHODS

Experiments. The growth and surface preparation of the
PdGa single crystals has been described in detail previously, so
that only a brief summary is given.'”'® The PdGa single crystal
surfaces were cleaned by Ar-ion sputtering and high temper-
ature annealing (870 K) cycles.ls’ ® The STM measurements
were performed with an Omicron low-temperature (LT-) STM
at a base pressure below S X 107" mbar using a mechanically
cut Pt/Ir-tip.

FTIR absorption spectroscopy measurements were recorded
with a Bruker Vertex 70v/80v spectrometer in reflection—
absorption mode (RAIRS). CO (purity 4.7, CANGas) was
dosed on the sample at 90 K (+10 K) by backfilling the main
chamber.

Simulations. All simulations were performed within DFT in
the mixed Gaussian Plane Waves framework as implemented in
the CP2K code (see SI for further details).’® We used the
Perdew—Burke—Ernzerhof (PBE)*' parametrization for the
exchange correlation functional.

12261

PdGa slabs were simulated in the repeated slab geometry.**
Orthorhombic simulation cells of 23 and 24 atomic PdGa layers
were used for simulations of the PdGa:B(111) and
PdGa:B(—1—1—1) surface, respectively. The positions of the
lowest eight layers were fixed in the structure optimization.
About 3 nm of vacuum was added above the adsorbate atoms.
The lateral dimension of the cell corresponds to 12 hexagonal
surface unit cells. The ground state adsorption energies and
structures were computed by relaxing all atomic positions until
forces were lower than 0.05 eV/nm. IR spectra were calculated
using finite differences starting from the equilibrium adsorption
geometries.20

3. RESULTS AND DISCUSSION

A first approach to determine the adsorption sites of CO on
PdGa:B(111)Pd; and (—1—1—1)Pd; was performed by LT-
STM measurements. Figure 1 shows STM images of both

PdGa:B(111)Pd, PdGa:B(1

D)Pd,

Figure 1. STM images of CO adsorbed on Pd; (A) and Pd; (B). The
atomic surface structure is overlaid on the left-hand site of each image
(Pd: cyan, large; Ga: red, small). The top layer consists of Pd trimers,
for Pd; (A), and single Pd atoms for Pd; (B). The second layer
consists of Ga trimers for both surface orientations. On Pd; (A), two
CO molecules are present, appearing as triangular depressions. On Pd,
(B), three CO molecules are present, appearing as protrusions
(Tunneling parameters: A: =7 mV, 2 nA; B: —1 V, 35 nA).

surfaces at very low CO coverage. The surface Pd atoms are
imaged as protrusions.”” In combination with low energy
electron diffraction (LEED) measurements and STM simu-
lations, the atomic structure of the clean surface is identified
with regard to lateral position and orientation,"> and overlaid
on the left-hand side of each image for the two surfaces. The
samples were exposed to CO during imaging at 78 K, which
allowed for identifying single adsorbed CO molecules. On Pd;,
CO molecules appear as triangular depressions with a central
maximum, whereas on Pd,, they are imaged as bright
protrusions. According to the atomic structure overlay,
individual CO molecules adsorb in the 3-fold Pd hollow site
on Pd;, and at the on-top Pd site on Pd,.

To complement these atomic scale observations and to study
the adsorption kinetics, RAIRS experiments as a function of
CO coverage were carried out. As shown in Figure 2, a single,
CO coverage independent, absorption peak is observed for the
Pd; surface. For the Pd; surface, two separate, coverage
dependent peaks are observed. Comparison of the peak
positions with RAIRS of CO on Pd(111) allows for an
assignment of the peaks at higher and lower wavenumbers
found for CO/Pd; to on-top and hollow site adsorption,
respectively.”> This assignment is substantiated by the
sequence of binding energies of the optimized adsorption
configurations found by DFT for adsorption of one, two, and
three CO per Pd trimer (see Table 1 and Supporting
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Figure 2. IR absorption spectra as a function of wavenumber and CO
exposure at 90 K on Pd; (left) and Pd, (right). Insets next to the peaks
show the respective adsorption configuration (C in black, O in
yellow).

Information). Therefore, the series of RAIRS spectra for the
CO/Pd; can be interpreted as a transition from hollow to on-
top site with increasing exposure.3’23 A qualitative comparison
to similar experiments of CO/Pd(111) reveals that peak shapes
are sharper and coverage-dependent peak shifts are much
smaller for the CO/PdGa system presented here. Indeed, on

Table 1. Experimental and Theoretical IR Absorption Peak
Positions for CO on the Different Sites of the PdGa Surfaces
and Calculated Binding Energies®

CO/Pd, CO/Pd, Co/P4,
(hollow site) (on-top site) (on-top site)
Veyp (cm™) 1868—1874 2084-2105 20782092
Vg (em™) 1822 2039 (2 CO) 2032
2047 (3 CO)
E,/CO (V) 1.59 128 (2 CO) 1.37
125 (3 CO)
Pd—C bond 134 (3 X 045) 082 0.83
order
C—0 bond 091 0.98 0.95
order

“The covalent bond orders are computed according to Angyan.”® For
a CO molecule in the gas phase the theory predicts a value of 1.51,
accounting for the polar character of the C—O bond (2.89 for the
covalent triple bond in C,H,).

CO/Pd(111), a full hierarchy of bonding sites is observed
(hollow, bridge, and on-top sites), with a coverage-dependent
spectrum influenced by long-ranged intermolecular interac-
tions,”> > leading to broadened IR-absorption features.
Accordingly, our RAIRS data clearly indicates a suppression
of CO—CO interactions on both PdGa surfaces. This is most
pronounced in the CO/Pd,; case, where the on-top sites are
separated by 0.69 nm, but is also seen for CO/Pd;, where at full
coverage, the interaction is mainly reduced to the three
neighboring CO molecules on the same trimer. Additionally,
the Pd—Pd nearest neighbor distance of 0.3 nm within such a
Pd trimer is 10% larger than in pd(111)."?

A summary of the experimental IR vibration frequencies is
shown in Table 1, together with simulated frequencies from
DFT for the most stable adsorption geometries, which
corroborate the experimental vibrational assignments. The
ranges given for the experimental frequencies represent the
coverage-dependent variations in peak positions. The com-
puted vibration frequencies underestimate the experimental
values by a constant scaling of 2.80 + 0.02%. This is a common
problem in DFT with PBE approximation (see refs 11 and 26)
and can vary according to the parametrization employed.”’
However, the agreement of the relative frequencies by less than
0.5% confirms the hypothetical structure model used in DFT.

The combined experimental and theoretical data enables us
to interpret the CO/PdGa(111) and (—1—1—1) systems as
follows: On Pdj, the adsorption site is coverage dependent, the
3-fold hollow site is occupied at low coverage, and the on-top
site is occupied if two or three CO are present on one Pd
trimer. Pd, allows only for on-top adsorption on the
terminating Pd atom. According to DFT, in all CO binding
conformations the molecular axis is oriented perpendicular to
the surface (see insets in Figure 2).

Along with this interpretation, details in the RAIRS results
shown in Figure 2 can be explained. The frequency shift from
initial to full coverage of the peaks originating from on-top site
species amounts to 14 cm™ for CO/Pd, and 21 cm™ for CO/
Pd;. The full coverage is obtained after exposure to 0.6 and 1.2
L for Pd, and Pd;, respectively. On Pd,, the shift is assigned to
interactions with the nearest neighbor adsorbates (1—6 CO)
separated by 0.69 nm. For CO adsorbed at the on-top site on
Pd;, the main contribution to the shift is attributed to the
occupancy increase from two to three CO per trimer at a
mutual distance of 0.31 nm.

Both on-top site peaks exhibit a shoulder at lower
wavenumbers, which for CO/Pd; shifts along with the main
peak, but for CO/Pd;, remains at a fixed position. These side
peaks are assigned to CO molecules neighboring, for example, a
surface vacancy' or a step edge.”®

The coverage-dependent transition from hollow to on-top
site adsorption and the small vibrational shifts due to weak
CO—CO interactions are in agreement with high resolution
electron energy loss spectroscopy (HREELS) of CO adsorbed
on PdAg surface alloys of different Pd concentrations."

Additionally, the CO binding energies shown in Table 1 are
comparable to those computed for PdAg/Pd(111) surface
alloys.'" Using the same PBE functionals, Mancera et al.'!
found on-top site binding energies of 1.37 and 1.29 eV for CO
on single Pd atoms and trimers, respectively. These energies are
in very good agreement with our calculations (1.37 and 1.25
eV) for PdGa. On the other hand, the hollow site adsorption
energy deviates with 1.97 eV for PdAg from the value of 1.59
eV found for PdGa. This difference might be a consequence of
the reduced Pd—Pd distance in the trimer of the surface alloy,
and/or of the different ligand effects of Ag and Ga.

To get a broader insight into the adsorption energy
landscape, the binding energies for other possible sites were
calculated using DFT. A summary of all tested configurations is
given in the Supporting Information. On Pd,, the trimers of Pd
atoms, lying 143 pm below the Pd, termination, are found less
favorable for CO adsorption (E, = 0.88 eV), since the atoms of
this third-outermost layer are almost completely coordinated
with bulk atoms. Furthermore, CO adsorbed on the hollow site
of the Ga trimers of the second-outermost layer (53 and 56 pm
below the surface layer on Pd; and Pd;, respectively) was
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computed to have a weaker binding energy on both
terminations (E, = 0.08 eV for Pd; and 0.56 eV for Pd,). To
investigate the absence of CO bridge site bonding on Pdj, the
binding energies for two CO molecules in “top-and-bridge” and
“top-and-top” configuration on the Pd trimer were computed.
For both situations, a local energetic minimum was found, with
the “top-and-top” configuration being preferred by 63 meV per
CO molecule. A single molecule located on the trimer in a Pd—
Pd bridge site was found unstable in the DFT optimization.
The large relative differences in binding energies between the
first and the second preferred adsorption sites found by DFT
confirms the experimental observation that both surfaces
exhibit saturation after adsorption of one and three CO
molecules per surface unit cell, respectively.

Krajci and Hafner conducted a computational study on the
structure and adsorption properties of the 3-fold PdGa
surface.®® Their adsorption energies for CO on the Pd, and
Pd; surface are in agreement with our DFT derived values
summarized in Table 1, with a shift to lower binding energies,
which is consistent with the different parametrization for the
PBE approximation. However, in their study they concluded Ga
surface terminations to be energetically more favorable than the
Pd ones, which we find to be incompatible with experiment
(see Supporting Information).">"”

We studied the coverage dependence for CO/Pd; in more
detail by LT-STM. Images at higher coverage than in Figure 1
reveal four different CO occupations per Pd-trimer, namely,
one, two, three, and no CO molecules per trimer (cf. Figure 3).
As already shown in Figure 1, we find that one CO per Pd
trimer appears as a single protrusion that is centered on the Pd;
trimer. If two CO molecules are adsorbed on a Pd trimer, the
imaged adsorbate has a larger apparent height and an elliptical
shape (Figure 3A). The center of the protrusion is found
slightly off the Pd; hollow sites located at the intercepts of the
red grid (Figure 3B). Additionally, their long semiaxis is not
oriented along the (1—10) directions, but along the lines
connecting two of the three Pd atoms in the trimer. The sketch
in Figure 3C shows the orientation of trimers as determined by
LEED-I(V)."” Together with the change in IR-absorption
frequency, we conclude that adding one more CO molecule per
Pd; converts the 3-fold hollow site to three on-top sites of
which two are occupied. Higher coverage leads to wider, 3-fold
symmetric protrusions (Figure 3D), exhibiting the same
orientation as the Pd; trimers, which is consistent with the
hypothesis of three CO molecules in the on-top site
configuration on the topmost Pd atoms. Accordingly, STM
confirms on a local scale the adsorption site sequence derived
from RAIRS and DFT simulations for CO/Pd;. As seen from
the STM topographies for CO on Pd; and Pd,;, shown in
Figures 1 and 3, CO molecules are found exclusively at the
positions of the protrusions on the clean surfaces. As these
protrusions coincide with the outermost Pd atoms,"® we find no
indication for bonding of CO to Ga.

The presented data show different expression of the active
site separation on the Pd; and Pd, terminations. At low
coverage, the adsorption sites have the same separation on both
surfaces (one CO per unit cell), but are of a different type,
namely, on-top site for Pd; and hollow site for Pd;. However,
the Pd; surface also has three adjacent Pd on-top adsorption
sites that are populated at high coverage; therefore it can
accommodate three times as many CO than the Pd; surface.
This means that at full CO coverage the minimum CO-CO
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Figure 3. (A) LT-STM image of a partially CO covered PdGa:B(111)-
Pd; surface. A Pd; trimer with no CO (left arrow) appears in light-
gray. A trimer with one CO (center arrow) appears as a well localized
protrusion with lower apparent height, and a trimer with two CO
(right arrow) as elongated white protrusion. The different elongated
protrusions appear in three distinct directions indicated by the colored
lines. These directions coincide with the “edges” of a Pd trimer (see
C). (B) Detail showing that elliptical protrusions are off center with
respect to the Pdj lattice. (C) Surface atomic structure derived from
LEED-I(V)."> (D) Increased CO exposure leads to protrusions with
triangular envelopes, that is, fully occupied trimers. Scale bars
correspond to 1.0 nm. In B and C, a different color-scale was chosen
to emphasize the shape of the CO protrusions (beige; tunneling
parameters: (A, B) 0.2V, 0.5 nA; (D) —2.5V, 0.5 nA).

separation is 0.69 nm for the Pd, surface and only 0.31 nm for
the Pd; surface.

To investigate the chemical behavior of the active sites we
characterized the nature of the binding of CO to the Pd sites by
computing the covalent bond-order index, following the
approach by Angyan et al* in the framework of Bader’s
topological theory. The method is basis-set independent and
takes into account bond ionicities, leading to reduced bond
orders for polar covalent bonds. For CO adsorbed on PdGa,
the computed covalent Pd—C bond order reveals that the
bonding character in the case of one CO molecule per surface
unit cell is remarkably different on the two surfaces, whereas
the on-top site bond configuration for high coverage is very
similar. In the Pd; case, our analysis indicates a bond order of
0.83 for the Pd—C bond (where a value of 2.89 would
correspond to C—C triple bond, as in acetylene). In the Pd,
case, when CO is adsorbed at the hollow site of the trimer, each
Pd atom contributes a bond order of 0.45, for a total bond
order of 1.34. Indeed, the calculated adsorption energy in this
configuration is higher compared to Pd on-top and the IR
active CO vibrational mode has a lower frequency due to the
weakened C—O bond, which is indicated by a small reduction
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of the C—O covalent bond order (cf. Table 1). In the case of
three CO per Pd;, the situation is again similar to CO on Pd,,
which is reflected in binding energy, vibrational mode
frequency and a comparable bond-order of 0.82 and 0.83,
respectively.

For both 3-fold PdGa surfaces the site isolation concept is
realized for the CO adsorption. This can be seen in particular
by comparing it to CO adsorption on Pd(111). In the case of
the Pd, surface, full CO coverage is obtained at a much lower
molecular density of 2.41 CO/nm? compared to 15.26 CO/
nm? for Pd(111), with both cases having on-top Pd adsorption.
In the case of the Pd; surface the CO adsorption proceeds from
hollow site adsorption on the Pd trimer to on-top site
adsorption with increasing coverage, reaching a maximum CO
density of 7.23 CO/nm?. Although the CO density on the Pd,
surface is a factor of 2 lower compared to Pd(111), the nearest
CO-CO distance is only 10% different (Pd,; 0.31 nm;
Pd(111), 0275 nm). The reason for the very different
molecular saturation densities is the large separation between
the trimers on Pd;. While the local Pd trimers on Pd; do not
show bridge site adsorption for CO, this is observed on
Pd(111). Therefore, Pd(111) exhibits an almost continuous
transition from hollow to bridge to on-top site adsorption with
increasing coverage.B’24

This transition was also reported for Pd ensembles on PdAu
and PdAg surface alloys.3’8’10 In these alloys, the Pd ensemble
size depends on the random local Pd concentration at the
surface, whereas in the PdGa (111) and (—1—1—1) surfaces,
size and separation are given by the crystal structure and do not
allow for CO bridge site adsorption. However, the Pd
ensembles found in the partially covalently bound IMC retain
their adsorption properties, as adsorption sites, energy, and
vibrational modes compare for CO adsorbed on the IMC and
on the surface alloys, for Pd ensembles of equal size.

4. CONCLUSIONS

We compared the two 3-fold-symmetric surfaces of the PdGa
IMC with regard to active adsorption site separation and
ensemble effect. CO was used as a test molecule, confirming
the active site isolation'? and revealing differences in the
ensemble effect for the two surface structures exhibiting single
atoms (Pd;) and trimers (Pd,). Our combined analysis of STM,
RAIRS, and DFT shows that Pd; provides, independent of
coverage, only one on-top site for CO, whereas Pd; allows for
hollow site adsorption at low coverage and on-top site
adsorption at high coverage. This leads to a maximum
occupancy of one and three CO molecules per surface unit
cell for Pd; and Pds, respectively, while no adsorption is taking
place on Ga related sites. This observation underlines the
hypothesis that the Ga indeed only assumes the role of a spacer
atom with regard to the CO adsorption properties.

Due to the similar electronic structure of these surfaces, the
differences in their bonding properties are mainly attributed to
the geometric ensemble effect. Furthermore, the comparison
with CO adsorption studies on Pd-containing surface alloys
supports the argument of a dominating ensemble- over the
ligand effect in this IMC. This concept of the ensemble effect in
PdGa combined with the active site isolation represents a
paradigm for the study of selective catalytic reactions.
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Chapter 4. CO as a test molecule for the identification of binding sites

4.1.1 Supporting information for the publication "Ensemble Effect Evidenced by CO Adsorp-
tion on the Threefold PdGa Surfaces"

In the following supporting information we will define the PdGa:B(111)Pds; terminated by three Pd atoms as
Pds;and the PdGa:B(-1-1-1)Pd; terminated by one Pd atom as Pd.

1. Tunneling voltage dependence of the contrast of CO molecules on PdGa(111) surfaces

The STM appearance of CO adsorbed on-top site of the Pd; surface atoms was found to depend strongly on
the tunnel voltage. A contrast inversion from a protruding appearance to an intrusion is observed when
going from a tunnel bias of -2 V to +2 V. This effect was not found for CO adsorbed on the Pd atoms of the
Pds termination, as demonstrated in Figure 4.1.

PdGa:B(111)Pd, PdGa:B(i]_.i)Pd1

T

sample bias
sample bias

Figure 4.1 Contrast inversion of CO in STM. STM images of the same sample positions at different voltages for the two
investigated samples. On Pd; (left panels), CO appears at dark intrusions for positive and negative sample bias. On Pd;,
the apparent height of CO changes when changing the polarity of the bias. The dark spots that are visible at -2 V for
CO/Pd,, are surface vacancies, as described in an earlier puincation.29

A series of images at different scanning voltages is shown in Figure 4.2. The change in contrast seems to
take place around +0.5 V tunnel voltage.

-0.05V 0.2V 0.4V .06V

Figure 4.2 Series of images STM images of CO/Pd; for different tunnel voltages at the same position. All images were
taken with a tunnel current of 0.2 nA.
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4.1. Publication: “Ensemble Effect Evidenced by CO Adsorption on the 3-Fold PdGa Surfaces”

2. Details on bonding conformations calculated by DFT
Details on the computational methods:

All calculations were performed in the mixed Gaussian plane wave approach as implemented in the CP2K
code (http://www.cp2k.org). The substrate was modeled in the repeated slab geometry. Tests performed
on slabs thicker than 23/24 atomic layers confirm that the thickness of our slab is appropriate. Norm con-
serving pseudopotentials of the Goedecker type were employed.® Semicore 4s and 4p states of Pd, as well
as 3d semicore states of Ga, were treated in the valence. A cutoff of 600 Ry was used for the representation
of the charge density in plane waves. We used the PBE parameterization for the exchange correlation func-

tional.®®

CO adsorption energies for the tested adsorption sites:

To test the different adsorption sites on Pd; and Pd;, the structures shown in the graph below were opti-
mized using DFT. The structures yielding the lowest binding energy per CO molecule are in agreement with
the STM topographies and FTIR results presented in the main text of the publication.
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Figure 4.3 Various tested adsorption sites for CO on the threefold PdGa surfaces Pdj; (left) and Pd; (right) (Pd: cyan,
Ga: red, C: black, O: dark blue).

3. Experimental corroboration of the Pd-terminations of the PdGa(111) and PdGa(-1-1-1) surfaces

In a recent publication by Krajci and Hafner’ the termination of the PdGa(111) and PdGa(-1-1-1) surfaces
as well as the CO adsorption on these surfaces has been investigated by a computational approach. From
this theoretical investigation it has been concluded that both surfaces are Ga-terminated. These findings
are in contrast to our findings of a topmost Pd layer.”® In view of the importance to correctly assign the
surface termination we have taken the terminations suggested by Krajci and Hafner into consideration and
compared them with our LEED-I(V) and CO adsorption data.

In the following Table S1 we summarize the structure of the different proposed terminations. For the no-
menclature of the denotation of the layers, see Ref *°. In short: Pd, (resp. Ga,) represents a layer of Pd
(resp. Ga) atoms with a density of x atoms per surface unit cell. The sequence of the layers from left to right
corresponds to the order of layers from the surface into the bulk, the bulk part in parenthesis, is perpetuat-
ed.
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Table S1: Layer structure of the different proposed PdGa surface termination.

PdGa:B(-1-1-1) PdGa:B(111)

Prinz, et al*: Pd, — (Gaz — Pd; — Ga; — Pd;) —(...) Pd; — (Gaz—Pd;— Ga; —Pd; ) —(...)
or ,pG” or ,PG“

Krajci and Hafner’®: Ga; — (Pd; — Ga; — Pd; — Gas) — (...) Gaz— (Pd;—Ga; —Pd;—Gaz ) —(...)
or ,GP“ or ,GM“

Alternative, after annealing to 870K:
Ga1 - Gag - (Pdg - Ga1 - Pd1 - Ga3 ) - ()

or,gG”

In Table S1 all the terminations except “gG” are bulk terminations, i.e. truncations of the bulk crystal struc-
ture. The “gG” termination has been proposed by Krajci and Hafner as possible high temperature phase,
where preferential desorption of Pd leads to a Ga rich surface.

Figure 4.4 shows the Pendry R-factors for all possible bulk terminations found by Tensor LEED optimization
as described in detail in Ref. . The Palladium “pG” and “PG” terminations show the best agreement,
whereas the suggested Gallium bulk-truncated terminations “GP” and “GM” show no particularly low R-
factors, except for the “GP”/B(-1-1-1) Gasz case (compared to the PdGa(-1-1-1) dataset). The R-factor in this
case is just 33% higher than for the “PG” case, which is easily understood as the “pG” termination can be
regarded as the “GP” termination topped with a low density Pd; layer. Nevertheless the low R-factor, the
“GP” termination can be discarded on the basis of high resolution STM images, as these show that the
PdGa(-1-1-1) surface terminates in single atoms and not in trimers as the “GP” termination would show.
The suggested high temperature “gG” termination, which would show single Ga atoms at the topmost sur-
face layer, shows no particularly low R-factor (120% larger than for the “pG”).

Concerns have been raised that LEED-I(V) calculation may not be valid for a partly covalently bonded crystal
like PdGa.”® It is true that the muffin-tin potentials, which were used to calculate the scattering phase shifts,
are not an ideal approximation, due to the partial covalent character of the bonds. It is however well-
known, that the scattering event is mostly occurring at the ionic core of the atoms, and thus only weakly
influenced by those (considerably few) electrons taking part in the chemical bond. Since the method has
been used for IMCs before® and can even be applied to most covalently bond materials, such as diamond®,
the application to PdGa is absolutely legitimate.
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Figure 4.4 LEED-I(V) results for the suggested Ga terminated surfaces.Pendry R-factors for the LEED-I(V) analysis based
on the procedure described in Ref. ? The experimental dataset for the analysis consists on the LEED-I(V) spot profiles
of 24 diffraction spots (12 are symmetrically inequivalent) recorded over several hundred eV in energy. The hatched
bars correspond to a 60° rotation of the LEED pattern as compared to the solid bars. Adapted from Ref. *°. Copyright
2012, Wiley.

We have also considered the suggested CO adsorption sites on the Ga terminations and compared it with
our available STM data. As discussed above, the “GP” termination can be discarded and therefore we have
considered the “GM” and the “gG” for this comparison. Figure 4.5 shows the superposition of experimental
STM images with the suggested “GM” and “gG” Ga termination of the (-1-1-1) and the (111) PdGa surface,
respectively. The alighment of model structure and STM topography has been made by identifying the pro-
trusions in the experimental STM image with the Ga trimers in the case of “GM”, and with the individual Ga
for the “gG” termination. There remains a rotational uncertainty of 60° as the threefold hollow sites be-
tween the protrusions in the STM image cannot be unambiguously attributed to the corresponding site in
the model structure. As described in the paper, the isolated depressions and protrusions correspond to
individual CO molecules. For the (111) case we find from the STM the CO centered in an on-top position,
whereas the positions found by Krajci and Hafner for the “gG” termination would be bridge sites between
two Ga atoms. For the (-1-1-1) surface the energetically most favorable CO adsorption site would be on-top
the subsurface Pd, which is not seen in STM. Here the CO is centered in the hollow trimer site. The energet-
ically second most favorable adsorption site is a bridge site on the trimer and not the hollow-site, although
it is not easy to distinguish the two in the STM image.

In summary, the comparison of the experimental LEED-I(V) and STM/CO adsorption data with the suggest-
ed Ga terminations of the PdGa(111) and (-1-1-1) yields no compelling agreement.
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CO/A(-1-1-1)GM CO/A(111)gG

x PT1 -0.68 eV x GB2 -042eV
~ GB1 -0.61eV *~ GB1 -0.33eV
GB2 -0.35eV

Figure 4.5 STM images of individual CO molecules adsorbed on PdGa(111) and PdGa(-1-1-1). The atomic model struc-
ture corresponds to the suggested “GM” (for the (111) surface) and the “gG” (for the (-1-1-1) surface) Ga termination.
The markers denote the different CO adsorption sites found by Krajci and Hafner.”
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4.2  Temperature-programmed desorption of CO on the threefold PdGa Sur-
faces

An experimental approach to the binding strength of the CO molecules to the threefold PdGa surfaces
PdGa:A(-1-1-1)Pd; and PdGa:A(111)Pd; is achieved by TPD experiments. Desorption curves of CO are shown
in Figure 4.6 for two different exposures of 0.2 and 1.0 Langmuir (L). On both surfaces, only one single de-
sorption peak is observed at 278 and 289 K for Pd; and Pd,, respectively. The background signal is ascribed
to desorption from the sample holder. For exposures up to 0.2 L of CO, the peak areas are very similar for
the two samples, indicating a comparable amount of desorbed CO from the two samples. At higher CO ex-
posures (5 L), the peak area for Pd; becomes larger, while the one for Pd; remains constant, which is in
agreement with the FTIR and STM data, showing maximum occupation of 3 vs. 1 CO per surface unit cell for
Pd; and Pd, respectively.
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Figure 4.6 Desorption curves of CO adsorbed on Cu(111), PdGa:A(111)Pd; and PdGa:A(-1-1-1)Pd; in purple, green and
blue, respectively. The thick purple line for Co/Cu(111) is adapted from Ref. % The legends show the CO exposure and
heating ramp speed for each curve.

To obtain a deeper insight into the coverage dependency of the desorption process, series of desorption
curves were measured for various exposures shown in Figure 4.7. Before we turn our attention towards the
peak shapes, we discuss the background subtracted peak areas as a function of coverage, which is present-
ed in Figure 4.8. The peak areas were obtained by integration after subtraction of a linear background (see
inset in Figure 4.8). For the CO saturation coverages of Pd; to Pd;, a ratio of 3.64 is computed, which is in
reasonable agreement with the 3:1 ratio that is expected from the STM results (cf. Chapter 4.1). The de-
sorption peak area increases linearly as a function of exposure, up to about 85 % of the saturation coverage
for Pds. This indicates, that impinging CO molecules are not repelled from the almost saturated surface, but

94-95

rather enter a weakly bound precursor state. In this physisorbed state, the molecule is highly mobile,

which enables diffusion to a nearby free Pd adsorption sites and subsequent chemisorption.
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Figure 4.7 Series of TPD experiments for the two threefold PdGa surfaces after different exposures of CO (vertical
scales are different in the two graphs). The ramp speed is 6 K/s (+1 K/s) for all desorption curves. While the peak
shape in the left graph remains asymmetric for all coverages, the shape is almost symmetrical for intermediate cover-
ages of about 1.0 L in the right graph.
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Figure 4.8 Coverage as a function of CO exposure for the Pd; and Pd; sample, computed from the CO desorption peak
areas after background subtraction. The linear increase is indicated by a dashed line for Pd;. The inset shows the se-
ries of desorption curves, corrected by a linear background for CO/Pd;.

The exposure series shown in Figure 4.7 reveal that the peak shape for CO desorption from Pd; is asymmet-
ric for all exposures, which is typical for a first order desorption mechanism.®* For Pd,, the peak shape is
also asymmetric for low coverage, but symmetric for intermediate exposures of about 1 L, which can also
be seen from the background subtracted peaks in the inset in Figure 4.8). Even though this might indicate a
2" order desorption mechanism, a more plausible explanation is a superposition of two nearby peaks, indi-
cating the presence of two different binding sites of similar energies. This scenario is also supported by the
STM and FTIR experiments, showing a threefold hollow site and on-top site adsorption for CO on Pda.
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The desorption temperatures of 280 - 290 K for CO from Pd; and Pd; surfaces indicate a binding energy of
0.8-0.9 eV. This is in disagreement with the adsorption energies calculated by DFT (Pd;: 1.59 eV (hollow
site), 1.25 eV (on-top site), Pd; : 1.37 eV (on-top site)). Discrepancies between experimental and theoretical
determined binding energies for CO on transition metals have been reported earlier, e.g. for CO/Pt(111)%

and for CO on Pd-Ag surface alloys.®” ¥’

In general, the ab-initio methods result in an overestimation of the
bond strength, but trends in experimental desorption- and occupation sequences are

reproduced by theory.

For the PdGa surfaces investigated here, we find the Pd; desorption peak at slightly higher temperatures
than the Pd; peak, in agreement with the binding energies for on-top adsorption of CO on Pd (Pd;: 1.25 eV
(on-top site), Pd; : 1.37 eV (on-top site)). At low CO coverages, the findings presented in Chapter 4.1 show
the occupation of the threefold Pd hollow site which also yields a larger binding energy in DFT. Accordingly,
for low CO coverages on Pds, a higher desorption temperature is expected. However, desorption from the
Pd hollow site on Pds, also leads to a single desorption peak around 280 K, in disagreement with the DFT
results (Pds; : 1.59 eV (hollow site)). The reason for this discrepancy might be an overestimation of the bind-
ing energy for CO in the threefold Pd hollow site by the computational method. An alternative explanation
is desorption from the threefold Pd hollow site via a weakly bonded precursor state, which the CO mole-

95, 98

cules enter at increased temperatures prior to desorption. This might lead to a reduced desorption

temperature.

In a previous study, Rosenthal et al.?® reported on CO desorption from the Pd; surface. The desorption peak
was observed around 210 K, with a shoulder towards lower temperatures. The offset of 90 K with respect
to our measurements might originate from a not accurately calibrated temperature reading in one of the
two experiments. In order to validate the correct temperature scale, the experiment should be repeated in
a separate dedicated setup. However, the calibration measurements for the setup employed in this study
using CO desorption from Cu(111) (cf. Chapter 2.6) are in agreement with literature.

The Pd site separation of PdAg/Pd(111) surface alloys was recently investigated as a function of Pd concen-
tration on the surface.?’ For highly dispersed Pd, (2% Pd, 98% Ag on the surface) the CO adsorption sites are
single Pd atoms, embedded in a Ag matrix. TPD experiments from this surface yielded a weak desorption
signal at T = 316 K, which is close to the 290 K observed for the intermetallic Pd;. Increasing the Pd concen-
tration of the surface alloys to 7 and 10 % leads to peak positions of 364 and 380 K for desorption from the
saturated surfaces, respectively. This indicates, that already at these low amounts of Pd on the surface, Pd
dimers have formed and the single atom site-isolation is compromised. A quantitative comparison of the
number of Pd sites per surface area reveals that the Pd; surface offers about double as many Pd sites per
nm” which are well-defined and isolated, as compared to the Pd-Ag alloy with 7% Pd and 93% Ag on the
surface.

In summary, the TPD experiments for CO on the threefold PdGa surfaces confirm the different saturation
coverages that are seen in STM, FTIR and DFT results. The desorption temperatures are very similar on the
Pds; and Pd; surfaces. Analysis, by using a first order desorption theory, results in disagreement between
the experimental and DFT computed binding energies, especially for desorption of CO from the threefold
hollow site on the Pd trimers on Pds. The reason for this discrepancy might be found in the precise pathway
for desorption, which so far is not fully understood.
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4.3 Binding sites of the PdGa(100) and (110) surfaces probed by CO

In addition to the threefold surfaces, also the binding sites of the (100) and (110) surfaces were investigat-
ed using CO as a probe molecule. While the threefold surfaces exhibit a hexagonal pattern of the Pd binding
sites, the (100) and (110) surfaces show a chain-like arrangement of alternating Pd and Ga atoms as outer-
most layers, as shown in the comparison in Chapter 3.3.

The coverage-dependent RAIRS spectra for CO adsorption on the (100) and (110) surface is shown in Figure
4.9 in panel A and B, respectively. For comparison, the RAIRS data from the four CO covered surfaces is
shown as an overview in Figure 4.9C. For the PdGa:B(100)Pd,, surface we find a single sharp peak. With
increasing coverage, a peak shift of 14 cm™ towards higher wavenumbers is observed, which is assigned to
CO - CO interactions. The peak position of 2079 cm™ is almost identical to that of CO on the threefold Pd;
termination (2080 cm™), where the molecules adsorb on-top of the isolated Pd atoms. Also the peak area
ratio of 1:1.73 for (111)Pd4:(100)Pd,, is in good agreement with the ratio of the surface area per molecule at
full CO coverage of 1:1.75, derived from the sizes of the surface unit cells. However, one has to be careful in
comparison of these numbers directly, as the IR absorption efficiency is strongly dependent on the CO di-
pole moment perpendicular to the surface.
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Figure 4.9 RAIRS adsorption spectra for CO on PdGa:B(100) and (110) in panel A) and B) respectively, as a function of
CO exposure at 80 K. Note the much smaller y-scale for the (110) data. C) Overview of the FTIR data from the
PdGa(hkl) surfaces. Spectra for exposures of 0.05 L (thin lines) are magnified by a factor of 10.

For CO adsorption on the PdGa:B(110)Ga, termination, the IR absorption signal is much weaker for all cov-
erages, as shown in Figure 4.9B and C. In contrast to the other investigated PdGa(hkl) surfaces, we observe
a band of peaks at slightly lower wavenumbers of 2040 to 2090 cm™ with coverage-dependent intensities.
Assuming adsorption on surface Pd atoms, the observed range of vibrational frequencies is indicative for
CO on-top site configurations. Interestingly, peak heights for CO/PdGa(111) are still changing for exposures
from 2 to 50 L, showing that deposition of CO from the gas phase is very inefficient on this surface and that
the maximum occupation might not have been reached in the experiments.

To study the local adsorption geometry for CO and elucidate the origin of the peak shapes, LT-STM was
performed after deposition at 77 K and 5 K for PdGa(100) and (110), respectively. Figure 4.10 shows STM
images of single CO molecules on the (100) surface. For higher exposures, CO islands with the same lattice
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periodicity as the (100) unit cell are observed. This comparably dense packing confirms the maximum occu-
pation of 1 CO molecule per surface unit cell, which was suggested by the FTIR peak heights.

CO/PdGa:A(100)Pd

T=77K;-1.0V; 2 nA, 5x5 nm

Figure 4.10 STM images of the (100) terminations after small (left) and large (right) exposure of CO at low tempera-
tures (77 K). The molecules appear as round protrusions of high profile with respect to clean PdGa(100) surface. For
higher coverages, we find one CO molecule per unit cell in the high density areas.

To identify the exact adsorption position of CO on PdGa:B(100)Pd,, STM images were compared to a simu-
lated STM image based on an iso-surface of the electron density, which was calculated by density function-
al theory. For the lowest energy adsorption configuration found by these computations, the CO molecule is
located on-top of the outermost Pd atoms, in agreement with the CO vibrational frequencies® observed by
RAIRS (cf. Figure 4.9). Alternative configurations on-top of other surface atoms yielded much weaker bind-
ing energies in DFT. The simulated STM image for this configuration is shown inside the green square in
Figure 4.11, together with the atomic structure of the topmost Pd and Ga layers and the CO molecule.

Figure 4.11 Identification of the adsorption site for CO on PdGa:A(100)Pd,. STM image (4x4 nm) and STM simulation
(in green box) of CO on are shown for a gap voltage of -0.1 V. The DFT optimized structure is shown in overlay with the
STM simulation, revealing that the Ga atoms yield the highest topography in STM. The position of the CO molecule
within the surface unit cell is the same for experiment and theory (C: black; O: yellow).
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In experiment and simulation, the CO protrusions show a lateral offset with respect to the protrusions of
the clean surface. Comparison of their position to the simulated STM image and the corresponding atomic
structure reveals adsorption on-top of the outermost Pd atoms of the surface.

After the determination of the CO adsorption site on the (100) PdGa surface, we now turn our attention to
the PdGa(110) surface, which showed a different behavior in the RAIRS experiments with respect to peak
heights and position. Figure 4.12 shows STM images of the PdGa:A(110) surface after exposures to CO at 5
K. In the left image, the molecules appear as two lobed protrusions of low height with respect to the clean
substrate atoms. This appearance differs from that of adsorbed CO on the other PdGa(hkl) surfaces, where
CO appears with almost circular symmetry in STM. Particularly after large CO exposures, the molecules
show a very different behavior, as can be seen in the right panel of Figure 4.12. The adsorbates arrange in
chains along the <-110> direction (green oval), or form checkerboard-like structures (red ovals). Both these
phases have the same density of 0.5 CO molecules per surface unit cell, which might be one reason for the
weak IR absorption signal that is seen after large CO exposures for this surface. Based on the STM images,
we find no occupation of the vacancy defects that are present on this surface.

CO/PdGa:A(110)Ga,,

T=5K;0.1V; 0.2 nA6x6 nm TT=5K; -0.1V;0.2 nA 10x10 nm -

-

-

_~

Figure 4.12 STM images of PdGa:A(110) after exposure to CO. Two lobes of low height are seen per molecule in the
left panel, while they appear dark in the right panel. At higher coverages (right panel) molecular interactions lead to
the formation of linear arrangements (green oval) or a checkerboard patterns (red ovals) of low areal density.

To determine the adsorption site for CO on the PdGa:A(110)Ga,, surface, the substrate atomic structure is
shown as overlay in the STM image of single CO adsorbates in Figure 4.13. For the superposition, the ball
model of the PdGa:A(110)Ga, termination is aligned to the STM topography, such that the outermost Ga
atoms (orange) are at the positions of the protrusions in the STM image. Previously, this particular align-
ment resulted in good agreement for the determination of the vacancy structure shown in Figure 3.11.
Based on this alignment, the center of the two lobes of the molecules is close to atomic positions of the 2™
atomic layer (light green). These atoms are the outermost Pd atoms for this surface termination.

The origin for the peculiar STM topography might be a tilted arrangement of the linear CO molecule with
respect to the surface plane. In a recent study of CO adsorbed on the reconstructed Cu(110)-(2 x 1)-O sur-
face, exhibiting separated rows of alternating Cu and O as outermost layers, the molecules are reported to
adsorb preferably with an angle of = 45° with respect to the surface plane.”® The Cu-O rows serve as one-
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dimensional templates with isolated Cu adsorption sites for CO. Upon exposure at 77 K, the surface satu-
rates at a low CO coverage, while the CO molecules form widely separated chains perpendicular to the Cu-
O rows of the substrate. The observed 8 x 1 superstructure is explained by tilted CO molecules that interact
repulsively along the Cu-O rows, and attractively in the direction perpendicular to the substrate chains.
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Figure 4.13 Identification of the adsorption site for CO on PdGa:A(110)Ga,. The atomic surface structure of the surface
termination is shown in overlay (cf. Figure 3.11) with the STM topography of single CO molecules, appearing as two
lobes. Their apparent height is lower than that of the outermost surface atoms of Ga (orange). Dark areas are surface
vacancy defects discussed in Chapter 3.2. The position of the CO molecules is found close to the outermost Pd atoms
(light green).

In the case of CO/PdGa(110), a tilted CO geometry is consistent with the low IR absorption signal discussed
above, as the dipole moment perpendicular to the surface is reduced. DFT computations on the CO adsorp-
tion energy as a function of tilting angle might contribute valuable information to the determination of the
tilting angle. Experimentally, the adsorption geometry could be investigated using X-ray photoelectron dif-
fraction, as the forward focusing effect for electrons emitted from the Cls core level, and scattered on the
outer O atom, should yield an intensity maximum in the direction of the C-O bond axis.'®

In summary, the CO adsorption experiments have contributed important information to the understanding
of site-isolation and ensemble effects on the different facets of the PdGa compound. By STM and FTIR, we
revealed that CO-CO interactions are almost completely suppressed on the PdGa:A(111)Pd; and the
(100)Pd,, surfaces, while they are reduced to a small number of nearest neighbors on the A(-1-1-1)Pd; sur-
face. Interestingly, we find strong CO-CO interactions on the (110) surface and the formation of a CO over-
structure with low molecular density. This is possibly due to CO adsorbing in a tilted fashion, creating long-
ranged dipole-dipole interactions.”” The fact that we observe such a wealth of well-defined effects on the
different facets of one and the same material evidences the benefit of using PdGa single crystal surfaces as
model structures to study adsorption and catalysis. In the next chapter, we follow this path and investigate
the structural effect of different surface termination on the adsorption of small hydrocarbons.
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Chapter 5 Reaction centers for acetylene
semi-hydrogenation on Pdsz and Pd1

To approach the initial motivation for the investigations on the intermetallic compound PdGa we
extend our studies to the reactants and the product of the semi-hydrogenation of acetylene. Therein, the
main focus lies on the threefold PdGa surfaces, which serve as model structures for single atomic
(PdGa:A(111)Pd,), and three-atomic (PdGa:A(-1-1-1)Pd;) ensembles of surface Pd, respectively. As dis-
cussed in the previous chapter, the two surface terminations have shown clear differences in CO adsorp-
tion, which is assigned to the ensemble effect of the different Pd sites. Here, we aim to enlighten the spe-
cific influence of these distinctly different Pd ensemble structures on the binding of the molecules that are
involved in the semi-hydrogenation reaction. It will be demonstrated, that also for the hydrocarbons, the
local configuration of Pd atoms has a strong influence on molecular configurations and binding energies,
which prospectively results in different catalytic properties for the two PdGa surfaces. This is corroborated
by DFT computed binding energies and reaction barriers for the hydrogenation steps on the Pd; and Pd,
surfaces.

We start with the determination of the adsorption position for the involved molecules, namely acetylene,
hydrogen and ethylene, by LT-STM, together with DFT calculations to elucidate reaction barriers and ener-
gies for the semi-hydrogenation reaction. This work is summarized in the manuscript presented in Chapter
5.1, which is in accepted for publication in The Journal of the American Chemical Society. In Chapter 5.2, we
focus on tip-induced motions of acetylene molecules on the adsorption sites of the Pds surface. In the last
part of the chapter, the electronic structure of the adsorbates is studied by means of XPS, revealing peculiar
differences in the C1s core levels for the hydrocarbons adsorbed on the two surfaces.

5.1 Publication (in print): “Adsorption of Small Hydrocarbons on Pd Reaction
Centers: The Road to Selective Hydrogenation on PdGa (111)”

J. Am. Chem. Soc. (2014), DOI: 10.1021/ja505936b

(Article reprinted with permission. Copyright © 2014, American Chemical Society)
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ABSTRACT: Intermetallic compounds are promising class of
materials as stable and selective heterogeneous catalysts. Here,
the (111) and (-1-1-1) single crystal surfaces of the PdGa interme-
tallic compound were studied as model catalysts with regard to
the selective hydrogenation of acetylene (C,H,) to ethylene
(C,Hy). The distinct atomic surface structures exhibit isolated
active centers of single atomic, and three atomic Pd ensembles,
respectively. For the two prototypal model catalyst surfaces, the
adsorption sites and configurations for hydrogen (H,), acetylene
and ethylene were investigated by combining scanning tunneling
microscopy (STM), temperature programmed desorption (TPD)
and ab-initio modelling. The topmost Pd surface atoms provide
the preferred adsorption sites for all studied molecules. The struc-
tural difference of the Pd ensembles has a significant influence on
the adsorption energy and configuration of C,H,, while the influ-
ence of the ensemble structure is weak for C,H, and H, adsorp-
tion. To approach the question of catalytic performance, we simu-
lated the reaction pathways for the heterogeneous catalytic hydro-
genation of acetylene on the two surfaces by means of DFT. Due
to the geometrical separation of the Pd sites on the surfaces, the
steric approach of the reactants (H and C,H,) was found to be of
importance to the energetics of the reaction. The presented study
gives a direct comparison of binding properties of catalytic Pd on-
top sites vs. threefold Pd hollow sites, and is therefore of major

relevance  to  the  knowledge  based  design  of
highly selective hydrogenation catalysts.
C'ZHZ 0 H,

&K ©
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1. Introduction

Selective hydrogenations are a class of reactions essential in
many pharmaceutical and petrochemical processes. It is of partic-
ular importance in the industrial production of polyethylene,
where the removal of acetylene from the ethylene feedstock is
pivotal to prevent poisoning of the polymerization catalyst.' The
most efficient way to accomplish this purification is to convert the
contaminant into the valuable reactant through catalytic semi-
hydrogenation.” The "optimal" heterogeneous catalyst in this case
maintains the same properties during the reaction (stability), en-
hances the transformation to ethylene (activity) and hinders fur-
ther reaction to unwanted products like ethane or heavier hydro-
carbon species (selectivity). The replacement of the primarily
applied oxide supported pure Pd catalyst by bimetallic Pd-Ag
alloys has yielded a significant increase in selectivity for this reac-
tion.> The increased selectivity is assigned to the formation of
small, catalytically active Pd ensembles, embedded in the matrix
of less active Ag. The separated ensembles of only a few atoms
offer a reduced number of adsorption conformations for reactants
and consequently increase selectivity by reducing the number of
possible reaction pathways, which is known as the ensemble ef-
fect.* Indeed, it was found that bimetallic catalysts often exhibit
different reaction selectivity than their catalytically active mono-
metallic constituents.’

In this respect, intermetallic compounds (IMC) have obtained
increasing attention in the field of catalysis research, as the dis-
tinct crystal structure leads to well-defined surfaces that might
exhibit small separated ensembles of active metal atoms with high
areal density. They therefore offer the possibility to combine high
catalytic selectivity with high activity.® In recent experiments,
PdGa IMCs were shown to be highly selective catalysts in the
semi-hydrogenation of acetylene.*” While Pd is assumed to play
the major role in the catalytic reaction, Ga is considered as the
atomic spacer in between the active Pd sites. The crystal structure
of PdGa exhibits a shell of 7 Ga atoms as nearest neighbors to
each Pd atom and consequently the Pd atoms are spatially sepa-
rated from each other.”'° However, the question remains if, and to
which extent, the bulk Pd separation leads to separated Pd reac-
tion centers at the catalysts surfaces. As the catalytic experi-
ments,”’ evidencing high activity and selectivity, were performed
on polycrystalline samples, the favorable catalytic properties can-
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not be unambiguously related to specific atomic surface struc-
tures, i.e., to the ensemble effect.

To gain more insight, we recently studied the atomic structures
and the adsorption of CO on the threefold surfaces of the PdGa
IMC.""'2 Here, we investigate the two polar (111) and (-1-1-1)
terminations, exhibiting trimers of Pd atoms (Pd;) and single at-
oms (Pd;) on the outermost layers, respectively, with regard to the
ensemble effect in the semi-hydrogenation of acetylene. We focus
on the determination of the adsorption sites and configurations for
hydrogen, acetylene and ethylene by means of scanning tunneling
microscopy (STM) and density functional theory (DFT). We then
propose a theoretical model for the catalytic reaction pathway
towards ethylene and compare the mechanism for successive hy-
drogenations of acetylene on the two surfaces, focusing on barrier
heights and binding energies for the reaction intermediates.

2. Methods

Details on crystal growth and UHV surface preparation and can
be found in Refs '®1113, C,H; (purity 99.6 %) from a solvent free
container was cleaned by freeze-thaw cycling (77 K) before dos-
ing. C,Hy and H, of purity 99.996 % (CANGas) were used with-
out pre-cleaning. All gases were dosed by chamber backfilling
through a leak valve. Effective exposure was achieved by remov-
ing the sample from the cold STM stage for a short time (20 s),
which might lead to a slightly increased temperature during ad-
sorption.

STM measurements were conducted using an Omicron low-
temperature STM at a base pressure below 5x10'" mbar and an
etched Pt/Ir tip.

Computational parameters and methods were described in ear-
lier publications.'*'*!> The well-established PBE parametrization
was used for the DFT exchange correlation functional.'® Reaction
barriers were computed using the Nudged Elastic Band (NEB)
method (see SI for further details).'¢

3. Determination of Adsorption Sites

As a first step to answer the question of how the atomic surface
structure of PdGa is influencing the catalytic semi-hydrogenation
of acetylene, we identify the favored adsorption sites of the reac-
tants and of the product. To this end, we performed low tempera-
ture STM measurements on the threefold PdGa surfaces after
exposure to hydrogen, acetylene and ethylene, respectively. The
molecules were dosed on the cold surfaces (5 K for C,H, and H,
to reduce molecular motion, and enable adsorption, respectively;
77 K for C,H,) by backfilling of the chamber. Submonolayer
coverages were achieved after an exposure of the surfaces to
about 0.05 L for all molecules. Figure 1 shows STM images of the
PdGa:A(-1-1-1)Pd; (abbreviated as Pd;) and PdGa:A(111)Pd,
(Pd,) surfaces after exposure to molecular hydrogen at 5 K.

The atomic structures of the clean substrates have been deter-
mined and discussed in an earlier publication'’ and are superim-
posed as ball models in the insets. While the top layer of the Pd;
termination exhibits one trimer of Pd atoms per unit cell, the Pd,;
termination exhibits only one isolated Pd atom per unit cell. In
both cases these Pd ensembles are well separated from their near-
est Pd neighbors and arranged in a hexagonal pattern with a lattice
constant of 0.69 nm (see also ball models in Figure 2). In STM,
the Pd atoms appear as bright protrusions on the two surfaces.'' In
the STM images of Figure 1, single H, molecules can easily be
distinguished and their adsorption position within the unit cell is
identified from the superposition with the atomic structure. For
both surfaces, the application of tunneling voltages larger than
about 100 mV leads to immediate desorption of all adsorbates in
the vicinity of the tip. This, and the fact that deposition at 77 K is
not possible, indicates a rather weak physisorption of the adsorb-
ate on the surface.

H,/PdGa:A(TIT)Pd, |

H,/PdGa:A(111)Pd, B % 3
SO E |
v
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Figure 1: STM images (10x10 nm) of H, adsorbed at T =5 K on
PdGa:A(-1-1-1)Pd; (left) and on PdGa:A(111)Pd; (right). The
hexagonal periodicity of the topmost atomic layers of the two
threefold surfaces is visible. Insets show a magnified section
(1.5x1.5 nm) of a single molecule. The superimposed atomic ball
models show the lowest energy adsorption configurations as de-
termined by DFT (Pd: cyan, Ga: red, H: yellow). For clarity, the
atoms of the terminating layers and H are drawn with enlarged
radii. In the right panel, the surface vacancy defects typical for the
Pd, termination'' appear as dark, threefold features. (Tunneling
parameters: left: -5 mV, 1 nA; right: 5 mV, 20 pA).
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On Pds, the H, molecules appear off center with respect to the
protrusions marking the Pd trimer centers. Furthermore, three
symmetrically equivalent such off-centered sites are found. Upon
applying higher tunnel voltages transitions from one position to
another is observed, as well as hopping to neighboring surface
unit cells. A series of images of the tip induced hopping of the
molecules is shown in the supporting information. Also two hy-
drogen molecules are occasionally observed on the same Pd tri-
mer. From the off centered appearance and the overlay with the
DFT optimized structure we identify the H,/Pd; adsorption posi-
tion as on-top site of one Pd atom of the trimer.

In the right-hand panel of Figure 1, the molecules appear as
bright protrusion centered on the isolated Pd atoms of the Pd,
termination. Other adsorption sites were not observed. Also on
this surface, molecular hopping can be triggered by scanning with
higher voltages, or by applying voltage pulses (= 90 mV) to the
tunnel junction close to the molecules.

To achieve a more detailed understanding of the adsorption
properties, we used DFT to compute the energetically most stable
adsorption sites for the relevant molecules. The resulting configu-
rations are summarized for Pd; and Pd; in the left- and right-hand
panels of Figure 2, respectively.

The DFT results for the molecular hydrogen adsorption are in
agreement with the observations from the STM experiments. For
H, on Pd; and Pd,, the energetically most favored sites are on-top
of the Pd atoms of the topmost layer in both cases, with an aver-
age Pd-H distance of 1.90 A and the H-H molecular axis almost
parallel to the surface plane.'' The binding energies are small,
with -0.25 eV (Pd;) and -0.29 eV (Pd,). For Pds;, the molecule
binds slightly off-centered on one of the Pd atoms of the trimer,
with the molecular axis pointing away from the trimer center. For
the case of atomic hydrogen, the energetically favored adsorption
positions are the threefold hollow site of the Pd trimer for Pds, and
the threefold hollow site of the subsurface Pd trimer for Pd;. The
positions of the features seen by STM clearly coincide with the
theoretically favored position of the H,, and not with that of the H
adsorption site. Therefore, we find that H, dissociation does not
occur at 5 K, which is further supported by the tip induced desorp-
tion at low tunnel voltages of > 90 mV. Furthermore, it is note-
worthy that H, behaves differently than CO regarding adsorption
on the Pd trimer on Pds. For H, only Pd on-top site adsorption is
present for Pd; and Pd,, while for CO the Pd; trimers allow for
hollow site adsorption at low coverages.’” This might well be due
to the upstanding adsorption configuration of the dipolar CO mol-
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ecule, while the two H atoms in H, are identically charged and
thus the molecule prefers a flat lying orientation.

Figure 2: Summary of the DFT optimized, minimum energy ad-
sorption configurations for various molecules on the Pd; (A) and
the Pd, (B) surfaces, respectively. (Pd: cyan, Pd(sub-surface):
dark cyan, Ga: red, C: black). Most adsorption sites are located on
the topmost Pd atoms.

Figure 3 shows STM images of adsorbed C,H, molecules on
the two threefold PdGa surfaces. As in the H, case, acetylene is
found to bind preferably to the Pd centers of the topmost layer.
Single molecules are easily distinguishable, however, their STM
topographies are very different on the two surfaces. While on Pd;,
a single molecule appears as two protruding lobes, a single, al-
most circular feature is seen on Pd;.

C,H,/PdGa:A(111)Pd,

C,H,/PdGa:A(I1I)Pd,
e

'\
Figure 3: STM images (10x10 nm) of acetylene (C,H,) adsorbed
at T =5 K on Pd; (left) and Pd, (right). While in the former case,
the molecules have a two-lobed appearance, a round shape is
found in the latter. For C,H,/Pd; (right panel), two different ad-
sorption sites are occupied. (Tunneling parameters: left: 5 mV, 50
pA; right: 5mV, 10 pA).

For C,H,/Pd; we find three symmetrically equivalent orienta-
tions of the molecule that are characterized by 120° rotations of
the two-lobe feature around the center of the Pd trimer. Transi-
tions between these orientations can be induced by increasing the
tunneling voltage, ultimately leading to a threefold symmetric
shape for V1>0.2 V, since the frequency of the rotation can no
longer be resolved by STM, as shown in Figure 4. Analysis of the
transition frequency as a function of gap voltage, yields a barrier
of 32 meV for the rotation, but also for lower gap voltages infre-
quent rotation is observed. Occasionally, a correlated alignment of
the rotational state between neighboring adsorbates is detected
(see Figure 3), leaving the molecules slightly more stable against
tip induced rotation. This can be seen in an STM video added as
supporting information to this article. Accordingly, full site isola-
tion is not established for C,H, adsorbed the Pd; trimers, as mo-
lecular orientations are not completely independent. The weak
collective arrangement can be disturbed by increasing the tunnel-
ing voltage, but is partially reestablished after recording of a few
images with reduced voltages. In the supporting information, a
series of images illustrates the distortion and re-arrangement of
adsorbed C,H, on Pd;. Similar electron induced rotation has been
reported for C,H, on Pd(111)."” However, in contrast to the close-

packed single element metal surface, the site separation on the
intermetallic PdGa surface does not allow for tip induced diffu-
sion of C,H, molecules to a neighboring Pd; site, since hopping
was never observed for the applied tunneling conditions (V1 < 2
V, I <10 nA).

ad

20mV / 5pA/ 50s

Figure 4: The STM appearance of C,H, adsorbed on PdGa:A(-1-
1-1)Pd; strongly depends on the applied tunneling conditions.
Values given in each panel are tunnel voltage/tunnel cur-
rent/approx. time to scan the molecule. In the top left panel, the
electron induced molecular rotation between the three states is too
fast to be resolved by the STM, leading to a threefold appearance.
To resolve the molecular orientation, a low tunneling voltage and
current (middle and bottom panel), and a fast scan speed (bottom
and right panel) have to be chosen. In the right panel, the three
symmetrically equivalent molecular orientations are identified.

The superposition of the DFT computed adsorption geometry
and the STM topography in the inset of the left panel in Figure 3
reveals excellent agreement between theory and experiment. The
comparison shows that the two bright lobes are located at the
positions of the hydrogen atoms of the acetylene molecule, which
is adsorbed on the Pd trimer in a slightly asymmetric n/di-c bond-
ing configuration'®, as found by DFT. Each of the two carbon
atoms forms a o-bond to one atom of the Pd trimer, and the
orbital of the molecule forms a bond to the third Pd atom of the
trimer, leading to a tilt of the C-H bonds and a shift of the C-C
axis towards the center of the trimer. The two H-C-C bond angles
are 130.5° and 128.5°, indicating that the hybridization of the C
atoms has changed from sp to sp”. The C-C triple bond, typical of
the gas phase, is reduced to a double bond (signaled by an in-
crease of the bond length from 121 to 134 pm), resulting in an
overall adsorption energy of -1.17 eV. While the bonding geome-
try is comparable to literature data of C,H, on Pd(111), the bind-
ing energy is significantly larger on the single element
surface (-1.78 eV).">?

For C,H,/Pd,, the STM image in the right panel of Figure 3 re-
veals the existence of two different adsorption sites. The most
abundant site is on the topmost Pd; atom. Less frequently ob-
served is the adsorption in the center of three occupied on-top Pd
sites, on top of Ga atoms. Please note, that the surface atomic
structures shown in all figure insets are well-defined, and their
angular orientations are carefully matched with the structure de-
termination by low energy electron diffraction (LEED-I(V))."!
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Hence, we find the alternative site for C,H,/Pd; located on the Ga
trimer of the second atomic layer, as can be seen from the super-
position of the atomic surface structure (see right inset in Figure
3). The comparison to the DFT relaxed atomic structure of the
single molecule, i.e., without the neighboring Pd on-top sites oc-
cupied, does not yield full agreement with the STM image as DFT
suggests an off-center adsorption. However, we cannot exclude
that the round shapes of the molecules on C,H,/Pd;, as seen by
STM, are due to fast rotation, or hopping, between iso-energetic
configurations.

In order to achieve stable imaging for C,H,/Pd,, such as in Fig-
ure 3, it is necessary to reduce the tunnel current to about 10 pA.
After continuously imaging an area with increased tunnel current
(= 50 pA), some of the interstitial adsorbates disappear and re-
appear at an unoccupied on-top Pd site in the vicinity, confirming
that the two observed features are of the same molecular species
(for details see supporting information). We found that the ad-
sorption energies computed by DFT for C,H, in the two different
adsorption sites of Pd, are similar, in agreement with the fact that
both types are observed in experiment. The experimental observa-
tion that adsorbates can be transferred more easily from the inter-
stitial to the Pd-top site than the other way around suggests that
the latter is slightly more stable. In the on-top Pd site, C;H,; is -
bonded and has an adsorption energy of -0.61 eV with angles of
162° for both C-C-H bonds. The interstitial adsorption configura-
tion is m/di-o bonded to two Ga atoms of the 2" and one Pd atom
of the 3" layer (Figure 2B), yielding an almost equivalent adsorp-
tion energy of 0.60 eV with C-C-H bond angles of 122° and 123°
for the two H.

The different bonding characters of acetylene in the different
or ¢ bonding configurations on the two surfaces are reflected in
the DFT computed C-C bonding distances of 124 pm for m-
bonded C,H, on the outermost Pd atoms of Pd,; 135 pm for the c-
bond to the 2" layer Ga atoms on Pd;; and 134 pm for the c-bond
to the Pd; trimers (for comparison: 121 pm in the gas phase). Oth-
er possible adsorption sites were found to have considerably lower
adsorption energies. The significant binding energy difference of
acetylene bound to Pd; (-1.17 eV) and Pd; (-0.61 eV) is notewor-
thy, particularly in view that this difference occurs for two op-
posed surfaces of the same crystal. The origin of this effect lies in
the size and configuration of the topmost atomic Pd ensembles on
the two surfaces, as their electronic structures are almost identi-
cal.'' Hence, as presented earlier for CO'?, we observe a strong
ensemble effect for C,H, adsorbed on the threefold intermetallic
PdGa surfaces.

Finally, we turn our attention to the product of the acetylene
semi-hydrogenation, i.e. ethylene C,H,. STM images after adsorp-
tion at 77 K are shown in Figure 5. On Pd; the molecules are off-
centered with respect to the Pd trimer and almost on-top of a sin-
gle Pd atom of the Pd trimer. This is in agreement with the ener-
getically favored configuration found by DFT, as shown in the left
inset in Figure 5. The binding energy amounts to -0.69 eV, with a
C-C bond distance of 138 pm and with the C-C axis slightly tilted
by 6° with respect to the surface plane (see Figure 2A). In STM
we see evidence for some of the trimers being occupied by two
molecules, with each appearing as a protrusion almost on-top the
single Pd atoms of the trimer (see supporting information). Calcu-
lations show, that if two C,H, are placed on the same trimer, they
repel each other, yielding a reduced total binding energy of -0.50
eV per molecule. The occurrence of three C,Hy per trimer was
never observed in STM, which indicates a limitation of the total
coverage due to steric hindrance.

C,H,/PdGa:A(TIT)Pd,

C,H,/PdGa:A(111)Pd,;

Figure 5: STM images (10x10 nm) of ethylene (C,H,) adsorbed at
T =77 K on Pd; (left) and Pd; (right). The molecules appear as
round protrusions on both surfaces. On Pd,, the features are found
on-top of the isolated Pd atoms, while on Pds, they show a lateral
offset with respect to the Pd trimer centers. The inset for Pd; re-
veals that the features coincide with the positions of one of the Pd
atoms in the trimer. Dark areas in the bottom of the left panel are
due to contaminants. (Tunneling parameters: left: -100 mV, 100
PA; right: -175 mV, 200 pA).

For the adsorption of C,H4 on Pd;, STM reveals round protru-
sions, centered on the single Pd atoms of the topmost layer. This
configuration is very similar to the one of acetylene on this sur-
face described above. However, also for higher coverages of eth-
ylene (not shown), interstitial adsorbates are not seen in our ex-
periments. DFT yields a binding energy of -0.73 eV for the case
of C,H, in a n-bonded conformation on-top of the Pd atoms, with
the C-C axis parallel to the surface plane and a slight distortion of
the C-C-H bonds to 168°. Notably, in both studied cases of C,H,
on Pd; and Pd,, the bonding configurations are different from that
on the clean Pd(111) surface, where C,H, is reported to adsorb
preferably in a di-c bridge position between two neighboring Pd
atoms, yielding a binding energy of -0.64 eV !

Table 1: Adsorption energies in eV determined by DFT for
some of the adsorbed species presented in Figure 2.

Pd, Pd,
H, -0.25 -0.29
H+H -1.01 -0.51
C,H, -1.17 -0.61 (-0.60)
C,H, -0.69 -0.73

In Table 1, adsorption energies for hydrocarbons and hydrogen
are summarized. The overview of the energetically most favorable
bonding sites shown in Figure 2 reveals that on Pd;, molecules
and reaction intermediates (discussed later in the text) bind pref-
erentially to the Pd trimers. On Pd,, also bonding to Ga atoms is
observed for some cases (alternative site for C,H,, and C,Hj3),
which was not indicated by the adsorption of CO used as a test
molecule in an earlier study.'? Remarkably, a recent DFT study
revealed that also on PdGa(210) C,H, and C,Hj; bind preferential-
ly with at least one o bond to a Ga atom of the surface.”? As the
electronic structures of the Pd;, Pd; and PdGa(210) surfaces are
approximately equivalent,'" this effect is ascribed to the geomet-
rical arrangements of the surface atoms, which are rather open
structures for Pd, and PdGa(210) but rather dense in the Pd; case.
Accordingly, the Pd; termination seems to provide a special case,
in which the Pd trimers of the topmost layer are packed dense
enough to prevent the bond of the hydrocarbons to the 2nd layer
of Ga atoms.

To test the accuracy of the computed binding energies given

above, we performed temperature programmed desorption (TPD)
for acetylene, which yielded the largest differences in binding
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energy between the two surfaces. The desorption curves are pre-
sented in Figure 6.

QMS signal (mass 26)

120 160 200 240 280 320 360 400

Temperature [K]

Figure 6: C,H, desorption (mass 26) during a TPD ramp (6 K/s)
for Pd; and Pd,, after exposure to 0.1 Langmuir at 77 K. The fit-
ted peaks (thin lines above the experimental data) correspond to
binding energies of -0.52 and -0.80 eV for Pd, and Pd;, respec-
tively, and were obtained from the Redhead equation.*®

The peak positions in the TPD data confirm the DFT result that
Pd; binds C,H, significantly stronger than Pd;. Assuming first
order desorption, we derive a binding energy ratio of 1.5 from the
two desorption temperatures. From simulation of the desorption
process based on the theory by Redhead® (1st order, desorption
attempt frequency: 1x10'° Hz, ramp: 6 K/s), we find desorption
energies of 0.52 and 0.80 eV for C,H; on Pd; and Pd;. While in
the first case, agreement with DFT is acceptable (DFT: 0.61 eV),
the desorption energy in the latter case is with 0.8 eV smaller in
experiment than in theory (DFT: 1.17 eV). This might be due to
different desorption attempt frequencies for acetylene bound in a
n/di-o, or a w configuration, leading to a peak-shift in the experi-
ment. However, we cannot exclude that the discrepancy is caused
by an overestimation of the ¢ bond to the Pd; trimers by the DFT
method. Nevertheless, the ratio of the desorption temperatures on
the two surfaces of 1.54 is in reasonably good agreement with the
ratio of the DFT computed adsorption energies of 1.92. The in-
crease of the background signal with temperature in Figure 6 is
assigned to desorption from the sample holder.

4. DFT Study on the
Acetylene

Semi-hydrogenation  of

To address the performance of the two model catalysts we ex-
tend the theoretical analysis towards the reaction pathway of the
semi-hydrogenation of acetylene. The very good agreement of
theory and experiment in the determination of the adsorption sites
and configurations, warrants the extension of the DFT analysis to
reaction barriers and binding energies of the molecules and reac-
tion intermediates involved in the selective hydrogenation,
C,H,+H, = C,Hy. To reveal trends in activity and selectivity for
the different structures of Pd; and Pd;, we compare the reaction
barrier heights as summarized in Figure 7. The energy step dia-
gram is to be read from left to right, with the total energies rela-
tive to the initial condition of C,H, and H, in the gaseous state.
For the exact geometric reaction pathway the reader is referred to
the supporting information.

Energy [eV]

CyHy + H+ HY a
Pd; CHTHE ey ey

(CaHs)” |

(CH)’

Reaction coordinate

Figure 7: DFT computed energies of the intermediate states (hori-
zontal lines) and barrier heights (inverted parabolas) for the semi-
hydrogenation of acetylene on the two surface terminations Pd;
and Pd,. Metastable hydrogen diffusion steps (see main text for
details) are indicated by “H*”. The superscript “g” and “a” signals
the gaseous and adsorbed state of a molecule, respectively. Figure
2 shows the respective bonding geometries and numerical values
of energy differences are given in the text.

For the cases of surfaces with separated active sites as investi-
gated here, the reactants bind at much larger distances from each
other than on single element metal surfaces. Thus, the approach of
the reactants to a nearby metastable position (marked H* in Fig-
ure 7) has to be considered explicitly, and the respective energetic
cost has to be taken into account. In our analysis, we split the
hydrogenation reactions into two parts: The first step involves the
hydrogen transport from the most favorable adsorption site to a
metastable adsorption position close to the hydrocarbon (H*). The
second step represents the actual hydrogenation reaction barrier,
which was calculated (inverted parabolas in Figure 7) using NEB
starting from the hydrogen in the metastable position (see support-
ing information for details).

The first step considered in the DFT approach is the adsorption
and dissociation of H,, yielding comparable energies and barriers,
which might be rate limiting for the overall reaction on the two
surfaces. For atomic hydrogen the most preferred site is a hollow
site on a Pd trimer“, as shown in Figure 2. On Pd,, this site be-
longs to the 3rd atomic layer which is strongly coordinated by the
substrate atoms, resulting in a lower hydrogen adsorption energy
as compared to Pd;. Given the very small distance between the
layers of 143 pm, the H atom is still available for hydrogenation
reactions. For the first hydrogenation step, namely the transfor-
mation of acetylene into C,Hj (vinyl), we consider the two acety-
lene configurations shown in Figure 2.

On the Pd; surface, the hydrogen approach (to H*) is endo-
thermic by 0.7 eV. The subsequent hydrogenation process re-
quires overcoming a barrier of 0.3 eV, which results in a total
reaction barrier of 1.0 eV.

On the Pd; surface, where two degenerate C,H, adsorption po-
sitions exist (compare Figure 2B), the barrier for hydrogenation of
acetylene bound in the n/di-c conformation, i.e., partially bound
to subsurface Ga, is lower (barrier height: 0.8 eV) than for hydro-
genation from the m bonded, i.e., on-top Pd position (barrier
height 1.1 eV). For simplicity, only the first case is drawn in the
energy step diagram in Figure 7. The main reason for the lower
barrier from the n/di-o conformation is that hydrogen is supplied
directly from its energetically most favored position, such that no
endothermic hydrogen diffusion to a metastable position is re-
quired.

For C,H; on Pd;, the most favored adsorption conformation ex-
hibits a tilted C-C bond with respect to the surface plane, with the
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lower C atom close to the center of the Pd hollow site. Similar
geometries were found by theory and experiment for Pd(111)."%%*
The conformation is very different on Pd,, where the C-H group
relaxes to a bridge site position between the topmost Pd and a
subsurface Ga atom, while the C-H, group is tilted towards the
topmost Pd atom. This situation is similar to that reported for
C,H; on PdGa(210).

The next step of the reaction is hydrogenation of vinyl towards
ethylene. This reaction requires overcoming barriers of 0.8 eV and
1.1 eV for Pd; and Pd,, respectively, including the hydrogen dif-
fusion to the metastable position (H*, endothermic by 0.5 eV for
both surfaces).

As presented within the discussion on the LT-STM results, eth-
ylene adsorbs in m-bonded conformations on-top of Pd atoms of
the terminating layer for both surfaces and the binding energies
amount to -0.73 eV on Pd; and -0.69 eV on Pd; (see red line in
Figure 7). Once formed, the question arises whether ethylene
would leave the surface (beneficially affecting selectivity) or re-
main and undergo further hydrogenation (compromising selectivi-
ty). The crucial parameter for this step is the barrier height for
further hydrogenation.

For the transformation to ethyl (C,Hs) on Pd; we find an endo-
thermic process (by 0.38 eV). The endothermic hydrogen diffu-
sion to the metastable site (H*, 0.4 eV) and the subsequent hydro-
genation reaction barrier (0.5 eV) result in a total barrier of 0.9
eV. This value is only marginally higher than the desorption ener-
gy of ethylene (0.73 eV) on this surface; hence we cannot exclude
the further transformation to ethyl. On Pd;, on the contrary, the
barrier for further hydrogenation of ethylene is instead 1.3 eV
(including 0.8 eV for the hydrogen approach). This is almost dou-
ble compared to the ethylene binding energy (-0.69 eV), making
desorption much more likely.

To compare the two threefold PdGa surfaces with respect to
their efficiency as catalysts, the energy step diagram shown in
Figure 7 should be interpreted with regard to the following crite-
ria: a) acetylene and hydrogen (the reactants) have a sufficiently
high binding energy to allow hydrogenation on the surface; b)
hydrogen dissociation is thermodynamically favorable on the
surface; c) the hydrogenation process of acetylene has a high yield
resulting from low reaction barriers; and d) there exist mecha-
nisms hindering a further hydrogenation of ethylene and avoiding
the formation of heavier hydrocarbons.

In almost all of the criteria named above, the Pd; is superior to
the Pd; termination; adsorption energy of acetylene is larger (a),
hydrogen dissociation is more exothermic (b), and the barrier
towards (over-) hydrogenation to C,Hs is higher (d). Furthermore,
if a situation of excess hydrogen is considered, all favored hydro-
gen adsorption sites, and the metastable sites can be considered to
be dynamically occupied on both surfaces. As a consequence, the
hydrogenation will mostly start from the metastable positions,
closer to the hydrocarbon. This leads to a considerable decrease of
the barrier heights (and thus increase in activity) for the hydro-
genation steps (c¢) which is much more pronounced on Pd; as
compared to Pd; (cf. Figure 7). Additionally, on Pd;, the binding
energy for ethylene (-0.73 eV) is found larger than for acetylene
(-0.61 eV). As a consequence, the catalytic surface would become
inactive due to ethylene poisoning, in particular when used in
ethylene rich streams as purification catalyst.

Our DFT results are in general agreement with the very recent-
ly published investigation of the semi-hydrogenation on PdGa
surfaces by Krajci and Hafner.”® Furthermore, our DFT results
compare to those found for the same reaction on the (210) surface
of the PdGa compound.”? However, two differences should be
pointed out; first, the binding energy of atomic hydrogen is much
stronger for the threefold surfaces (Pd;: E,y = -0.51 eV,
Pd;: -0.25 eV, PdGa(210): E, y = -0.06 eV), which is assigned to

the Pd hollow sites that are present on Pd; and Pd;. And secondly,
the barriers towards further hydrogenation to C,Hs are lower on
the (210) surface as compared to Pd; (Pd;: 0.8 eV, Pd;: 0.5 eV,
PdGa(210): 0.5 eV). In comparison to DFT simulations of the
reaction on the close-packed Pd(111) surface by Sheth et al.”®, the
intermetallic Pd; surface yield lower reaction barriers for the con-
sidered hydrogenations towards ethylene and should thus yield
higher activity (Pd(111): 0.68 ¢V, 0.88 eV, and 0.72 eV for the
step towards C,H;, C,H, and C,Hs, respectively). However, quan-
titative comparison to the different ab-initio results have to be
done with care, as the different computational parameters and the
choice of exchange functionals may alter the results.

5. Conclusions

We compared the PdGa:A(111) and (-1-1-1) model catalyst
surfaces exhibiting separated single Pd atoms (Pd,) and Pd trimers
(Pds) respectively, with regard to the adsorption of small hydro-
carbons. In the combined STM and DFT study, we found that the
single (Pd,) and three-atomic (Pd;) Pd ensembles which provide
the lowest energy adsorption sites for CO'?, also play the major
role in the bonding of H,, C,H,, and C,H4. However, for the sin-
gle atomic Pd sites of Pd;, the Ga atoms of the 2nd layer are in-
volved in C,H; bonding and in the 2nd favorite adsorption site for
C,H,. DFT and TPD reveal a weaker n-bond of acetylene to the
single atomic Pd sites, as compared to the n/di-c bonding to the
Pd trimers on Pd;. Also the binding energy of atomic hydrogen is
significantly higher on Pd; than on Pd,, while it is similar for
molecular hydrogen and ethylene.

Based on the agreement of experiment and quantum chemical
calculations of the adsorption, we expanded the DFT study to
compute the reaction step energies and barriers heights for the
semi-hydrogenation reaction pathway of acetylene towards the
desired product ethylene. We found that the hydrogen approach
towards the hydrocarbon plays a crucial role to the energetics of
the reaction, leading to reduced reaction barriers for one of the
threefold PdGa surfaces (namely Pd;) in the case of hydrogen
excess. This is attributed to the terminating Pd layer, consisting of
atomic trimers, which allow for binding of both reactants simulta-
neously in a metastable configuration. If the hydrogen is supplied
from the energetically most favored H adsorption site, the barrier
heights for the reaction steps were found similar on the two sur-
faces, except for the step towards ethyl (C,Hs), where the barrier
on Pd; is larger compared to that for Pd;, enhancing selectivity.

The comparison of three- and single Pd atom catalytic ensem-
bles presented here reveals that the surface structure on the small-
est possible length scale has a strong influence on the binding
properties and on the catalytic reaction pathways. This opens the
possibility to design improved catalysts by the choice of idealized
surface atomic structures. As in the case of the PdGa surfaces, an
experimental confirmation of the computed selectivity and activi-
ty differences would corroborate this approach.

Associated Content

Supporting Information

STM images on tip induced diffusion and reorientation of ad-
sorbed molecules, as well as details on the DFT method and the
computed reaction pathways are given. This material is available
free of charge via the Internet at http://pubs.acs.org.

Web enhanced Objects

An STM video of 30 s (taken over a period of 4 hours), resolving
the molecular rotation of single C,H, molecules on the Pd; trimers
is available in the HTML version of the paper.
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5.1. Publication (in print): “Adsorption of Small Hydrocarbons on Pd Reaction Centers: The Road to Selective Hydrogenation on PdGa (111)"”

5.1.1 Supplementary information for the publication "Adsorption of Small Hydrocarbons on
the threefold PdGa surfaces: The Road to Selective Hydrogenation"

In the following supporting information we will define the PdGa:A(-1-1-1)Pd; surface, terminated by three
Pd atoms as Pd;and the PdGa:A(111)Pd, surface, terminated by one Pd atom as Pd.

1. STM of small molecular adsorbates on the PdGa(111) surfaces

Tip induced hopping of H,:

Figure 5.1 Hopping of H, molecules on the Pd; surfaces at 5K. Images were taken in upwards scan with a period of 1
minute. As a guide to the eye, those molecules that maintain their position in two subsequent images are color coded.
(10 x 10 nm, tunnel parameters: - 5 mV, 1nA)

Collective alignment of neighboring C,H, on Pd3:

Figure 5.2 STM images of the collective alignment of C,H, molecules at 5K. Top: Three subsequent STM images (20 x
20 nm) of C,H, molecules on PdGa:A:(-1-1-1)Pd; at 5 K. Bottom: alignments of three or more adsorbates are marked
with colored lines, color coded for the three symmetry-equivalent directions. Center: Increasing the tunnel voltage
from 5 mV to 500 mV leads to a re-arrangement of the collective orientations.
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

Tip induced change of adsorption site of C,H, on Pd;:

5mV, 30pA 5mV, 40pA, (ca 1.5 hours) 5mV, 40pA

Figure 5.3 Tip induced relaxation of C,H, adsorbed in the interstitial adsorption site on Pd;. A slight increase in tunnel-
ing current (30 pA—>40 pA) first leads to unstable imaging conditions and tip changes (center). After scanning the
same area for about 1.5 hours, conditions have stabilized and almost all interstitial adsorbates have disappeared.

Instead the number of on-top adsorbed C,H, has increased. Protrusions that were present initially are marked in red.

Steric repulsion of neighboring C,;H, molecules on Pds:

For neighboring C2H4 molecules on Pd3, a slight shift is observed with respect to the position found for a
single molecule on the Pd trimer. The STM images in overlay with the DFT structures are shown below.

Figure 5.4 Steric repulsion of neighboring C,H, molecules adsorbed on the same Pd trimer on PdGa:A(-1-1-1)Pd;. DFT
optimized geometries are superimposed. The adsorption energy per molecule accounts to 0.69 eV and 0.50 eV for the
left and right case, respectively.

2. Details on bonding conformations and reaction pathways calculated by DFT
Details on the computational methods:

All calculations were performed in the mixed Gaussian plane wave approach as implemented in the CP2K
code (http://www.cp2k.org). The substrate was modeled in the repeated slab geometry. Test performed on
slabs thicker than 23/24 atomic layers confirm that the thickness of our slab is appropriate. Norm conserv-
ing pseudopotentials of the Goedecker type were employed.?® Semicore 4s and 4p states of Pd, as well as
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3d semicore states of Ga, were treated in the valence. A cutoff of 600 Ry was used for the representation of
the charge density in plane waves. We used the PBE parameterization for the exchange correlation func-
tional.”

The Nudged Elastic Band method:

NEB calculations were performed in the “Climbing Image” scheme.'®® Every reaction path was split in order
to contain a single transition state per NEB simulation. According to the complexity of the NEB simulation
we employed 10 to 31 images in the path. To increase precision for the determination of the total energies
separate DFT relaxations were performed for the metastable positions of hydrogen.

Particular care was dedicated to the creation of the initial guess for each NEB simulation: starting from a
given equilibrium geometry a series of consecutive constrained optimizations, where the distance between
a H atom and a C atom in an adsorbed molecule was varying, allowed to select snapshots of a minimally
biased reaction sequence. NEB procedure was then iterated until convergence of the barrier to 0.1 eV was
reached.

3. Details on DFT computed hydrocarbon adsorption geometries
C,H; adsorption on Pds:

In this case, the adsorbate is bound in a m/di-c bond-configuration to the Pd trimer, with an energy of 1.17
eV. The C-C-H bonds are slightly asymmetrically tilted with 49.5° and 51.5°, resulting in a different height of
the H atoms above the surface plane. Also for this surface we tested a m/di-c configuration to Ga (similar
to the one found for Pd;), shown in the inset below, yielding an unfavorable adsorption energy of 0.3 eV.

Figure 5.5 DFT optimized geometries of C,H, on Pd; Top: The favored
adsorption configuration is very similar to the one found on Pd(111). The
inset shows the adsorption on the Ga atoms of the 2" layer, similar to
that found for Pd, (see later, Figure 5.6). However, on Pd; this configura-
tion yields an adsorption energy of only 0.3 eV, and is thus unfavorable.

C,H, adsorption on Pd;:

Acetylene binds on this surface with an on-top geometry where the C-C-H bond angle is rotated by 18° with
respect to the linear configuration. The adsorption energy amounts to 0.61 eV. The adsorption energy for
other tested configurations shown in the bottom left) amounts to 0.43 eV, whereas it is 0.60 eV for the di-
sigma configuration shown in the bottom right. Given the almost perfect degeneracy of the on-top site and
the di-sigma configuration to Ga, we will consider paths leading from both configurations to the C,H; ge-
ometry (see below).
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

Figure 5.6 DFT optimized geometries of C,H, on Pd; Three different ad-
sorption configurations exist, yielding adsorption energies of 0.61 eV,
0.43 eV and 0.60 eV for the situations shown in the top, bottom left, and
bottom right panel, respectively.

C,Hs adsorption on Pds:

The adsorption occurs on the trimer, and the configuration has a gain in energy of 0.076 eV with respect to
C,H, adsorption.

Figure 5.7 DFT optimized geometries of C,H; on Pd;

The favored adsorption site after the first hydro-
genation step is a bridge site between two Pd atoms
of the trimer, yielding only a small energy gain of
0.076 eV with respect to C,H,. The C-C axis of the
C,H; molecule is tilted with respect to the surface
plane.

C,Hs adsorption on Pd;:

The configuration shown in the right panel is more stable by 0.66 eV compared to the on-top Pd position
shown in the left panel. As for C,H,, adsorption (see Figure 5.6), an adsorption site involving 2" layer Ga
atoms is identified for this surface.

Figure 5.8 DFT optimized geometries of C,H; on Pd;
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4. Details on NEB computed reaction barriers

H,>H + Hon Pd;:

In this paragraph, all panels of this kind show the geometries at selected points of the trajectory (yellow
symbols) on the left hand side, together with the reaction barrier on the right hand side. In the center pan-
el, the path of hydrogen and hydrocarbons from the initial (white) to the final (black) state is presented.

0.4

0.0

E (eV)

-0.4
ya\

-0.8

2 4 6 8 10 12 14 16
step #

Figure 5.9 DFT reaction barrier for H,->H + H on Pd;. Hydrogen dissociation requires overcoming a barrier of 0.55 eV.
The first minimum is due to one H atom in a metastable position.

H,>H + Hon Pds:

2 4 6 8 10 12 14 16
step #

Figure 5.10 DFT reaction barrier for H,->H + H on Pd,. The barrier for hydrogen dissociation on Pd1 is computed to
0.72 eV, with only a small gain in total energy.
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

C,H,->C,Hz;0n Pdgl
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Figure 5.11 DFT reaction barrier for C,H,->C,H; on Pds. The first hydrogenation step on Pd; requires a precedent endo-
thermic (0.7 eV) approach of the atomic hydrogen towards the hydrocarbon (not shown in the graph) into a metasta-
ble position H*. The hydrogenation barrier from the metastable hydrogen position is very low with 0.34 eV.

C,H,->C,Hz;0n Pd1:

0.8

o
0.4
0.0
% %a
= -04
08 o
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2 4 6 8 10 12 14 16

step #

Figure 5.12 DFT reaction barrier for C,H,->C,H3 on Pd;. The first NEB simulated reaction connects the alternative m/di-
& Ga configuration for acetylene (Figure 5.6, bottom right panel) to the favorable adsorption geometry for C;Hs
(Figure 5.8, right panel). As the hydrogen is supplied from the hollow site of the 3™ layer Pd trimer, no additional bar-
rier is present for the hydrogen approach.

Alternative reaction barrier starting from the most preferred adsorption site for C,H,on Pd;:
The hydrogenation barrier amounts to 0.62 eV. The precedent hydrogen approach step (not shown) would
cost additional 0.6 eV, which makes this reaction path less likely than the one from C;H, in the t/di-c Ga
bridge state, shown in Figure 5.12.

Figure 5.13 Alternative reaction pathway for C,H,->C,H; on Pd;. The
second NEB path is connecting the on-top T configuration for C,H,
(Figure 5.6, top panel) with the bridge site energetic minimum of C,H;
(Figure 5.8, right panel). (This reaction barrier is not shown in Figure 7
of the main text of the publication.)
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C,Hs->C,H,0n Pd_:,':

step #

Figure 5.14 DFT reaction barrier for C,H;->C,H,; on Pds. To achieve hydrogenation, the hydrogen has to diffuse in an
endothermic step (H*, 0.5 eV) to the trimer hosting the vinyl (l). The co-adsorption on the same trimers leads to a
shift of the vinyl from the preferred bridge site (Figure 5.7) to an on-top site position on Pd. The NEB presented above
starts from this situation, yielding a reaction barrier of 0.3 eV for the hydrogenation step(s).

C,H3->C,H,0n Pd1:

E(eV)

step #

Figure 5.15 DFT reaction barrier for C,H3;->C,H, on Pd,. In this case, we split the NEB in two different calculations to
test the diffusion of atomic hydrogen. To reach the metastable position (e), an initial barrier of 0.6 eV has to be over-
come. The following the attack of the vinyl fragment yields a further barrier of 0.6 eV leading to the more stable eth-

ylene state on-top of the outermost Pd atom (A).
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

C,Hs;>CHs0n Pd_:,':

O Yi
2 4 6 8 10 12 14 16
step #

Figure 5.16 DFT reaction barrier for C,H,->C,Hs on Pd;. Also here we consider the two processes in the NEB, starting
with an approach of the hydrogen atom from the absolute minimum (H) to a metastable position of hydrogen (H*,
0.8 eV) and the subsequent hydrogenation step to C,Hs with a total barrier height of 1.3 eV.

C2H4->C2H5 on Pdll

g
A

2 4 6 8 10 12 14
step #

Figure 5.17 DFT reaction barrier for C,H;->C,Hs on Pd;. Also for Pd;, we include the hydrogen approach in the NEB
simulation. The total barrier amounts to 0.9 eV, including the diffusion of H to the metastable position (e) at 0.4 eV,
and the subsequent hydrogenation step with a barrier of 0.5 eV. As explained in the manuscript, desorption of eth-

ylene (which has a lower adsorption energy of 0.73 eV) is likely to occur before the barrier for transformation to C,Hs
is overcome.

104



5.2. The C2H2 molecular rotor on Pd3

5.2 The C2H2 molecular rotor on Pds

Scanning probe methods allow the manipulation of single molecules or atoms on a surface by tip proximity

1021103 This opens the possibility to investigate the

or inelastic tunneling of electrons into single molecules.
adsorbate-surface bond on the atomic level, which is not only important for research on model catalysts,
but also for the understanding of mechanical processes on the length-scale of single molecules, e.g. molec-
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ular movements and diffusion on surfaces.” Motions of molecules have been studied on various transition

1511715 the context of this work, Wilson Ho and co-workers performed

metal surfaces by means of LT-STM.
in-depth studies on the rotational motion of acetylene on Cu(100).'% If the STM tip is placed above a single
C,H, molecule, they evidenced a sudden increase in the molecular rotation rate as a function of tunnel gap
voltage at 358 meV. The rotational motion of C,H, is excited by relaxation of the C-H stretch bond (357
meV) into bending vibrations. A more recent computational study,'® identifies the origin for the rotational
motion as a combination of C-H stretch mode relaxation and overtone ladder climbing by multi-electron
excitations of the hindered rotational mode. These experiments, allow insight into energy barriers for me-

chanical motions and lifetimes of different vibrational states of acetylene bound to the Cu substrate.

107108 "\where the molecules adsorb with the C-C

Rotation of acetylene has also been observed on Pd(111)
axis parallel to the surface plane, with a n/di-c bond and the center of the C-C axis in the threefold hollow
sites. The H atoms are tilted with respect to the C-C axis, pointing away from the surface. As stated in Chap-
ter 5.1, this situation is very similar to adsorption of C,H, on the threefold Pd; termination. Both surfaces,
Pd; and Pd(111), offer three degenerate adsorption configurations per hollow site for C,H, and switching
between these different orientations has been observed for Pd(111). By monitoring the rotational frequen-
cy as a function of temperature, Dunphy et al.'®® determined the rotation barrier to 113 meV. Matsumoto
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l.

eta reported that the effect can be triggered by the STM tip, using a gap voltage of 100 meV, while no

rotation is observed for 50 mV with the same tunnel current (1nA).

To investigate the origin of the rotational motion of single C;H, molecules on the Pd trimers of the Pd; sur-
face (see Figure 4 of Chapter 5.1), the gap voltage- and current-dependency of the rotational frequency is
investigated, and discussed with regard to literature data of C,H, on Pd(111). For this purpose single mole-
cules on Pd; were investigated by LT-STM at 5 K. The STM tip was located atop a C,H, adsorbate, while
keeping the tunnel current constant and the feedback loop activated. The stepwise rotational motion be-
tween three degenerated states (Figure 5.18a) led to a change in the apparent height of the molecule un-
derneath the tip. As the tip height (z) was constantly regulated to maintain the current setpoint, the rota-
tion results in a z profile as a function of time, z(t), where three distinct levels are discernible. A typical z(t)
profile is shown in Figure 5.18b. By analysis of a large number of z(t) profiles, the switching frequency f was
determined as a function of gap voltage (Figure 5.18c), showing a sudden enhancement of rotation around
30-35 meV. The number of rotations per electrons, or the “rotational yield”, is obtained by normalization of
the switching frequency to the tunnel current. An exponential increase is visible in the logarithmic repre-
sentation of the rotation yield (Figure 5.18d) showing the onset of the excited rotation at 32 meV.

The dependency of the rotational frequency f on the tunnel current / (Figure 5.18e), allows to extract the
number of electrons N contributing to the excitation.'® For multi-excitation processes the relation is f o I".
The linear increase of the rotational frequency with tunnel current, indicates that a single electron inelastic
tunnel process is responsible for the excitation, as all curves shown in Figure 5.18e can be fitted using N=1.
The absence of multi excitation-, or ladder climbing- processes, shows that the relaxation rate of a poten-
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

tially excited vibrational state, leading to rotation, is larger than the excitation rate, which is defined by the
tunnel current.

The representation in Figure 5.18f indicates that the excitation probability is independent on the electric
field; a smaller tip-sample separation, i.e. larger current, leads to higher fields across the molecule, but no

change in the rotational yield.'®

The comparison of Figure 5.18f to the respective data for C,H, on Pd(111)
(FIG. 3 in Ref. ') reveals that the number of rotations per electron is about 1000 times larger on the inter-
metallic surface. Furthermore, the necessary tunnel currents to excite these rotations are much lower for

C,H, on Pds, revealing that rotation is more efficiently excited on Pd; compared to Pd(111).
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Figure 5.18 Rotational motion of the acetylene on the Pd; trimer. a) Three degenerate adsorption configurations can
be observed by STM and switching between them can be monitored as a function of time (b). The rotation rate (c) and
the rotational yield (d) increase exponentially with the gap voltage around 32 meV, while the number of rotations per

electron is independent of tunnel current(d, f). The linear increase of the rotational frequency with tunnel current e)

indicates a single electron process for the excitation.

The threshold voltage for rotation on Pd; of 32 mV is much lower compared to the C,H, rotational barrier
on Cu(100) and Pd(111), of 358 and 113-100 meV, respectively.los' 107108 \wrhile in the case of C,H, on
Cu(100) the assignment to the relaxation of the C-H vibrational stretch mode is evident (v : 2880 cm™ —
357 meV), the origin for rotation on Pd(111) was not explained in detail. However, literature values from
electron energy loss spectroscopy™® show that relaxation of C-H rocking modes of C,H, might be responsi-
ble for the rotation on Pd(111), as the reported energies are in the range of 100 meV (pcu(sym) : 673 cm™ —
84 meV ; pcy(asym) : 870 cm™ - 108 meV). Since the energy barrier for rotation of C,H, on Pd3 is much low-
er than those of the internal vibrational modes of C,H,, it is plausible that the rotation is excited directly by
the inelastic tunnel processes of a single electron, as suggested by the data in Figure 5.18.

Another plausible pathway for rotation might be the excitation of a vibrational C-Pd stretch mode and its
relaxation into the rotational motion of the molecule. The energies associated to the C-M (metal) stretch
mode are typically in the range of 50-57 meV for a —CCH3 hydrocarbon species on different transition met-
als.™® It is reasonable that this value might be reduced for adsorption on the intermetallic surface due to
the ligand effect of Ga and the presence of the intact acetylene molecule.
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5.2. The C2H2 molecular rotor on Pd3

An explanation for the highly efficient excitation of the molecular motion can be derived from the PdGa
surface chirality. As the Pd(111) surface exhibits mirror symmetry, vertical motion of C,H, is completely
decoupled from rotation and clockwise and anticlockwise rotation are energetically equivalent. This is not
the case for the chiral Pd; surface. Here, the surface asymmetry is expected to lead to a saw tooth-like po-
tential energy as a function of rotational angle, with three minima over the range of 360° of rotation. This
can lead to a molecular ratchet and one-way rotation of the molecules.!** Furthermore, the rotational angle
of the C-C axis yielding the lowest binding energy might depend on the height of the molecule above the
surface. This would lead to efficient coupling of C-M vibrational motion and C,H, rotation in one rotational
direction. A preferred sense of rotation is indeed observed in most measurements (cf. Figure 5.18b).

In conclusion, by analysis of the C,H, rotational frequency, the very different energetics for molecular rota-
tion on Pd; and Pd(111) was demonstrated. In comparison, Pd; offers isolated adsorption sites and hopping
to neighboring trimers is suppressed, while at the same time the barrier for rotation on the trimer is re-
duced. These effects are assigned to the site-isolation and the ligand effect of Ga, respectively.
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

5.3  XPS studies of acetylene and ethylene on the threefold PdGa surfaces

To investigate the electronic structure of adsorbed hydrocarbons on Pd; and Pd; we preformed XPS during
molecule deposition at 80 K. The shape and increase of the Cls level was monitored as a function of depo-
sition time during the exposure of 1 Langmuir over 30 min. A typical dataset is shown in the left panel of
Figure 5.19 for C,H, on Pds.
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Figure 5.19 XPS spectra of the C1s peak as a function time for exposure of Pd; to C,H, over 60 minutes. Right: Increase
of the Cl1s peak areas during exposure of Pd; and Pd; to C,H, and C,H,. The value for the peak area is obtained from
the integration over a binding energy range of 2 eV.

The C1s peak area, shown as a function of exposure in Langmuir (L) in the right panel of Figure 5.19, is a
measure for the amount of adsorbed carbon on the surface. The carbon coverage increases 4 times faster
for exposure to C,H, as for C;H4, which indicates a much lower sticking coefficient for the latter molecular
species, independent of the substrate. Furthermore, the coverage increases linearly with exposure for all
experiments until saturation is achieved. This behavior is indicative for a weakly bound adsorption precur-

% 112 \which allows for diffusion of the physisorbed molecules to an unoccupied adsorption site.

sor state
Indeed for most data shown in Figure 5.19, a slight decrease in Cls peak area is observed shortly after dep-

osition, showing desorption of molecules from the precursor state.

The larger saturation coverage for C,H,/Pd; that is apparent in the XPS data taken during molecule adsorp-
tion (Figure 5.19) is confirmed in the static spectra shown in Figure 5.20, taken after deposition with an
integration time of 15 h. The total peak areas, given in the table below, are obtained from the sum of the
fitted partial peaks (red lines in Figure 5.20). To ease comparability, also the relative total peak areas, nor-
malized to C,H,/Pds, are given, showing that C,H, saturation coverage on Pd; is about double with respect
to Pds. This is in agreement to the STM observations presented in Chapter 5.1, where at high coverages two
adsorption sites per surface unit cell were seen for Pd;, while only one is present on Pds. The relative satu-
ration coverages for C,H,; on the two surfaces are 1.26 and 0.89, for Pd; and Pd;, respectively. This diverges
from the number of adsorption sites per unit cell of 3 to 1, which was determined by STM. This is due to
steric hindrance between C,H; molecules bound to the same Pds trimer (cf. Figure 5.4), which prohibits the
full occupation of three molecules per trimer.
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Figure 5.20 XPS spectra (round markers, same colors as in Figure 5.19) of the Cl1s level after deposition of
C,H, (left) and C,H, (right) at 80 K to saturation coverage (integration time: 15 h). The results of the peak fitting are
shown together with the data; Shirley-type background (brown), partial peaks (red), and envelope (blue). Numerical
details are given in the table below. The shoulder at 283.46 eV for C,H,/Pd, is growing with measurement time due to
X-ray degradation.

C,H,/Pd; C,H,/Pd; C,H,/Pd; C,H./Pd;
B 283.45 284.67 584.18
Peak position [eV] 283.78 285.29 284.21 283,20
284.74 283.46
0.84 0.71
FWHM 0.51 0.71 0.70 822
0.60 0.77
42 % 50 % 96 %
Relative peak area 36 % 30% 100 % 4%
22 % 21%
Absolute total peak area 613 1232 772 546
Relative total peak area 1 2.01 1.26 0.89

Results of the C1s peak fitting shown in Figure 5.20.

We begin the discussion on the Cls peak shapes and components from the data on C,H, adsorption. A sin-
gle asymmetric peak is measured on both surfaces at binding energy 284.2 eV, which is ascribed to sp2
hybridized carbon in the n-bonded C,H; molecule on-top the Pd surface atoms. The asymmetric peak shape
is due to vibrational excitation of the C-H bonds by photoelectrons, resulting in a peak towards higher bind-
ing energies about 0.4 eV apart from the main component, and giving about 40 % contribution to the over-
all intensity."*™* For C,H, on Pd;, the weak component (4%) at 283.20 eV is assigned to other carbon de-
posits.
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Chapter 5. Reaction centers for acetylene semi-hydrogenation on Pd3 and Pd1

In contrast to this straight forward interpretation, the Cls peak shapes detected for the C,H, saturated
surfaces are more complicated. On Pd,, the main peak is fitted to two components at 284.67 and 285.29 eV
(the shoulder at 283.45 eV is due to X-ray degradation and discussed below). Keeping in mind the results
from DFT and STM, showing that two different adsorption sites exist for C,H, on this surface, the presence
of multiple peaks is explained by the differently coordinated carbon atoms bound to Pd or Ga. However,
the available data does not permit a direct assignment of the components. Compared to C,H,, the positions
of the main contributions are shifted by about 0.5 eV towards higher binding energies indicating a substan-
tial difference in carbon ionization state for binding of acetylene and ethylene on Pd,. With increasing X-ray
exposure of the C,H, over 15 h, the shoulder at 283.46 eV keeps growing, while the component at 285.29
eV decreases. This indicates a degradation of the molecules due to the X-ray photons or the photoelectrons
emitted by the surface atoms.

For Pds, a double peak is observed, with an additional weak shoulder towards lower binding energies. Peak
fitting yields good results for three components with 42, 36 and 22 % contribution at 283.45, 283.78 and
284.74 eV, respectively. This large spread of the Cl1s core level binding energies indicates a strong variation
in the ionization state of different carbon atoms. Even though we identified an asymmetric n/di-c bond of
C,H, to the Pd trimer of the surface by STM and DFT, with the two carbon atoms in slightly different config-
urations with the surface Pd atoms, the observed peak separation of about 1 eV is rather large. For compar-
ison, the Cls peaks for CCH; bound to Pd(111) leads to a peak separation of 0.6 eV, due to the different
ionization states of the inner and outer carbon atoms.** As described above for ethylene, also for acety-
lene a contribution from vibrational excitation of the molecule is present, yielding a component shifted
about 0.4 eV towards higher binding energies.**> However, since 1% (2") order vibrational excitations for C-
H bonds commonly yield shifts of 0.4 eV (0.8 eV) and contributions of about 40 % (10 %), this does not ex-
plain the large separation and intensity of the side peak at 284.74 eV observed for C,H,/Pd;. Even though
only a very weak change of the Cls peak shape is observed as a function of time, we cannot exclude fast X-
ray degradation leading to dehydrogenation and formation of other hydrocarbon species.

To study the influence of acetylene binding on the substrate atoms, we measured the Pd and Ga core levels
before and after adsorption, shown in Figure 5.21. The Pd 3d core level of the clean Pd; termination exhib-
its a shoulder towards lower binding energies, which disappears upon adsorption of acetylene. Also for Pd;,
a small component of the Pd 3d peak towards lower energies disappears upon adsorption. In combination
with the STM data discussed in Chapter 5.1, these observations are assigned to the outermost Pd atoms of
the two surfaces, and their change in coordination upon binding of acetylene. This effect is more pro-
nounced on Pd; than on Pd;, due to the ratio of low coordinated surface Pd of 3:1. Variations in the Ga 3p
core level peak shape are weak. The overall loss of intensity in the Ga peaks is assigned to the hydrocarbons
“shielding” the emission from substrate Ga atoms.
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5.3. XPS studies of acetylene and ethylene on the threefold PdGa surfaces
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Figure 5.21 XPS of Pd 3d and Ga 3p core levels before and after adsorption of C,H, at 80 K, taken at an angle of 70°
from the surface normal direction. In the left/right, a pass energy of 100/200 eV was used.

To summarize the XPS investigations, a good agreement between the peak areas, i.e. carbon saturation
coverages as measured by XPS, and our STM and DFT results is found. The variations observed for the Pd 3d
core level upon adsorption of acetylene, confirm the involvement of surface Pd atoms in the bonding of the
molecules. Peak positions and shapes of the Cls core levels for C;H, are in-line with the picture of =-
bonded molecules on-top the outermost Pd surface atoms on the Pd; and Pd; surfaces. For C,H, adsorp-
tion, three matters do not allow for an unambiguous interpretation of the XPS data: Firstly, the appearance
of two largely separated Cls peaks for Pds; and secondly, the fact that degradation of the molecules due to
X-ray exposure cannot be excluded. A solution to this might be the use of low energy X-rays from synchro-
tron radiation, as the molecule degradation might be reduced and a better energy resolution can be ob-
tained. Furthermore, by varying the excitation energy or the emission angle, valuable information on the
adsorption geometry can be obtained, like C-C bond distance and angles with respect to the surface. Exper-
iments on vibrational excitations using electron energy loss spectroscopy (EELS) or FTIR might help to fur-
ther enlighten the adsorption configuration of acetylene on the intermetallic surfaces.
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Chapter 6 Exploring enantioselectivity on in-
trinsically chiral intermetallic PdGa surfaces

Biochemical processes in the human body strongly rely on the correct stereoisomers of involved
molecules. Therefore, the synthesis of stereopure chemicals is of tremendous importance to the fabrication
of efficient and correctly functioning drugs. In this respect, the synthesis of a specific enantiomer, i.e. a
stereoisomer with a specific stereogenic or chiral center, can be accomplished by means of homochiral
catalysis. As enantiomerism is a purely geometrical property, i.e. the physiochemical properties of two en-
antiomers are exactly the same, an enantioselective reaction step in catalysis requires chiral binding cen-
ters. In homogeneous catalysis (Figure 6.1A), these binding centers may be provided by enantiopure mole-
cules, which bind achiral reactants in a chiral configuration, leaving a specific site of the reactant exposed
for the attack of a second reactant. This directs the reaction into a predefined chiral pathway which leads
to enantioselective synthesis.

In heterogeneous catalysis, enantioselectivity is commonly achieved by using surface modifiers or auxilia-

ries.11(5—118

Typically, those are chiral molecules that are adsorbed on an achiral support. In the example
shown in Figure 6.1B, the adsorbate complex and the surface form a chiral binding center for the achiral
reactant. Similar to the case of homogeneous catalysis, the reactant binds in a predefined configuration to
this chiral complex. In the example (Figure 6.1B), an enantiospecific hydrogenation of the reactant is
achieved, through the hydrogen attack occurring from the side of the surface, not from the vacuum. With
this procedure, the previously prochiral reactant is converted into a specific enantiomer of the product by

addition of hydrogen to a defined site of the molecule and creation of a stereogenic center.

Recently, “naturally” chiral surfaces, i.e. surfaces that exhibit chiral features in the bare, adsorbent-free
state, have been investigated with respect to chiral adsorption and enantioselective separation of racemic

mixtures. %1%

In the case of achiral crystals, the chirality is created by cutting of single crystals at low
symmetry crystal planes. The resulting high-Miller index surfaces can exhibit chiral binding centers at atom-
ic kink sites (Figure 6.1C), and in consequence might offer an energetically favorable binding for one of the

enantiomers of the adsorbed racemat.

A different approach is based on the intrinsic chirality of materials, as present for example in minerals.*! |

n
contrast to the heterogeneous methods discussed above, where the chirality is imparted by chiral modifiers
or precise cutting of achiral single crystals, these materials are chiral in their bulk crystal structure, which
might be projected to their surface (Figure 6.1D). In principle, the chirality is conserved also after grinding
of these materials into powders, or after surface etching, which makes them prospectively interesting ma-
terials as industrial catalysts. Also some intermetallic compounds exhibit bulk chirality, which, to the best of
our knowledge, has not yet been investigated with respect to enantioselectivity. Also the intermetallic

compound PdGa exhibits a chiral crystal structure, as discussed in Chapter 2.1 while at the same time being
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Chapter 6. Exploring enantioselectivity on intrinsically chiral intermetallic PdGa surfaces

an active hydrogenation catalyst.”* The combination of a partially bound crystal structure, catalytic activity
and bulk chirality of PdGa bears great potential for its application as enantioselective catalytic material.

(R)-Pantolactone

A B Cinchonidine

Ketopantolactone

o7
3

(SpPantolactone

Cu(643)° Cu(643)R PdGa:A(111)Pd,

Figure 6.1 Different approaches to chiral synthesis of molecules. A) Homogeneous enantioselective catalysis is based
on chiral molecules (red spirals) binding the non-chiral reactant (3-atomic molecule). A fourth atom (blue) connects on
a well-defined site, defining the handedness of the product (4-atomic molecule) B) In heterogeneous catalysis, an
adsorbed chiral auxiliary (Cinchonidine) binds an achiral reactant (Ketopantolactone), which is subsequently hydro-
genated from the side of the substrate. (figure adapted from Ref. 122) €) Kinks of single crystal surfaces offer chiral
binding sites. (figure adapted from Ref. !1%) p) Clean surface of a chiral intermetallic compound exhibiting chirality in
every surface unit cell (structure indicated by orange triangles). The handedness is defined by the bulk enantiomer
form of the compound.

In this chapter, we investigate the effect of the chiral binding centers on the adsorption of prochiral mole-
cules, which is the pivotal step towards enantioselective reactions. The chiral structures of the different
PdGa(hkl) surfaces are discussed in Chapter 3.3. For the threefold surfaces, the chirality is expressed in the
atomic arrangement of the 2" and 3" outermost layers, consisting of Ga and Pd atoms, respectively. Due to
its open surface structure, Pd; is expected to show an enhanced influence of surface chirality as these
atomic layers are exposed.

We chose the prochiral molecule 9-Ethynylphenanthrene (9-EP) to probe the surface chirality on the Pd;
surface, as elaborated in Chapter 6.1. By evaluation of a large number of molecules observed by LT-STM,
we demonstrate a strong enantioselective adsorption for this molecule-substrate system. The results are
summarized in a manuscript that is in preparation for submission as a Letter in the journal Nature Materi-
als. In a second experiment, the more densely packed Pd; surface was tested for enantioselective 9-EP ad-
sorption. The results are presented in Chapter 6.2. The Pd trimers of this surface termination lead to a dif-
ferent binding behavior of the adsorbates, compared to the single Pd atoms on Pd,.
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Chapter 6. Exploring enantioselectivity on intrinsically chiral intermetallic PdGa surfaces

Room Temperature Enantioselective Adsorption on a Chiral Intermetallic Surface

Jan Prinz, Harald Brune+, Oliver Gréning, and Roland Widmer

Empa. Swiss Federal Laboratories for Materials Science and Technology, nanotech@surfaces Laboratory,
Ueberlandstrasse 129, 8600 Diibendorf, Switzerland.

+ Institute of Condensed Matter Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 3, 1015
Lausanne, Switzerland

Synthesis of enantiopure products is pivotal in the production of many pharmaceuticals, artificial flavors,
agrochemicals, and materials for nonlinear optical devices. Chiral synthesis implies reactions that are

122124 3nd therefore requires chiral template surfaces to

asymmetric with regard to stereoisomerism
achieve enantioselective heterogeneous catalysis. To date, such surfaces are commonly obtained by im-
parting chirality to non-chiral metal surfaces via the adsorption of chiral molecular modifiers or auxilia-

125126 |5 the present study, we investigate the potential of intrinsically chiral surfaces of intermetallic

ries.
compounds as novel materials for enantioselective catalysts. Their advantage is the significantly higher
thermal and chemical stability, and therefore their extended application range for catalyzed chiral reac-

tiOﬂS.lzL 127

We show that on the Pd; terminated PdGa(111) surface room temperature adsorption of a
small prochiral molecule (9-Ethynylphenanthrene) leads to exceptionally high enantiomeric excess ratios
of up to 98%. Our findings highlight the great potential of intrinsically chiral intermetallic compounds for
the development of novel, enantioselective catalysts which can be operated at high temperatures and

potentially also in harsh chemical environments.

In the investigation of stereochemical processes at surfaces the use of chiral metal substrates has been

120, 126, 128

extremely scarce and mainly limited to self-assembled chiral molecular layers and vicinal surfaces

119, 129-130

exhibiting chiral kink sites at the step edges of atomic terraces . Due to its non-centrosymmetric

bulk structure of the space group P2,3, the intermetallic compound PdGa exists in two enantiomeric forms

20,2829 pqGa has recently attracted consid-

A and B, which are denoted as PdGa:A and PdGa:B respectively.
erable interest due to its high activity, selectivity and stability in the catalytic semi-hydrogenation of
ethyne, which is an important step in the polyethylene production.? Single crystals grown by the Czochral-
ski method are available in cm®-sized monoliths®® and all the low index surfaces (111), (-1-1-1), (100) and
(110) can be prepared to show large single atomic terraces by standard ultra-high vacuum (UHV) prepara-

2829, 131 As no significant surfaces reconstructions occur’®? the

tion using sputtering and annealing cycles.
bulk chirality is maintained at all these surfaces, thus each surface unit cell exhibits a chiral atomic ar-
rangement, as shown Figure 6.2. This means that a high density of chiral bonding centers is present on the
bare surfaces, potentially leading to higher enantioselective catalytic activity compared to approaches
based on the handedness of terrace step kink sites.!!* 12913

PdGa:A(111) is terminated by an atomic layer containing one isolated Pd atom per surface unit cell® and
accordingly this termination is denoted as Pd; (cf. Figure 6.2). These Pd atoms form a hexagonal lattice with
a lattice constant of 0.69 nm and therefore the topmost layer of this surface is achiral. The structure of the

2" and 3™ outermost surface layers, consisting of Ga and Pd trimers respectively, induces the surface chi-
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rality, which is indicated by red and cyan triangles in Figure 6.2. The enantiomorph of the PdGa:A(111) (ab-
breviated A:Pd,) is the PdGa:B(-1-1-1) surface (B:Pd,). The relatively large size of the surface unit cell and
the low density of the topmost Pd layer ensure that the chirality expressed in the deeper layers can still
influence the molecular adsorption and reaction processes.

The effect of the intrinsic chirality of the A:Pd; and B:Pd; surfaces on enantioselective adsorption is investi-
gated by deposition of the prochiral molecule 9-Ethynylphenanthrene (9-EP, see Figure 6.2). Prochirality is a
property of planar molecules which possess in-plane but not out-of-plane mirror symmetry and are thus
achiral. However, when deposited on a surface the molecule forms a chiral adsorbate complex by lying
either “face-up” or “face-down”, forming either enantiomer R or S. For achiral substrates, energetically
equivalent adsorption sites for the R and S enantiomers are available, and thus they appear in equal abun-

132

dance.™ To achieve an excess of one of the two enantiomeric forms, i.e., enantioselectivity, the substrate

must exhibit chiral binding sites that promote the preferred adsorption into either R or S configuration.

In the present case, the prochiral 9-EP molecule exhibits two distinct moieties, an aromatic ring system, and
an ethynyl end group, which allows for different binding mechanisms to the substrate. Previous studies on
ethyne (C,H,) adsorption on the Pd; surface revealed the preferred binding of this unsaturated hydrocar-
bon on-top of the outermost Pd atoms.” In the case of 9-EP on Pdj, the expectation is that the ethynyl
group acts as anchor point to the outermost Pd atoms, while the asymmetric aromatic ring system acts as a
probe for the surface chirality. As a consequence, the different surface chirality of A:Pd; and B:Pd;, should
each lead to an excess of one of the two enantiomers, R or S, respectively. By employing high resolution
low temperature scanning tunneling microscopy (STM), we demonstrate enantioselectivity by determining
the handedness for a large number of single molecular adsorbates for different adsorption and sample

annealing conditions.
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PdGa:A(111)Pd,

9-Ethynylphenanthrene

3 Ci6H10

o Ga (z = -57.4 pm)
O Pd (z = -149.8 pm)

Figure 6.2 Surface structure of PdGa:A(111)Pd, and its enantiomorph B(-1-1-1)Pd,. The chiral arrangement within the
hexagonal surface unit cell (black lozenge) is highlighted by the cyan and red triangle, representing the Pd and Ga
trimers of the subsurface layers, respectively. Upon adsorption on a surface, the prochiral molecule 9-
Ethynylphenanthrene forms a chiral adsorption complex.

Figure 6.3 shows high resolution STM images of 9-EP deposited at room temperature (RT) with sub-
monolayer coverage, imaged at 5 K on A:Pd; and B:Pd; respectively. Single 9-EP molecules can easily be
distinguished and appear in two predominant morphologies. The most relevant ones regarding enantiose-
lectivity consist of three differently sized lobes in the STM topography (see Figure 6.3C). The handedness of

133 Wwhere

these types can be inferred from the sense of rotation going from the largest to the smallest lobe
the clockwise rotation from the large, over medium, to small protrusion is defined as R-, and the counter-
clockwise sequence as S- enantiomer, as labelled in Figure 6.3A and B. For adsorption on A:Pd;, shown in
Figure 6.3A, the excess of the R enantiomer is evident (R:5=215:7), while S is predominant on B:Pd, (Figure
6.3B) (R:5=2:196). Due to the threefold symmetry of the substrate, each enantiomer appears with equal
probability in three orientations which are rotated by 120° to each other. The 0°:120°:240° rotated orienta-
tions for the R and S enantiomers, are observed in quantities of 69:68:78, and 69:77:50, on the A:Pd; and
B:Pd; surfaces, respectively. Alternatively, 60° rotated configurations with the centered phenanthrene ring
atop a Ga trimer of the 2 layer are observed. As the clockwise or anticlockwise rotations of these alterna-
tive adsorbates can still be identified, they are considered a sub group of the R and S enantiomers in this
study (see supplementary information for more details). For deposition at RT, the statistical analysis of
molecules in R and S configuration yields an enantiomeric excess ee (ee = [R-S[/(R+S)) of 0.94 and 0.98 on

A:Pd; and B:Pd,, respectively.
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A third group of adsorbed 9-EP molecules is observed as brighter protrusions, which are molecules bound
to surface vacancies(y).” Very often three 9-EP molecules of undeterminable enantiomer type decorate the
same vacancy and from a bright, triangular structure.

Figure 6.3C shows a zoom of two enantiomers. For the determination of the adsorption sites the surface
atomic structure has been superimposed in Fig. 2D. Its in-plane position and orientation has been identified
by using adsorbed CO molecules as markers for the top-most Pd atoms™* and by determination of the crys-
tallographic structure of the subsequent atomic planes using LEED-I(V) (low energy electron diffraction).**®
The combined information allows to unambiguously identify the topographic depression in the STM topog-
raphy as the 3" layer Pd trimer sites. For both enantiomers, the ethynyl-group is found atop the outermost
Pd surface atoms, and the center phenanthrene ring atop a Pd trimer of the 3" topmost atomic layer. Due
to the surface chirality, the position of the two outer phenyl rings with respect to the underlying substrate
atoms is slightly different for the R and S enantiomers, respectively. The resulting adsorption energy differ-

ence seems to be sufficient for driving the observed, very pronounced enantioselectivity.

Figure 6.3 STM images (10x20 nm, 0.02 V, 2 nA, T = 5 K) of 9-EP adsorbed at room temperature on A) the
PdGa:A(111)Pd, surface and B) the PdGa:B(-1-1-1)Pd; surface. The different adsorbates are identified as clockwise (R)
and counterclockwise (S) adsorption conformation, vacancy pinned molecules (y) and CO molecules. Some unoccupied
vacancy defects (dark features) are visible in B. C) Zoom (3.8x3.5 nm) showing R and S enantiomers on A:Pd; D) The
structure overlay allows to identify the adsorption position within the surface unit cell. (cf. Figure 6.2).

As the adsorption is carried out with the substrate at RT, but the determination of the enantiomeric excess
is obtained from STM images measured at 5 K the question arises: At which temperature does the excess of
the preferred enantiomer develop?
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To elucidate this question temperature dependent adsorption and annealing experiments have been car-
ried out. We deposited 9-EP on the A:Pd; sample at T=135 K to investigate if enantioselectivity is already
achieved at the reduced available thermal energy of the substrate. The corresponding STM image in Figure
6.4A reveals the presence of a large variety of adsorption conformations, with a comparable amount of R
and S enantiomers, meaning that no significant enantioselectivity is observed. Thus, the reaction mecha-
nism is, at least partly, driven by the temperature of the substrate and the molecules shown in Figure 6.4A
are frozen in a metastable adsorption state. Post-annealing of the sample prepared at low temperatures, to
300 K leads to an increase of the excess of R over S and after 80 minutes of post-annealing at RT an ee of
0.77 is observed. However, the very high enantioselectivity that is observed for room temperature deposi-
tion (Figure 6.3A and B) are not reproduced. Therefore even very long post-annealing is not as efficient as
adsorption directly at the annealing temperature. This indicates that the adsorption process plays a role in
overcoming the barrier for transformation to the energetically favored enantiomer of the adsorbate com-
plex on the respective surface.

Higher annealing temperatures were tested to check whether enantioselectivity is maintained or whether
new molecular species are formed on this catalytically active surface. To this end, we performed stepwise
sequential post-annealing of the sample that showed high enantioselectivity after room temperature depo-
sition (Figure 6.4B). Figure 6.4C shows the sample after 10 min post-annealing to 370 K, resulting in a slight-
ly reduced enantioselectivity (ee = 0.83) as compared to sample after RT deposition. After further annealing
to 490 K (Figure 6.4D), a large amount of the adsorbed molecules show a changed STM appearance, possi-
bly due to dehydrogenation, which does not allow for unambiguous identification of the handedness. Fur-
thermore, the formation of molecular dimers is observed, built from R and S enantiomers in racemic ratios,
with the molecules connected through their ethynyl groups. For T > 490 K, almost all adsorbates have
formed dimers and larger carbohydrate agglomerates, while the overall amount of adsorbed carbon is
maintained (see supplementary information). In all experiments no significant decoration of step edges or
kink sites was observed. STM experiments at room temperature (see supplementary information) revealed
that only the molecules bound to surface vacancies (y) are not diffusing, while other adsorbates are mobile
and thus cannot be individually resolved by STM.
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Figure 6.4 STM images (T=5 K, 20x20 nm, 0.2 V, 2 nA) of 9-EP after A) deposition at 135 K; and B) at 300K. C) and D)
show the same sample as in B after post-annealing for 10 minutes to 370 K and 490 K, respectively.

To quantify the enantioselectivity of the Pd; surface towards the adsorption of 9-EP, we evaluated and as-
signed a large number of adsorbates (N = 400) for each of the experiments performed at different adsorp-
tion and annealing temperatures. In every case all the absorbed molecules have been classified in the cate-
gories; R, S, 7, and dimers. 9-EP molecules whose adsorbate configuration cannot be unambiguously de-
termined from their topographic appearance in STM, are classified as unidentified. The result is shown as
vertical colored bars in Figure 6.5, representing the normalized fraction of adsorbate configurations R, S, y
and molecules that have formed dimers. Atop the bars, the amount of unidentifiable adsorbates is given for
each experiment. Based on the temperature dependent quantities, a tentative phase diagram was con-
structed for the 9-EP species on A:Pd; (see background in Figure 6.5). The graph shows the transition from
the racemic mixture of R and S enantiomers at low temperatures, over a region yielding high enantioselec-
tivity situated around 300-350 K, to the formation of dimers for T >= 450 K. The appearance of y type mole-
cules, i.e. molecules pinned at vacancies, at higher substrate temperature is linked to the increase in mobili-
ty. ee is shown for each experiment as black marker with estimated errors for temperature and statistically
computed errors for ee.
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Figure 6.5 Phase diagram based on statistical evaluation of 9-EP molecules on Pd;. Normalized abundances for the R
and S enantiomers, as well as molecules pinned to surface vacancies (y), and dimers. Annealed samples are marked by
gray triangles. A phase-diagram, based on the data of the different adsorbate configuration ratios, is presented as
background. All bars represent the A:Pd, surface apart from the striped one representing B:Pd, (colors for Rand S are
inverted for clarity). The enantiomeric excess (ee) is given for each experiment as black circles. Error propagation of
the counting errors in the number of R and S enantiomers was used to compute the error for ee.

The data reveals that a temperature window of about +100 K around room temperature yields ee > 0.6. For
room temperature deposition, we find a high ee of 0.98+0.01 for B:Pd,, while for the same experiment on
the form A sample ee = 0.94+0.02 is observed. The remarkably strong enantioselective adsorption is in con-
trast to deposition of the same molecule on the achiral Cu(111) surface, where Bebensee et al. found

equivalent quantities of R and S (Ref. *** and supplementary information therein).

Deposition of the molecules on the cold A:Pd; surface (135 K) and subsequent annealing to room tempera-
ture for 80 minutes results in ee = 0.77+0.04 (left bar for 300 K in Figure 6.5). Interestingly, the temperature
onset, where enantioselectivity is observed, coincides with the occupation of surface vacancies (y), indicat-
ing that the mobility of molecules might play a role in the enantioselective transformation from S to R. The
reduction of ee for annealing temperatures above 400 K can be explained by the entropic disorder of the
equilibrium occupation of a two level system with small energy difference (R and S). The fact that this re-
duction is still observed after cooling to 5 K with an estimated temperature ramp of about 1-5 K/s, shows
that the molecules were “frozen” in their position during cool-down, which indicates a low frequency for
the R to S transformation mechanism. The values for ee presented here are based on the evaluation of the
observed amount of R and S enantiomers. However, one has to keep in mind the presence of the y adsorb-
ates, whose enantiomer form cannot be identified. A surface preparation free from vacancies might allow a
more complete conversion of adsorbed 9-EP to the preferred enantiomer.

In conclusion, we have demonstrated remarkably high enantioselective adsorption of a prochiral molecule
on the bare, chiral surface of an intermetallic compound at room temperature. The adsorption of 9-
Etynylphenanthrene on the A(111) surface and its mirror symmetric equivalent the B(-1-1-1) surface of
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PdGa has shown enantiomeric excess of 0.94 and 0.98 for the R and the S enantiomorphs, respectively. By
studying the temperature dependence of the process we showed that the racemic molecule mixture,
formed by adsorption of the 9-EP at temperatures below 120 K, is efficiently transformed to an almost en-
antiopure ensemble at room temperature.

This observation shows that the bulk chirality of PdGa can be expressed sufficiently strong at its surfaces to
yield highly enantioselective processes. In combination with the catalytic properties of intermetallic com-
pounds in general and PdGa in particular, this opens the perspective of chiral heterogeneous catalysis un-
der operation conditions beyond the ones allowed by catalyst surfaces based on functionalization with
organic, chiral modifiers.

Methods

All experiments were performed in an ultra-high vacuum chamber with a base pressure below 5*10™
mbar. Sample preparation was performed by sputter and annealing cycles (sputtering: Ar®, 1 keV; anneal-
ing: 20 min at 870 K). An Omicron low-temperature STM was used for the measurements at 5 K. 9-EP (97 %)
was purchased from Sigma Aldrich and used without further purification. Deposition was performed in UHV
by exposing the clean sample surface for a few seconds (2-10 s) to a crucible held at 300 K and containing a
small amount of molecules. To prevent vacuum contamination, the crucible was located in a separately
pumped chamber behind a gate valve, which was opened during deposition only.
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6.1.1 Supplementary information for the publication "Adsorption of Small Hydrocarbons on
the threefold PdGa surfaces: The Road to Selective Hydrogenation"

1. 60° rotated adsorbate types R* and S*:

The adsorbate types marked with an asterisk adsorb with the centered phenanthrene ring atop the Ga tri-
mer of the 2" outermost layer, instead of the common alignment of the center phenanthrene ring atop of
the Pd trimer in the 3" outmost layer. The binding configuration is depicted in Figure 6.6.

Figure 6.6 STM topography in overlay with the DFT optimized structure of a R* and $* adsorbate (left and right,
respectively) on A:Pd, after adsorption at 108 K. CO molecules appear as smaller protrusions, surrounded
by a dark triangle.

2. Room temperature STM images of adsorbed 9-EP molecules :

After room temperature deposition of the molecules on Pd; the surface was imaged in a VT-STM (Omicron)
at room temperature, as shown in the left panel of Figure 6.7. Only threefold y species, and a few dimers
are seen in the STM image. After subsequent cooling of the same sample to 77 K, a higher coverage is
observed. Accordingly, the fast molecular diffusion at room temperature could not be resolved by STM, and
the only species visible in STM are the molecules that are pinned to the vacancies.

Figure 6.7 STM images of 9-EP on Pd; at room temperature, and after cooling to 77K
(left: 0.5V, 2 nA; right: -0.8 V, 0.05 nA).
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3. Statistics on enantiomer abundances upon annealing:

Deposition of 9-EP at room temperature on A:Pd,, leads to a high enantioselectivity, as presented in the
main text. In this supplementary paragraph, we demonstrate the abundances of the different adsorbate
species after subsequent annealing of this sample preparation to four higher temperatures. As enantiose-
lectivity is not the focus here, the R and S enantiomers are summarized in the same group of adsorbates,
which is shown in the most left of the 6 sections in Figure 6.8. When going from 300 K to 670 K, the number
of identified R+S enantiomers per surface area decreases, reaching zero at 570 K. The total number of the
vacancy pinned molecules (y) shows the same behavior. While the number of these molecules is strongly
reduced at 470 K, the amount of unidentified adsorbates and dimers increase at this temperature. The
number of unidentified molecules decreases again at 570 K, which indicates that the unidentified species of
single 9-EP molecules seem to be a pre-state to the formation of dimers. The dimers contain two 9-EP mol-
ecules in a racemic ratio.

T T T T

after deposition at
025 = 300K

T
after subsequent annealing to

370K

470 K
020 m 570K

m 670K
0.15 —
0.10
0.05 I
0.00 — B— .Ixi |- I
)

RS ¥ unidentified dimers (x2 unoccupied defects total #9-EP

2

coverage in number of 9-EP per nm

Figure 6.8 Evolution of the different 9-EP species upon annealing of the same sample.

Upon annealing to 570 K, the surface vacancy defects appear in the STM images. These defects are occu-
pied by molecules for lower temperatures, and therefore not directly detectable by STM. The number of
unoccupied defects is shown in Figure 6.8. in the 2" section from the right, revealing that the defects are
still occupied at 470 K, while the number of y adsorbates is almost zero. Therefore, the defects must be
covered by either the dimers, or the unidentified adsorbates. Annealing to 570 K, leads to an increase in the
number of dimers and the unoccupied defects. While the abundances of the different species change with
annealing temperature, the total amount of adsorbates remains comparably stable. This indicates conver-
sion between the species, and the absence of thermal desorption of molecules.

Together with the findings presented in the main text, the redistribution of the molecules into different
adsorbate species suggests the following, hypothetical reaction pathway for the formation of the dimers:
After adsorption at 300 K, thermal diffusion and the dissipation of the landing energy leads to occupation of
the most stable adsorption sites, and thus to the y type adsorbates. Upon annealing to 470 K, the y type
adsorbates are altered (possibly dehydrogenated) at the vacancy defects, and thus appearing unidentifia-
ble. In the same annealing step, two of the mostly threefold occupied vacancies connect to form a dimer
and diffuse away from the vacancy defect, while the third unidentifiable molecule remains at the vacancy
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defect, but is lacking a partner to form a dimer. Further annealing to 570 K enables diffusion of molecules
(R, S and maybe even the unidentifiable ones at the vacancies), such that almost all molecules are bound in
dimers, leaving from the defects. Annealing to 670 K leads to small carbon agglomerates of several dimers
which cannot be distinguished in the STM images and thus fall into the category of unidentified adsorbates.

4. DFT adsorption energies and configurations

DFT computed adsorption energies of 9-Ethynylphenanthrene on Pd, for different binding conformations
and Pd-C bond distances for the three Pd atoms of the outermost layer involved in the bonding.

R R* S S* 4
Ezg in -2.177/-2.173
eV
Pd- 2.216/2.435 2.217/2.515 2.219/2.464 2.208/2.469 2.237/2.926(Ga-C)
Cisv2nd | 2.677/2.635 2.580/2.716 2.606/2.529 2.589/2.682 2.498/2.506
in A 2.577/2.561 2.596/2.720 2.536/2.667 2.720/2.860 2.437/2.505
Avg 2326 2.366 2.342 2.339 2.582
Pd-C | 2656 2.648 2.568 2.636 2.502
2.569 2.658 2.602 2790 2471
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6.2  Adsorption of 9-Ethynylphenanthrene on the threefold Pds termination

To investigate the surface chirality of the Pds surface we followed the approach applied to Pd; and investi-
gated the adsorption of prochiral 9-EP molecules by LT-STM. In contrast to Pd,, the surface offers threefold
Pd hollow sites on the outermost atomic layer. This potentially leads to a stronger bond of the alkyne-group
(-C=C-H) of the molecule to the substrate, similar to the stronger bond of C,H, on Pd; compared to Pd;
(Chapter 5.1).

The experiment was performed as follow; the molecules were deposited with the sample at room tempera-
ture which was then cooled-down to 5 K for the LT-STM measurements. Subsequently, annealing was per-
formed in 3 steps at different temperatures, with intermediate STM measurements at 5 K.

after deposition at 300 K after annealing to 490 K after annealing to 570 K after annealing to 670 K

s
v

L)
2
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Figure 6.9 Adsorption of prochiral 9-EP on PdGa:A(-1-1-1)Pd;. The LT-STM images (T = 5K, Top: 20x20nm, bottom:
10x10nm) were taken after deposition at room temperature (left) and subsequent annealing for 80 minutes to the
different temperatures (from left to right). (The gap voltage is 20 mV for all images. The tunnel current was adapted
for each image depending on imaging and tip stability between 1 and 10 nA).

In the STM images on the left hand side of Figure 6.9, taken after deposition at 300 K, most molecules ap-
pear as three-lobed shapes, similar to adsorption on Pd;. Also here, two different enantiomer forms of the
adsorbate complex can be identified by their sense of rotation (which will be defined in the next para-
graph), and each of them appears in three different rotational orientations due to the symmetry of the
substrate. However, in the case of Pds, no enantioselectivity is observed after adsorption at room tempera-
ture. Furthermore, we find a repulsion of the molecules, as directly neighboring adsorbates are almost nev-
er observed. This situation is different after annealing to 490 K, which leads to an ordering of the molecules
into trimer groups, with almost all of the molecules flipped into one of the two possible enantiomers. Con-
sequently, also for adsorption the Pd; surface we observe a high enantiomeric excess, even though in a
different way than on the Pd; termination. The molecular trimers remain stable up to annealing to 570 K,
while higher annealing to 670 K leads to larger hydrocarbon agglomerates on the surface. Even though
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some topographic features are frequently seen after the 670 K annealing step, the general disordered ap-
pearance of the adsorbates does not allow for identification of enantiomers.

The STM topography of isolated molecules on Pd; before annealing is shown in overlay with the undistort-
ed molecular structure and the substrate atomic structure in the top panels of Figure 6.10. R and S enanti-
omers are named according to clockwise-, and anti-clockwise-rotation when going from the largest to the
smallest appearing part of the molecule. In contrast to 9-EP adsorption on Pd;, adsorption on Pd; seems to
lead to a distortion of the molecules. This is concluded from the comparison of the STM appearance and
the ball model of the unperturbed molecule, which does not match well. In particular for the R enantiomer
the alkyne-group of the molecule appears much shorter in the STM image. However, this interpretation has
to be taken with care, as the local electronic density, probed by STM, might differ from the molecular struc-
ture. For both enantiomers forms, the preferred adsorption site involves binding to atoms of 2 to 3 neigh-
boring unit cells. A dominant binding center, like the isolated Pd atom on Pd;, cannot be identified after
room temperature adsorption of 9-EP on Pds.

The molecular trimer groups, formed after annealing to 490 K, contain three R type enantiomers, which is
concluded from comparison of the STM appearance to the isolated molecules (cf. top and bottom panels in
Figure 6.10). The groups show a peculiar protrusion in the symmetric center. A possible explanation is that
the outermost H atoms of the acetylene group are elevated from the surface after the three carbon atoms
bind to the Pd atoms of the substrate. This hypothesis is to be evaluated in future experiments. Neverthe-
less, we again find the outermost Pd atoms as the active centers on the PdGa surface, which is in agree-
ment with the adsorption of carbon monoxide and hydrocarbons presented in Chapter 4 and Chapter 5 of
this thesis, respectively.
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Figure 6.10 Identification of the adsorption site for 9-EP on Pd; by STM. Sections of STM images after adsorption at
300 K (top) and after annealing to 490 K (bottom). On the right hand side, the STM images are shown in overlay with
the atomic surface structure of the Pd; termination and the unperturbed 9-EP molecule (not DFT optimized). R and S

enantiomers are identified according to the clockwise or anti-clockwise appearance of the largest to smallest lobe,

similar to the adsorption study on Pd; presented in the previous chapter.

In summary, we have demonstrated highly enantioselective adsorption on the threefold Pd; and Pd; sur-
faces of the chiral intermetallic compound PdGa. Due to structural differences in the outermost layers of
the surface terminations, the enantioselectivity develops at higher temperatures for Pds;, as compared to
the Pd; surface. The findings validate that chiral intermetallic compounds are indeed promising materials
for chiral synthesis by heterogeneous catalysis. Even though a chiral reaction was not demonstrated, the
highly selective adsorption process is the first step towards enantioselective reactions on intrinsically chiral
intermetallic compounds.
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Chapter 7 Conclusions and Outlook

This thesis reports on a surface science study on low-Miller index surfaces of the intermetallic compound
PdGa. The main motivation was to develop a deeper understanding of how the surface atomic structure
affects the adsorption of small molecules on intermetallic compounds, and thereby to contribute to the
knowledge-based design of new heterogeneous catalysts. The choice of PdGa as a model catalyst was
based on two particular features of its bulk crystal structure, namely Pd site-isolation and chirality. While
the isolation of active Pd sites is the potential reason for the outstanding performance of PdGa as a stable

21, 23

and selective semi-hydrogenation catalyst for acetylene, the combination with its surface chirality

might offer the possibility to design highly enantioselective catalysts.

The surface terminations of five single crystal PdGa surfaces were determined, namely PdGa(111), (-1-1-1),
(100), (110) and (210). The obtained information of the different PdGa surface structures opens the door
for ab-initio simulations on adsorption and reactions on these PdGa surfaces. Our results of the structural
determination and CO adsorption reveal that the Pd site-isolation of the bulk crystal structure is indeed
maintained at the surfaces, but it is expressed to varying degrees, ranging from isolated single Pd atoms in
the topmost surface layer (PdGa:A(111)Pd,), to rugged chains of Pd atoms (PdGa:A(210)Pd,). Probing of the
site-isolation by CO adsorption revealed that intermolecular interactions are completely suppressed for
(111)Pd; and (100)Pd,, while they are strongly reduced for (111)Pds, but present on (110)Ga,. The Pd; ter-
mination of the (111) surface exhibits the largest isolation of Pd sites with a distance of 0.7 nm between the
outermost Pd atoms. This is more than double compared to the Pd-Pd distance in bulk PdGa. These sepa-
rated single atoms are the favored adsorption sites for CO, C,H, and C,H, on this surface.

The peculiar arrangement of the threefold Pd; and Pd; terminations, featuring single Pd atoms and Pd tri-
mer groups, respectively, showed a striking difference in the adsorption of acetylene. While the single Pd
atoms lead to n-bonded acetylene, adsorption on the Pd trimers resulted in a strong n/di-c bond of the
molecule to the surface. On the other hand, the adsorption configurations of H, and C,H, are similar on the
two surfaces. Both molecules are weakly bound, and located on-top a Pd atom of the outermost atomic
layer with the main molecular axes (C-C and H-H, respectively) parallel to the surface plane. For the Pd;
termination, these are promising conditions to achieve high selectivity, as the reactant is strongly bound in
comparison to the product, which is weakly bound to the surface. Catalytic experiments, comparing selec-
tivity and activity of the PdGa- to Pd single crystal surfaces, could give direct insights into the performance
of the site-isolated intermetallic surfaces for various heterogeneous reactions. In such experiments the
structural ensemble effect and the ligand effect, caused by the alloying with Ga, may influence the reaction.
In the comparison of the PdGa surfaces among each other, this ensemble effect should be largely decou-
pled from the ligand effect of Ga, as the electronic structures are approximately the same for the two ter-
minations. The catalytic experiments on single crystal surfaces could be achieved by employing a small vol-
ume reactor, attached to the UHV chamber, which allows for reproducible preparation of surfaces.
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The (100), (110) and (210) surface, showing atomic chains on their surface, have not been investigated with
respect to hydrocarbon adsorption. The comparably small isolation of the Pd sites on these surface along
the <001> direction might enable the guided formation of linear polymers or “molecular wires” from small
hydrocarbons, upon annealing on the catalytic PdGa surfaces.

The intrinsic bulk chirality of the PdGa crystal structure is maintained in the outermost atomic layers for all
low-Miller index surfaces, i.e. none of the surfaces exhibits a mirror plane. The surface chirality of the
threefold PdGa surfaces leads to highly enantioselective adsorption of prochiral molecules. For room tem-
perature deposition of 9-Ethynylphenanthrene, an enantiomeric excess of up to 0.98 was observed. This
effect is temperature-, and surface structure-dependent. The challenge of future experiments will be to
transform the enantioselective adsorption into a chiral surface reaction and to synthesize chiral molecules.

In summary, PdGa exhibits isolated and chiral Pd sites on its low-Miller index surface terminations. This
leads to the separation of adsorbed molecules on the surfaces and to enantioselective adsorption. The
atomic structure and coordination of the Pd sites have a strong influence on molecular adsorption strength
and configuration. The results provide original insights of molecular binding to intermetallic surfaces and
might contribute to a rational design of selective catalysts based on well-defined intermetallic compounds.
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