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Abstract

Supported metal particles in the sub-nanometer regime frequently exhibit interesting
functional properties such as catalytic activity, which can be highly size-dependent. In the
emerging field of single-atom catalysis these effects are studied at the size limit, where
the active phase is represented by isolated stable metal atoms on oxide supports or within
surface alloys.

The present thesis is a surface-science study of metal adsorption at the magnetite
Fe304(001) surface on synthetic and natural single-crystal specimens prepared in ultra-
high vacuum (UHV). The properties of the Fe3;04(001) surface are investigated using
scanning tunneling microscopy (STM), photoelectron spectroscopy (PES), low-energy
electron diffraction (LEED), and density functional theory (DFT) calculations based on the
WIEN2K program package. These experimental surface-science methods combined with
DFT are also employed in the study of metal adsorption at this surface, performed in UHV
as well as during exposure to low pressures of common reactant gases (2x 10719 mbar to
10~% mbar of gases such as CO, O,, NO).

Magnetite (FesO,) is a naturally abundant material, which finds application in energy
technology as a catalyst or as a support material of active metal particles. The Fe304(001)
surface stabilizes isolated metal adatoms up to a temperature of 700K and is thus a
highly promising model system for the study of single-atom properties. The present thesis
provides an overview of the adsorption properties of selected metals (Ag, Co, Cu, Mn,
Ni, Pt, Rh, Ti, and Zr) at this surface and their interaction with gas molecules. As a first
step, the structure of the (v/2x+/2)R45° reconstruction of the B-terminated (i.e., FeO,-
terminated) Fe30,4(001) surface is resolved via quantitative low-energy electron diffraction
and ab initio thermodynamics. The stable reconstructed surface structure is based on a
rearrangement in the subsurface layers, involving two subsurface Fe vacancies and one
interstitial Fe atom per unit cell. This reconstruction creates a twofold coordinated ad-
sorption site in each unit cell, which is the preferential site for metal atoms. In this site
the adatoms bind strongly to surface oxygen and assume a cationic charge state. How-
ever, the adatom configuration does not correspond to the thermodynamic equilibrium;
thus the adatoms can be destabilized by annealing to high temperatures. In this case
the deposited metal atoms follow one of two observed pathways: incorporation or cluster-
ing. Metals that form stable spinel compounds (e.g. Ni in NiFe,O,) exhibit an energetic
preference to enter the surface, filling the subsurface Fe vacancy and locally lifting the



reconstruction. The incorporation barrier varies for different chemical elements, leading to
differences in the specific behavior. In most cases mild annealing is required to overcome
the incorporation barrier (for Ni, Co, Mn, and Rh), whereas for example Ti and Zr are
almost fully incorporated upon deposition at room temperature and Cu retains a partial
coverage of adatoms even at 870 K. Noble metals (Au, Ag, Pt, and Pd), on the other hand,
do not incorporate but form clusters once a critical number of interacting metal atoms is
exceeded. The number of interacting metal atoms can be enhanced by high coverage or
by increasing the mobility of the metal adatoms, for example thermally or chemically, via
the formation of mobile metal-adsorbate complexes. The onset temperature of cluster-
ing for noble metals is found to be ~700K; close to the temperature where the surface
reconstruction is lifted.

The combination of the experimental data with density functional theory calculations
allows determining trends in the adsorption behavior. Thus, it is for example possible to
ascribe a stronger metal-oxide bond to the 3d metals compared to the 4d and 5d metals,
which are characterized by an increased strength of the metal-metal bond. Moreover, the
concept of stable metal adatoms at the reconstructed Fe;0,4(001) offers the possibility to
combine the specific chemical properties of different metals by co-deposition.

The prospective applications of single adatoms in catalysis encourage characterizing
their interaction with reactive gas molecules such as CO, O,, and NO. Strong adsorption
is found to stimulate the mobility of adatoms in various metal-gas combinations, such as
Pt-CO, Rh-NO, and Rh-O,. For example Pt adatoms exposed to CO form stable, mobile
carbonyl species, driving the formation of Pt clusters. When heated in UHV to 520K, the
smallest Pt clusters are destabilized and decay back to adatoms. In contrast, annealing
the surface with Pt clusters at 550K in reactive atmosphere (10~7 mbar CO, H,, or O,)
causes the clusters to activate the interaction between gas molecules and support. Under
these conditions the Pt clusters mediate the oxidation of CO and H, via the extraction of
lattice oxygen, and island growth via oxygen spillover in O, atmosphere.



Kurzfassung

Die funktionellen Eigenschaften von Metallpartikeln auf Oxidoberflachen sind h&ufig
von der TeilchengréBe abhéngig. Ein bekanntes Beispiel daflr ist die erhéhte kataly-
tische Aktivitat vieler Metalle im Sub-Nanometer-Bereich. Im aktiven Forschungsgebiet
der Einzelatom-Katalyse beruht diese Aktivitat auf einzelnen Metallatomen, die an Oxid-
oberflachen gebunden sind oder als Bausteine von Oberflachenlegierungen stabilisiert
werden.

In der vorliegenden Dissertation wird die Stabilitat einzelner Metallatome auf der (001)-
Oberflache synthetischer und natirlicher Magnetit (Fe;O,4)-Einkristalle mittels oberflachen-
physikalischer Methoden untersucht. Die Experimente wurden in Ultrahochvakuum (UHV)
durchgefihrt und bedienten sich hauptsachlich der Methoden Rastertunnelmikroskopie
(STM), Photoelektronenspektroskopie (PES) und der Beugung niederenergetischer Elek-
tronen (low energy electron diffraction, LEED). Die Interpretation der experimentellen
Ergebnisse wurde von Dichtefunktionaltheorie-Rechnungen basierend auf dem WIEN2k
Programmpaket unterstitzt. Dieselben Methoden wurden zur Untersuchung der Wech-
selwirkung von stabilen Metalladatomen mit niedrigen Driicken reaktiver Gase wie CO,
O,, oder NO herangezogen (2x1071% mbar bis 10~° mbar).

Magnetit ist ein weit verbreitetes, natiirlich vorkommendes Material, das zum Bei-
spiel als Katalysator oder als Tragermaterial flr aktive Teilchen Anwendung findet. Die
Fe;0,4(001) Oberflache hat die einzigartige Eigenschaft, einzelne Metalladatome bis zu
einer Temperatur von 700 K zu stabilisieren, und ist daher ein vielversprechendes Modell-
system zur Untersuchung einzelner Adatome. Die vorliegende Arbeit bietet einen Uberblick
Uber die Eigenschaften verschiedener Metallatome (Ag, Co, Cu, Mn, Ni, Pt, Rh, Ti und Zr)
auf der Fe30,4(001) Oberflache und die Wechselwirkungen dieser Metalle mit reaktiven
Gasen wie CO, O, und NO. Die Struktur der (v/2x+/2)R45°-rekonstruierten FesO4(001)
Oberflache bildet die Basis ihrer Adsorptionseigenschaften. Mittels quantitativer Elektro-
nenbeugung und Ab-initio-Thermodynamik wird gezeigt, dass diese Rekonstruktion auf
einer regelmafigen Anordnung von Eisenfehlstellen in der FeO,-Lage unmittelbar unter
der Oberflache sowie zuséatzlichen Fe Atomen in der obersten Fe-Lage basiert. Metall-
atome adsorbieren bevorzugt in einer spezifischen Position in der rekonstruierten Einheits-
zelle, in der sie eine stabile Bindung mit zwei Sauerstoffatomen eingehen. Die Adatome
sind zwar stabil, stellen aber nicht den thermodynamischen Gleichgewichtszustand dar.



Daher kénnen sie durch hohe Temperaturen destabilisiert werden, was zu zwei unter-
schiedlichen Verhaltensweisen der Metallatome fiihrt: Inkorporation oder Clusterbildung.
Metalle, die stabile Spinell-Mischphasen mit Magnetit bilden (z.B. Ni in NiFe,O,4), werden
vorzugsweise in die Oberflache eingebaut und flllen dort die Eisenfehlstellen. Dies fihrt
dazu, dass die Rekonstruktion lokal in der betroffenen Einheitszelle aufgehoben wird.
Meist muss die Temperatur der Probe erhéht werden, damit die Metallatome die Inkor-
porationsbarriere Gberwinden kdnnen (fur Ni, Co, Mn und Rh). Ti und Zr hingegen sind
bereits bei Raumtemperatur fast vollstandig in die Oberflache eingebaut. Im Gegensatz
dazu bilden die Edelmetalle Au, Ag, Pt und Pd Cluster, sobald eine Uberkritische An-
zahl an wechselwirkenden Atomen erreicht wird. Die Anzahl wechselwirkender Atome
kann auf verschiedene Weisen variiert werden, wie zum Beispiel durch die Menge an
aufgebrachtem Metall oder Gber die Mobilitdt der Adatome, die von der Temperatur der
Probe abhangt, aber auch durch Adsorption von Molekilen erhéht werden kann. Auf einer
Oberflache, auf der sich nur Edelmetall-Adatome befinden, beginnt die Entstehung von
Clustern bei etwa 700 K. Dies entspricht in etwa der Temperatur, die auch zur Aufhebung
der Rekonstruktion benétigt wird. Die hohe Stabilitat der Metallatome erméglicht es auch,
zwei Metalle mit verschiedenen Eigenschaften auf der Oberflache zu kombinieren.

Die potenzielle Anwendung einzelner Atome in Katalysatoren stellt eine starke Motiva-
tion dar, die Wechselwirkung der Adatome mit reaktiven Gasen wie CO, O, und NO zu un-
tersuchen. Meist &uB3ert sich eine starke Wechselwirkung mit Gasmolekuilen durch starke
Adsorption, die zu erhdhter Mobilitat der Adatome fuhrt. Fir Pt und CO wird zum Bei-
spiel die Bildung eines mobilen Pt-Carbonyls beobachtet, dessen Mobilitat entscheidend
zur Enstehung von Clustern beitragt. Bei erhéhten Temperaturen aktivieren Pt Cluster die
Wechselwirkung mit dem Tragermaterial Magnetit, was in CO oder H, Atmosphére (bei
10" mbar) zur Oxidation der Molekiile mittels Extraktion von Sauerstoff aus der Ober-
flache fuhrt. In O, Atmosphéare hingegen bewirkt Spillover von Sauerstoff das Wachstum
von Magnetit-Inseln an der Oberflache.



List of Abbreviations

AAAS American Association for the Advancement of Science
AES Auger electron spectroscopy

AFM Atomic force microscopy

APDB Antiphase domain boundary

APW Augmented plane wave

APW+lo Augmented plane wave plus local orbital
ARPES Angle-resolved photoelectron spectroscopy
DBT Distorted bulk truncation

DFT Density functional theory

DOS Density of states

e.g. exempli gratia (for example)

fcc Face-centered cubic

HAXPES  Hard X-ray photoelectron spectroscopy

hcp Hexagonal close-packed

i.e. id est (that is)

ISS lon scattering spectroscopy

LAPW Linearized augmented plane wave

LEED Low-energy electron diffraction

(SP)LEEM  (Spin-polarized) Low-energy electron microscopy

LEIS Low-energy ion scattering spectroscopy

ML Monolayer

PES Photoelectron spectroscopy

RT-STM Room-temperature scanning tunneling microscopy
chamber where most experiments were performed

SCV Subsurface cation vacancy

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

(S)TEM (Scanning) Transmission electron microscopy

UHV Ultrahigh vacuum

UPS Ultraviolet photoelectron spectroscopy

XAS X-ray absorption spectroscopy
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1 Introduction

1.1 Surface science

Surfaces and interfaces are the contact points of solids and their environment, which have
crucial influence on most interaction processes in everyday life. The characterization of
solid surfaces is therefore essential to describe, understand, and utilize the functional
properties of solids interacting with other phases. Bonds are broken at the surface of a
solid-state body and thus the coordination of the surface atoms is changed. The initial
state created by cleaving or cutting a solid to form a surface is usually balanced by re-
laxations of the atoms from their bulk equilibrium positions or by reconstructions of the
structure in the surface and subsurface layers. As a result, the electronic structure of the
surface as well as its properties can differ substantially from the bulk, demanding a sys-
tematic study of surface structure and properties to obtain a deep understanding of the
interaction of different materials with their environment. There is a variety of techniques
for research on surfaces, a selection of which will be explained in chapter 2.

Surface science, i.e., the study of surface properties of single crystals and thin films
under idealized conditions (e.g. ultrahigh vacuum (UHV) environment), is a highly inter-
disciplinary field, combining surface-sensitive methods from physics and chemistry. Re-
search on surfaces has received considerable attention since its results do not only de-
scribe the basic interaction processes at interfaces but are directly relevant to applications
in many cases. Functional properties such as catalytic activity or different types of elec-
tronic conductivity often rely on the characteristics of the surfaces. Thus understanding
and modifying the underlying surface processes can lead to significant improvements, for
example in the performance of catalysts. The importance of the field found universal re-
cognition with the 2007 Nobel Prize in Chemistry awarded for the surface-science study
of chemical processes on solid surfaces’. While mostly technologically relevant metal
surfaces were studied initially, the focus of attention has shifted increasingly to metal
oxides?3. This development is not only related to the propensity of most chemical ele-



ments to form compounds with oxygen, the most abundant element in the earth’s crust?,
making oxides important as the naturally occurring phase of most materials. It also re-
flects the increasing importance of metal oxides in technology?, ranging from all-oxide
electronics to applications in heterogeneous catalysis.

In heterogeneous catalysis, oxides can find application as catalytically active
phase®8789 or as support material for active nanoparticles'%1":12.13_Oxide surfaces are
particularly well-suited for reaction processes requiring sites of (Lewis) acidic and basic
character, because the positively charged metal and the negatively charged oxygen ions
facilitate dissociation processes. In addition to the acid-base character, which is closely
related to the elemental composition of the oxide surface and the valence states of the
constituent atoms, the catalytic activity of a specific material depends on surface proper-
ties such as the bonding geometry, the (under-)coordination of the surface species, and
the nature and concentration of defects. For a single compound all these properties can
vary significantly for different exposed facets and the respective stable terminations, re-
sulting in a different catalytic activity. The intrinsic reactivity of a surface can be enhanced
via doping or the deposition of active species, such as metal nanoparticles. Active, oxide-
supported metal deposits are widely employed in technological applications'#, ranging
from industrial processes like Fischer-Tropsch synthesis to three-way catalytic converters
in car exhaust systems. Nanoparticles exhibit a high surface-to-volume ratio compared to
bulk crystals, which allows combining a large active area with an economical use of pre-
cious metals. While the properties of large particles usually closely resemble the charac-
teristics of bulk metals, approaching the nanometer scale can lead to remarkable changes.
One of the most prominent examples of unexpected effects in the nano-regime is the
enhanced low-temperature CO oxidation activity of Au nanoparticles for cluster diameters
below 5nm discovered by Haruta et al.’™'6. This observation has converted the image
of gold from an inert metal to an important and widely studied nanocatalyst'”-'® and has
motivated numerous studies of the nanoscale properties of different metals.

Typical nanoparticle catalysts consist of a heterogeneous distribution of particle sizes
and shapes, rendering a well-defined study of size-dependent properties challenging. Fur-
thermore, ensembles of nanoparticles with various different sizes are susceptible to ripen-
ing processes at elevated temperatures, also known as sintering. These growth processes
can potentially change the properties of the metal particles during reactivity measure-
ments. In addition to temperature, adsorbate species can play a decisive role in sintering
processes 192021 by inducing the mobility of a metal species, for example by weakening
the metal-metal or metal-surface bonds. Depending on the nature of the diffusing spe-
cies, two types of sintering processes can be distinguished: Ostwald ripening or particle



migration and coalescence??2324 In the latter case the adsorbed clusters are mobile and
diffuse to meet and coalesce to larger particles, whereas in Ostwald ripening atoms or
molecular species detach from clusters and diffuse at the surface leading to mass ex-
change between clusters. The lower surface free energy per atom for increased particle
sizes results in a reduced rate of detachment from larger particles, which eventually leads
to their growth at the expense of small clusters. Well-defined single-size cluster ensembles
thus lead to the inhibition of Ostwald ripening, as Wettergren et al. demonstrated for Pt
clusters? on an amorphous SizN; support.

The development of sources of such size-selected clusters has raised metal cluster
research to a new level by providing access to (sub-)nano particle ensembles with a
narrow size distribution?62728.29  Studies on size-selected clusters have shown that
changing the cluster size by a single atom3931.32.33 can result in dramatic changes to
essential properties of the clusters such as catalytic activity and selectivity®®. In par-
ticular for particles consisting of few atoms, it is possible to establish a direct connection
between application-related characteristics such as adsorption energies of molecules and
variations of the electronic structure3? or the cluster geometry 8. In addition to the size
dependence, changes of surfactants or the support material 123435 have been observed
to modify the catalytic properties of the sub-nano metal species. The reactivity of the sub-
nano clusters compared to larger particles or bulk metals is often assessed by measuring
the adsorption strength of gas molecules, for example via temperature programmed de-
sorption (TPD). In these model studies CO is a popular probe molecule since it is involved
in many important reactions and extensive reference data is available on metal single crys-
tals. The remarkable increase in activity observed for small metal clusters and the strong
effect of the cluster size raise the question whether catalytic reactions are also possible at
the ultimate size limit of sub-nano clusters — single atoms. Indeed single atoms have been
reported as catalytically active species, giving rise to the emergence of a new branch in
heterogeneous catalysis research: single-atom catalysis 3637,

1.2 Single-atom catalysis

The catalytic activity of isolated metal adatoms was discovered initially in size-selected
cluster studies approaching the limit of single atoms. Pioneering studies include the ob-
servation of CO oxidation at 90 K over Pd atoms soft-landed onto an MgO(100) support38,
where they are anchored at surface oxygen vacancies. Later, the water-gas shift activity
of Pt and Au on a ceria support was shown to remain constant when all metallic particles



were removed by leaching, indicating that ionic noble metal species are responsible for the
catalytic activity3°. Based on temperature programmed reaction and infrared spectroscopy
or X-ray photoelectron spectroscopy (XPS), respectively, these initial studies provide clear
evidence that single atoms bound to an oxide support can efficiently catalyze reaction pro-
cesses. More recently, technological advances in imaging methods such as aberration-
corrected (scanning) transmission electron microscopy ((S)TEM) have opened new path-
ways for the atomic-scale characterization of supported single metal atoms. Successful
examples specifically targeting the reactivity of isolated metal atoms include studies of
Pt/FeO,*? for CO oxidation, Au on zeolite for CO oxidation*', Pt-(OH), on alumina*? cata-
lyzing the water-gas shift reaction, or Pt-CeO, for fuel cell applications*3. The combi-
nation of high-resolution imaging with advanced spectroscopic techniques such as X-ray
absorption spectroscopy (XAS) has proven a powerful approach to establish the activity
of mononuclear species and further characterize potential single-atom catalysts36:37:44,
Based on this methodology studies of catalytically active single atoms have flourished
and potential reaction pathways have been proposed in many studies, usually supported
by ab initio calculations. However, providing the atomic-scale knowledge of the support
surface and the exact geometry of the adsorption sites required by the calculations re-
mains challenging for TEM and XAS experiments, in particular at a level that allows for
accurate predictions of reaction mechanisms. Thus, while these studies substantially ad-
vance the field of single-atom catalysis by expanding the repertoire of metals and reac-
tions, their contribution to a profound understanding of reaction processes over supported
single atoms remains controversial. The required mechanistic insights can be provided by
surface-science experiments on well-defined model systems, allowing for a combination of
experiments and ab initio calculations based on established surface structures, which can
be prepared reproducibly. The emerging field of single-atom catalysis represents a new
frontier in catalysis research, which is accessible to application-oriented methodology as
well as surface-science techniques, opening the opportunity to combine the results on
activity with mechanistic understanding for well-defined catalysts at the ultimate size limit.

In recent years, the field of single-atom catalysis has been growing rapidly; the number
of different reactions and their complexity are increasing as well as the range of potential
single-atom catalysts. In the selection of new single-atom catalysts, the stability of the
isolated atoms represents one of the major criteria. The agglomeration to larger particles
originates to a large degree in the decreased surface-to-volume ratio of nanoparticles
compared to single atoms, which usually results in a lower surface free energy per atom.
Thus, on most surfaces deposited metal atoms lower their energy by agglomerating to
clusters or islands, unless the atoms are prevented from assuming their equilibrium growth



mode %45, for example by suppressed diffusion. Common methods to inhibit diffusion pro-
cesses include trapping the mobile species by cryogenic temperatures or creating surface
sites with high binding energies, such as defects. While low temperatures are not the ap-
propriate approach for single-atom catalysis applications, there are effective strategies to
stabilize atomically dispersed metal species at surfaces up to reaction temperaturess6: In
dilute “single-atom alloys”#246, reactive single metal atoms are stabilized as part of the
alloy’s surface lattice and catalyze reaction processes. For example Pt-Cu single-atom al-
loys with a surface coverage of 0.02 ML Pt have been shown to catalyze hydrogenation
reactions*’. The agglomeration of Pt is suppressed by strain and in this case additionally
by the mixing enthalpy of Pt in Cu. In zeolites, nanoporous crystalline oxide materials, the
stability of the mononuclear metal species is established in the form of metal complexes
deposited from selected organic precursors 36 containing single metal atoms*'48. On simi-
lar non-reducible oxides, such as alumina or silica, stable single atoms can be achieved via
the addition of alkali oxides to such complexes, which also contribute to the local activity of
the support3®. Reducible metal oxides such as ceria3¢:3% or FeO, 3740 constitute another
important class of supports, on which surface defects provide anchoring sites for metal ad-
atoms and sub-nano clusters in a stable metal-oxygen-substrate configuration®’. Surface
defects are known to stabilize single atoms also on various other supports, which can be
promising for single-atom catalysis applications, for example graphene“®. The stability of
metal adatoms in catalysts must be considered in the context of the operating temperature
and environment. The operation conditions of an active and stable single-atom catalyst are
therefore constrained to the regime where it is not affected by deactivation processes such
as poisoning or sintering, which are commonly associated with the reactive atmosphere
required for catalytic reactions®°.

In most single-atom catalysts, the properties of the metal species are determined by
their interaction with the support. Oxide-supported metal atoms are usually cationic3?, re-
sulting from coordination to surface oxygen, which can be regarded as a type of incorpo-
ration into the oxide** by filling continuation sites of the cation lattice®”. Their ionic nature
can modify the bond to molecules®® and lead to enhanced reactivity for different metal-
support combinations such as Pt and Ir on FeO,*%5"; Pd, Rh and Pt on Al,0552:53.54,55.
and Au on various supports, described in a comprehensive review by Flytzani-
Stephanopoulos#4. The broad experience with Au has led to a promising observation*:
The intrinsic activity of the single-atom Au species for the water-gas shift reaction is trans-
ferable to a large selection of supports. This selection of substrate materials for active
Au atoms is even enhanced by the recent discovery that alkali metals stabilize active Au
atoms on non-reducible supports such as zeolite or silica*®. The transferability between



different support materials increases the importance of understanding the properties of
single metal adatoms for the ambitious objectives of single-atom catalysis, such as design-
ing optimized operating catalysts by combining the best-suited supported metals for spe-
cific tasks in the reaction process. Only the study of the interaction of metals with small and
simple reactant molecules, such as CO, CO,, O,, and Hy, can provide the required base of
knowledge for these endeavors. In the next step of elucidating single-atom reaction mech-
anisms, the stability of the active metal phase can be tested under different operation
conditions. One example of such a mechanistic study shows that the changes in selectiv-
ity with variations of the ratio of the reactant gases CO, and H, over Rh/TiO, originate
from an increase in isolated Rh atoms under CO»-rich conditions®®, rather than changes
in the preferred reaction pathways. The trend towards in situ studies of single-atom cata-
lysts is an important step bridging the pressure gap to application-relevant conditions.
For Pd on La-doped alumina, for example, an operando X-ray absorption spectroscopy
study provides important insights into the stabilization and reaction mechanisms®” of CO
oxidation and demonstrates redispersion of the active atoms achieved by high-temperature
oxidation in air.

The development of advanced characterization methods and reliable single-atom sup-
ports is particularly important in the context of a recent article®® showing the controversial
nature of single-atom catalysts. Using infrared spectroscopy this study demonstrates that
single Pt atoms are a spectator species in the water-gas shift reaction over sub-nano Pt
particles, casting doubt over the general assumption that single atoms exhibit increased
catalytic activity. The literature presented above includes several careful studies on single-
atom catalysts which clearly establish their existence, but each newly proposed system
should therefore be critically reviewed, also regarding the irreversible changes that can
occur at reaction conditions. Well-defined model systems such as the (v/2x+/2)R45°-
reconstructed Fe;0,4(001) surface, studied in the present thesis, gain particular import-
ance in this context. This surface has been shown to stabilize single Au adatoms, which
can clearly be distinguished from clusters, up to catalytically relevant temperatures of
700K in one lattice site per reconstructed surface unit cell®®. The surface structure is
well known, exhibits a broad stability range, and can be reproducibly prepared. Recently
Pd adatoms®? at this surface have been reported to host adsorbed CO, mobilizing the
adatoms and leading to adsorbate-induced sintering processes observable using scan-
ning tunneling microscopy. The present thesis builds on the discovery of reactive single
metal adatoms at the Fe30,4(001) surface and aims to provide a detailed description of the
adsorption of metals using surface-science methodology.



2 Methods

The present thesis is based on a combination of experimental surface science and density
functional theory (DFT). This comprehensive approach has proven an effective strategy to
unravel the physical background of surface processes on complex materials. When new
adsorption phenomena are discovered in experiments, DFT calculations provide the back-
ground information that is required to relate observations to the structural and electronic
properties of the surface, such as adsorption energies, site preferences, energy barriers,
electronic densities of states, and partial charge distributions. This chapter is intended
to give a brief introduction to the most relevant experimental techniques and to density
functional theory calculations.

2.1 Experimental methods

The majority of the single-adatom experiments on Fe304(001) were performed at room
temperature in an ultrahigh-vacuum chamber referred to as “room-temperature scanning
tunneling microscopy chamber” (RT-STM). The RT-STM is a two-vessel ultrahigh-vacuum
system consisting of a preparation chamber and an analysis chamber connected through
a gate-valve via a magnetic manipulator rod. The preparation chamber is equipped with a
VG Microtech EX05 scanning ion gun, retractable contacts for the integrated target heater
on the manipulator rod (filament current, high voltage), a single-pocket and a triple-pocket
electron-beam evaporator (Focus EFM 3, EFM 3T), a home-built Zr sputter source®’, a
quadrupole mass spectrometer, and four high-precision leak valves; one of the leak valves
is combined with a gas doser to achieve higher local pressures at the sample surface. The
experimental equipment on the analysis chamber comprises an Omicron u-STM, a VSI
ErLEED low-energy electron diffraction (LEED) setup, a VG Microtech XR3E2 dual anode
X-ray source, a SPECS EA 10 Plus analyzer, a SPECS IQE 12/38 scanning ion gun, a
SPECS EQ 22/35 electron gun, a Perkin Elmer Model 3017 Auger electron spectroscopy
system, and four high-precision leak valves. The base pressures in the analysis and pre-



paration chambers are in the range of ~5x107!! mbar and <10~1° mbar, respectively, as
measured using a cold cathode Penning gauge in the preparation chamber and a Bayard-
Alpert (hot filament) gauge in the analysis chamber.

2.1.1 Sample preparation

The experiments are performed on magnetite single crystals, which were cut in (001)-
direction and polished by commercial suppliers (SurfaceNet, Mateck, Surface Preparation
Labs). These companies are also the suppliers of the natural magnetite single crystals,
whereas the synthetic crystals employed in the experiments were grown by Professor
Zhigiang Mao at Tulane University (New Orleans, USA) using the floating zone method.
The natural crystals are square-shaped (from 5x5mm? to 10x10 mm?) with thicknesses
ranging from 0.5 to 1.5mm. A list of the different crystals used for the metal deposition
experiments is given in the appendix B.1. The polished crystals are mounted onto Mo
(or Ta) Omicron-type sample plates using two stripes of flat Ta wire that are shaped to
clips which uniformly press the sample down and are fixed by spotwelding the ends to the
Mo/Ta plate. Usually a thin Au foil is mounted between sample plate and crystal to improve
the thermal contact. All parts (sample plate, Au foil, Ta clips) are cleaned via several cycles
in acetone followed by isopropanol in an ultrasonic cleaner. Organic residues are blown
off by pressurized CO,.
Once a sample is in ultrahigh vacuum, it is slowly annealed to 870K to desorb residual
molecules from the surface and further cleaned using sputter-anneal cycles. The standard
UHV sample preparation cycle consists of sputtering with 1 keV-Art ions and annealing to
870K in UHV. After several UHV annealing cycles, the sample is usually heated to 870K
in a background pressure of 10~ mbar O, before the experiment in order to avoid Fe-rich
surface terminations.

If the previous experiment involved metal deposition, several cleaning cycles are neces-
sary (=10) and often automated cycles in Ar atmosphere are performed over night. Without
any oxidation step, this treatment is likely to cause Fe enrichment in the surface region.

2.1.2 Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) is the main experimental technique employed in
the present work. This technique provides real-space imaging of flat, conductive surfaces
with atomic resolution on the basis of the quantum-mechanical tunneling effect between
the surface and an atomically sharp metallic tip. The theoretical basis for STM was laid



by Bardeen®? in his description of the quantum-mechanical tunneling effect using time-
dependent perturbation theory. Bardeen showed that the tunneling probability between
two metals separated by an insulating layer can be described by the simple expression
(27r/h)|M|2pf, where M represents the tunneling matrix element and p; the density of
final states. Thus the tunneling current for a certain p, can be used to analyze the overlap
of the electronic wave functions of a sample and a well-defined probe at a certain tunnel-
ing barrier (contained in M).

G. Binnig and H. Rohrer®? recognized the potential of the tunneling effect for a device
mapping the electronic structure of surfaces with high spatial resolution and developed
the scanning tunneling microscope. This experimental device is based on measuring the
tunneling current between a flat surface and an atomically sharp metal probe — the STM
tip. In order to achieve an overlap of the wave functions sufficient for tunneling the STM
tip is positioned very close to the surface (typical Az~0.5—1nm) using piezoelectric ac-
tuators. The tunneling matrix element depends exponentially on the tip-sample distance,
which makes this technique highly sensitive to the electronic structure of the surface but
also to vibrations. To establish measurable tunneling currents (typically in the range of a
few pA to 10 nA), a bias voltage is applied between the sample, increasing the acces-
sible final density of states p;. The polarity of the bias voltage determines whether the
measurement probes the filled or empty density of states of the sample.

The principle of operation is illustrated in Figure 2.1. The STM acquires images by
scanning the tip over the surface line by line. The tunneling current at each point is ampli-
fied, recorded as output signal, and fed into a feedback loop, which controls the z-position
of the tip. Similar to the positioning in z-direction, the scanning motion of the tip is realized
using piezoelectric actuators, which respond to the application of voltage with small, ac-
curate length changes. If the tip position perpendicular to the scanned area (z-direction)
is not changed, the STM is operated in “constant height” mode. The acquired STM image
represents a map of the tunneling current recorded in each pixel of the scanned area. In
the more common “constant current” operation mode the distance to the sample is adjus-
ted to achieve a tunneling current equal to the current setpoint, a user input parameter.
The difference between measured current and setpoint amplified by a gain factor (set by
the user) is used to adjust the tip position. Operation in constant current mode allows to
scan rougher surfaces at a lower risk of touching the surface with the STM tip (tip crash).
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Figure 2.1: lllustration of the working principle of a scanning tunneling microscope (Figure by
Michael Schmid, TU Wien)%*. The STM tip is positioned close enough to a conductive sample
to achieve tunneling current at an applied bias voltage. The current is amplified, recorded, and
used as feedback signal to adjust the position of the tip using piezoelectric actuators, while the
tip is scanning a small region of the surface.

2.1.2.1 Tersoff-Hamann approximation

Based on the perturbation theory by Bardeen®?, it is clear that scanning tunneling micro-
scopes provide information on a convolution of the electronic structure and the topography
of surfaces. An approximate description of the tunneling process specifically for STM was
introduced by Tersoff and Hamann®9, starting from the tunneling current in first order per-
turbation theory.

= (2re/h) > f(BW)[1 = f(By+eV))| My |*6(E, — E,) (2.1)
v

Here, e is the electronic charge, f(E) the Fermi function, V' the applied voltage, 1,
the tunneling matrix element containing the overlap integral of the wave functions and
d(E, — E,) ensures elastic tunneling. The Fermi function is evaluated at the relevant en-
ergies for the electronic states of the tip f(£,) and the sample including the applied bias
voltage f(E, +eV), resulting in a factor for the occupation probability of all the tip and
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sample states, denoted ;1 and v, respectively. The matrix element is represented by an
integral of the current operator in the region separating the tip and the surface.

My, = ~(02/2m) [ dS(wiv0, - 0,V0) (22)

In the Tersoff-Hamann approximation the tip is approximated using a fixed radius of curva-
ture and a spherical wave function. In the approximation of low bias voltage and tempera-
ture (resulting in a sharp Fermi level) an expansion of the wave functions into in-plane
Bloch waves decaying exponentially into the tunneling gap results in a tunneling current
depending linearly on the tunneling voltage and the density of states at the Fermi energy
and exponentially on the distance (I o< e2k%).

2.1.3 Low-energy electron diffraction (LEED)

Low-energy electron diffraction is a surface-sensitive diffraction technique providing reci-
procal-space information about surface structures. LEED is a powerful tool, which is widely
used in surface science, from assessing simple surface reconstructions and superstruc-
tures up to quantitatively determining surface structures via complex multiple-scattering
simulations.

In a typical LEED setup, an electron source irradiates the surface with a beam of low-
energy electrons (30-500eV) (usually in perpendicular incidence to the sample surface,
defined as z-direction). The electrons are diffracted from the (periodic) surface structure
and accelerated onto a fluorescent screen after passing retarding grids which filter out the
inelastically scattered electrons.

Unlike bulk diffraction techniques such as X-ray diffraction, LEED does not image sharp
spots in the three-dimensional reciprocal space. Since the penetration depth perpen-
dicular to the surface is limited, the diffraction spots only represent the periodicity of the
surface plane (xy-plane) and a few bulk-like layers below. In z-direction, however, these
spots extend to lines of varying intensity. The construction of an Ewald sphere and the
lattice rods in reciprocal space illustrates that LEED spots are observed at any energy if
the Ewald sphere intersects the lattice truncation rods. The spot intensity varies as one
follows the rods in z-direction, corresponding to a change in the incident electron energy.
These intensity variations can only be explained by dynamic scattering theory including
multiple scattering events®®, but they can serve as a fingerprint for unambiguously deter-
mining surface structures. If intensity curves for the LEED spots are recorded and simu-
lated using dynamic scattering theory, the results can be compared quantitatively using
the so-called Pendry R-factor (0 < Rp < 2), a number assessing the agreement of the ex-
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perimental and simulated sets of intensity curves®’. This method (called LEED /V) can be
used to unambiguously confirm or falsify a surface structure model.

2.1.4 Photoelectron spectroscopy (PES)

X-ray and ultraviolet photoelectron spectroscopy (XPS, UPS) are common methods to
analyze the chemical composition of surfaces. Both methods are based on the photoelec-
tric effect: When a material is irradiated with photons of sufficient energy, the energy of
a photon can be transferred to an electron, which is released if it can overcome its bind-
ing energy Ep and (in the case of solids) the work function of the surface ®. The excess
energy accounts for the kinetic energy of the photoemitted electron in vacuum:

Ef, =hv—Epg—® (2.3)

In photoemission spectra the electron intensity is recorded as a function of the kinetic
energy. A peak at a certain kinetic energy thus provides information about the binding en-
ergy, which is characteristic for the chemical species that emitted the electron. In addition,
the exact position and shape of the peaks contain information on the valence states of the
atoms (peak shifts) and their bonding environment (peak shapes, satellites)8.

The surface sensitivity of electron spectroscopies originates in the short inelastic mean
free path of electrons in solids owing to their high probability to undergo scattering pro-
cesses. While (high-energy) photons can penetrate deep into the bulk of solids, the at-
tenuation length of the electrons (few A to nm) usually determines the probing depth of
electron spectroscopies. In surface studies this fact is used for modifying the surface sen-
sitivity of the measurement by varying the emission angle of the detected electrons or the
energy of the exciting photons. At synchrotron photon sources a large continuous range of
photon energies is available at high intensities whereas in laboratory-based experiments
the photon energy can only be varied by switching between X-ray and UV sources or using
different X-ray anode materials.

2.1.5 Low-energy ion scattering (LEIS)

Low-energy ion scattering (or ion scattering spectroscopy ISS) is a highly surface sensitive
technique to analyze the composition of the surface via determining the masses of the
surface atoms®. In LEIS the sample surface is bombarded by a low-current beam of
light ions such as He™ or Ne™ with a well-defined energy between a few hundred eV
and a few keV. The incident ions undergo elastic scattering processes with the surface
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atoms in a fixed scattering geometry. In the elastic collisions the incident ions transfer a
certain amount of energy to the surface atoms, which is determined by the masses of
the scattering partners, the scattering angle, and the incident energy. The ions emitted
from the sample at a fixed angle are detected as a function of their kinetic energy using
a hemispherical analyzer. Since the neutralization probability of the ions is very high, low-
energy ion scattering is a highly surface sensitive method for determining the surface
composition. A LEIS measurement can however rapidly change the surface structure and
composition since the ion bombardment is comparable to mild sputtering.

2.2 Electronic structure calculations

The electronic structure of a solid surface determines the majority of its experimentally
accessible properties. The combination of experiments and electronic structure calcula-
tions is therefore a powerful approach to characterize surfaces of functional materials.
A full quantum mechanical description of a physical system requires the solution of the
Schrédinger equation. While the solution for a hydrogen atom is a textbook example, ana-
Iytical solutions quickly become impossible once many-particle systems are considered.
An example of a many-body Schrédinger equation with N electrons in Born-Oppenheimer
approximation ’? is provided in equation 2.4. In the Born-Oppenheimer approximation the
ionic and electronic energies of the system are separated, allowing to describe the inter-
action of the electrons with the lattice via the static potential v,4(x;). The constant energy
contribution of the ionic-core lattice is not considered here.

HY (x1,...,xx) = BV (x1,...,xN)

. N 1 N N 1
i3 (A9 St 13
=1 i=

; AX‘—X“
7,<]‘ v J

(2.4)

Since the many-body problem of a solid can be solved neither analytically nor nu-
merically, different strategies are required. The most common approach to calculate the
electronic ground state of solids and surfaces is density functional theory (DFT). The
many-body problem with a 3N-dimensional wave function is mapped onto a single three-
dimensional variable describing the system, the electron density.
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2.2.1 Hohenberg-Kohn and Kohn-Sham theorems

The theoretical basis of this approach to calculate the electronic structure of many-electron
systems is established in the Hohenberg-Kohn’" and the Kohn-Sham 72 theorems. Hohen-
berg and Kohn proved that the many-particle ground state of a system described by the
Schrédinger equation is a unique functional of the ground-state electron density. Thus,
all observable ground-state properties are described by the respective electron density.
According to the second Hohenberg-Kohn theorem”! the ground state density can be
determined using the variational principle to find an energy minimum. However, detailed
knowledge of the so-called Hohenberg-Kohn functional F'[n(r)] in analytical or numerical
form is required to perform the minimization. In addition to the kinetic energy T's[n] and the
Coulomb repulsion of the electrons, F'[n(r)] includes the exchange and correlation energy
Eyc[n] of the interacting system. The complete energy functional E[n(r)] in the formulation
of Kohn and Sham”? also includes the external potential v(r) due to the nuclei:

Bln(w)] = [ vw)n(e)dr + Fln(r)

n(r)n(r’ (2:5)
:/v(r)n(r)dr—l—Tg[n]—l—;//|(I.)_I(J|)drdr/+EXC[n]

Again using a variational approach, Kohn and Sham derived a set of single-particle
Schrédinger equations of non-interacting electrons in an effective potential veg(r):

(—;VQ + veff(r)> Wi(r) = eithi(r),

n(r’) ,  §FEx[n]
UefF:U(r)+/r_r/|dr + sn(r) ’ (2.6)

N
n(r) = |vi(r)|’
=1

This approach avoids the usage of approximations for T's[n], which are too crude and in-
accurate to be of practical use. The effective potential contains the external potential v(r),
the Coulomb repulsion of the electrons, and an exchange-correlation potential described
by 0 Ey.[n]/dn(r). The respective wavefunctions 1;(r) are often called Kohn-Sham orbitals
but they usually do not correspond exactly to physical electronic orbitals. Correspond-
ingly, the orbital eigenvalues ¢; are formally only Lagrange parameters and their use as
excitation energies to compare to experimental results is not fully justified. However, the
sum of the square absolute values of ;(r) equals the correct electron density n(r) and is
therefore a reliable descriptor.
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At this stage, density functional theory is still exact and includes quantum mechan-
ical exchange and correlation effects. The Kohn-Sham representation provides a set of
equations which can be solved iteratively in order to obtain a self-consistent solution. A
direct solution is not possible since the effective potential that determines the ground-state
density is also a functional of exactly this density. The main impediment to an exact solu-
tion, however, is the exchange-correlation potential describing the quantum mechanical
interactions of the electrons, which is generally not known. Thus, different approaches
have been developed to approximate this term. In several types of approximations the ex-
change and correlation energy is derived from the properties of the uniform electron gas.
In the simplest case, the so-called local density approximation’’-72 (LDA), the exchange-
correlation functional is assumed to depend only on the local electron density of the sys-
tem and the corresponding value of exchange and correlation energy in a homogeneous
electron gas. In the next step of improving the accuracy, gradient terms of the electron
density are taken into account. One of the most widely used functionals using this so-
called generalized gradient approximation (GGA) was introduced by Perdew, Burke, and
Ernzerhof (the PBE functional)”3. For various applications the accuracy achieved using
GGA functionals is sufficient. Hence GGA is employed in many studies, including com-
plex systems such as transition metal oxides. However, there are a variety of methods
beyond the GGA level, such as hybrid DFT, including a contribution of exact exchange en-
ergy calculated using Hartree-Fock methods. The accurate description of exchange and
correlation remains one of the main limiting factors of DFT calculations and presents a
particular challenge regarding highly correlated systems.

One possible way to treat the strong correlations of 3d or 4f electrons within DFT is
to explicitly include the correlation energy’* via an “on-site Hubbard term”, inspired by
the Hubbard model describing correlations on the basis of the free electron gas”®. In
this approach called DFT+U (LDA+U, GGA+U), the effective potential in the Kohn-Sham
equations (equation 2.6) is modified by adding terms accounting for the Coulomb repulsion
energy (U) and exchange energy (J) of certain localized electrons with spin o occupying a
certain type of orbital m (usually d- or f-type orbitals). Equation 2.7 states the total energy
functional modified for the DFT+U self-interaction-correction (SIC) method according to
Anisimov et al.”*.
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Here, n,, , represents the occupation of an orbital m’ with electrons of spin ¢ in the
LDA+U calculation. The Coulomb energy U accounts for the repulsion of two electrons in
fully occupied orbitals; the term in brackets corrects for the LDA Coulomb energy of d-d
interactions for a total number of N correlated (d-)electrons. The matrices U,,,,,,» and J,,,,,,/
represent the non-spherical Coulomb and exchange interactions, taking into account the
dependence on the specific orbitals m,m/. In the calculations in the present thesis, an
effective energy U.;y=U — J is employed instead of the two parameters U and J (in the
calculation one sets J=0), which considerably simplifies equation 2.7. The calculations on
Fes;O, presented in the results section are based on PBE functionals including a Hubbard-
U term (U.sy=3.8 eV) for the strongly correlated Fe 3d electrons.

2.2.2 The implementation in WIEN2k

DFT is realized in a variety of computational packages using different basis sets for the
representation of the wave functions and different approximations of the atomic potentials
and electronic interaction. In the computational implementation the electronic wave func-
tions are expanded into a set of basis functions (e.g. plane waves) up to a certain cut-off
energy defined in the calculation. Simple plane waves, however, are not a good choice to
describe rapid changes in the wave function that occur close to the nuclei. This problem
can be overcome by employing pseudopotentials, effective potentials for all but the core
electrons replacing the exact ionic potential. The pseudopotential method is successfully
used in various code packages such as VASP’6. Alternatively, a version of augmented
plane wave basis sets is employed frequently in all-electron approaches, which include
the full ionic potential and thus offer a more accurate description of the density close to
the nucleus. In the original augmented plane wave (APW) approach developed by Slater””
the potential is assumed to be spherically symmetric within a defined radius surrounding
the nuclei of the constituent atoms and constant in the interstitial region. The solution is
represented in the form of sums of two types of basis functions: atomic wave functions
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(product of spherical harmonics and a radial function) inside the spheres and plane waves
in the interstitial region. In the approach of Slater, a set of unperturbed basis functions is
set up, each consisting of a single plane wave in the interstitial region () transitioning con-
tinuously to a function inside the muffin-tin-type spheres (MT), as shown in the formulation
of Sjostedt et al”8:

ikg~r c I
wépw(r,k) = ) k ' (2.8)
{;}alﬁul(r, E)Yqimy () reMT

Here, G is a reciprocal lattice vector, kg =k + G, w(r, E) the radial part of the wave
function, and Yy, ,,,; () are spherical harmonics. The coefficients a;,, are determined by
the condition of continuity between the basis functions at the boundary. Since v;(r, E) is
energy dependent, a new set of coefficients (a;,,) must be calculated for each energy
that is considered for the eigenvalue problem. The solution is represented as a series of
the unperturbed wave functions ¥4”"W; the respective coefficients are determined using
variational methods. Different types of basis sets have been developed starting from the
APW scheme, for example linearized augmented plane wave (LAPW)”® and the APW
plus local orbital (APW-+lo)”8 basis functions, which are the two basis sets of choice in
WIEN2k8081:82 the code package employed in the present thesis. In the LAPW method,
energy independent linearized radial basis functions are constructed by forming a linear
combination of a full radial function and its energy derivative «; evaluated at a fixed energy
(apmuy(r, Ey) + buntig (r, Er)). The coefficients are again determined by the boundary con-
ditions, which in the case of LAPW require that the basis functions should be continuously
differentiable. The linearization in the LAPW method simplifies the problem since the radial
functions are no longer energy dependent but still sufficient to describe the radial depend-
ence in a range around E;. However, a larger set of basis functions is required for the
solution. In an attempt to combine the accuracy of the APW functions at a smaller basis
set and the flexibility of the LAPW method Sjéstedt et al.”® proposed adding complemen-
tary radial basis functions to the APW method, so-called local orbitals. These local orbitals
are linearized functions describing selected single orbitals, which are physically relevant
to the specific problem and are also used to describe extended core states®3. They offer
additional freedom to vary the wave function inside the ionic sphere, while not contribut-
ing to the solution in the interstitial region. The radial part inside the sphere is described
by a'{"lvm}ul(rj Er) +b'{‘}7m}ul(r, E1), similar to a single summand of an LAPW basis func-
tion (for single {I,m} values). The resulting APW+lo basis set offers higher flexibility than
the APW method while retaining a smaller basis set than LAPW calculations. In WIEN2k,
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atoms which require small spheres and orbitals that are difficult to converge (e.g. valence
f-states) are calculated using the APW-+lo basis, whereas in all other cases generally the
LAPW method is used.
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3 Magnetite Fe;Oq4

Iron oxides are widely abundant materials consisting of two of the most common chem-
ical elements in the earth’s crust. Under ambient conditions, Fe'"'-oxides like a-Fe,Os3
form preferentially, but also FesO,4, FeO, and various hydroxides are stable phases which
are frequently found in rocks and soil®*. Common iron oxides find application in science
and technology at various levels, ranging from energy materials for photoelectrochem-
istry and energy storage to bio-nanomedicine® and source materials for iron and steel
production®. A comprehensive review of the properties and applications of iron oxides
and hydroxides is provided by Cornell and Schwertmann8?. In addition to their interest-
ing applications, these materials also present intriguing physical properties. Magnetite, for
example, is a half-metallic mixed-valence oxide, which undergoes a metal-insulator tran-
sition involving charge order concomitant with a monoclinic lattice distortion at ~125K,
the so-called Verwey transition8-87.

3.1 Bulk properties

At room temperature magnetite (FesO4) crystallizes in the inverse spinel structure, a face-
centered cubic oxygen lattice with Fe cations filling interstitial sites in octahedral (Feqct)
and tetrahedral (Fei:) coordination to oxygen®+88. The structure can be viewed as al-
ternating stacking of Fe layers (A layers) and Fe,.:O, layers (B layers), rotated by 90°
and shifted by a quarter of a lattice constant after each double-layer. One cubic unit cell
with a lattice parameter of 8.396 A, containing eight formula units of FesO,, is depicted
in Figure 3.1. Magnetite contains Fe in two different valence states (one Fe?*, two Fe3*
cations per formula unit), which occupy the cation sites in the characteristic order of the in-
verse spinel structure: the tetrahedral sites are exclusively occupied by Fe3+ cations, while
Fe?t and Fe3t coexist on sites with octahedral coordination (Fe2! Fel/,Fe3r0Q,). This
arrangement of the iron is energetically preferable regarding the crystal field energy of
Fe®*, which favors the octahedral coordination®. The valence states Fe** and Fe3+
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Figure 3.1: Bulk unit cell of Fe3 Oy in the cubic inverse spinel phase stable at room temperature.
Red spheres represent oxygen, dark and light blue spheres the Fe cations in octahedral and
tetrahedral coordination, respectively.

should be regarded as nominal values, used as simplifying terminology of an actually
significantly smaller charge deproportionation®. In particular at elevated temperatures,
the distinction between Fe?t and Fe3* sites breaks down as a consequence of the con-
ductivity of magnetite along the rows of Fe,.:. The conduction behavior is described as
a mixture of band conduction and small-polaron hopping, with increasing importance of
polaron hopping at elevated temperatures®°.

The iron cations in magnetite exhibit magnetic moments originating in the Fe 3d orbit-
als in high-spin configuration (nominally 55 and 4 ug for Fe3* and Fe®*, respectively),
which couple ferromagnetically within the respective A or B layer. The exchange inter-
action between the layers is antiferromagnetic, leading to a net ferrimagnetic magnetiza-
tion of 4 up per formula unit. The Curie temperature at 850 K marks the transition from the
ferrimagnetic to a paramagnetic phase®*.

At low temperatures magnetite undergoes a structural and electronic phase transition at
125K, the Verwey transition8:87. The lattice assumes a monoclinic structure, the elec-
trical conductivity decreases by two orders of magnitude, and charge order (Fe?* and
Fe3T) emerges in the B layer. DFT calculations with an on-site Coulomb interaction U re-
produced the charge order and in addition found t», orbital ordering of the Fe>* cations®'.
A recent X-ray diffraction (XRD) and DFT study describes the charge order in magnetite
below the Verwey transition as the formation of chains of three B cations sharing the addi-
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tional electron in the Fe?* site. The enhanced bonding of these three-atom entities leads to
small lattice distortions which can be regarded as three-atom polaron-type quasiparticles,
termed trimerons. The magnetic structure of magnetite is also susceptible to tempera-
ture variations close to the Verwey transition. At room temperature, the magnetic easy
axes align with the cube diagonals, the (111) directions. When cooling through 130K, the
magnetic anisotropy undergoes a change of the easy axes to the cubic (100) directions 2.
The reduced symmetry in the monoclinic phase causes the magnetic easy axis to align
with the monoclinic c-axis®2. At the surface, this change of the magnetic axis projected to
the (001) plane has recently been observed in real space using spin-polarized low-energy
electron microscopy (SPLEEM) %3,

3.2 Surface properties

The low-index surfaces of Fe304 have been intensively studied®® due to their importance
in technological applications, as well as for their interesting physical properties. A recent
DFT study of the surface energies of FesO, constructing the Wulff-shape revealed that
the {111}- and {001}-type surfaces correspond to the most stable low-index magnetite
surfaces®. Although the stability trend agrees with experimental observations, it should
be noted that the structural models in this study deviate from the experimentally observed
structures. The (110) surface has also been prepared in experiments, which find a strong
preference for faceting to expose {111} faces®. For the (111) surface, six different bulk-
like terminations are possible, all of which correspond to so-called polar surfaces (type
Il in the classification by Tasker)®6. Surfaces are referred to as polar if charge neutrality
of the layers of the lattice is not fulfilled and the stacking sequence of the layers leads
to the so-called “polar catastrophe”, i.e. the buildup of a dipole moment, increasing the
electrostatic energy of the crystal with each additional layer. Therefore either reconstruc-
ted or partially occupied bulk-like terminations are expected for the FesO4(111) surface, in
agreement with the observation of a strongly relaxed plane of Fe..t, which is described as
the regular termination in a review on iron oxide surfaces by Parkinson88.

3.2.1 Fe;0,(001)

The {001}-type surface planes correspond to the faces of the cube depicted in Figure 3.1;
the (001) surface is the plane perpendicular to the c-axis, parallel to the top face of the
cube. In a bulk-terminated scenario, two different surface terminations are possible: the
B-layer (FeotO>) or the A-layer termination, consisting only of Fei; atoms. If bulk-like oxi-
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dation states are considered, both terminations result in polar surfaces (Tasker type Ill).
The first atomically resolved STM images of the Fe30,4(001) showed undulating rows of
Fe atoms along the (110) directions, suggesting a B-layer termination®’. The contrast ob-
tained using a magnetic tip was interpreted as real-space observation of charge order in
the surface®8. Early structural models of the (v/2x+/2)R45°-reconstructed B-layer surface
were proposed on the basis of STM% or AFM'% images and reconstructed LEED pat-
terns. In these studies, polarity compensation was suggested to be achieved via ordered
hydroxyl groups or oxygen vacancies. The idea of a charge-order-based B-layer termina-
tion was revisited by Mariotto et al. in a study using antiferromagnetic tips'°'. In 2005,
Pentcheva et al. proposed a structural model for the B-layer termination based on a re-
laxed Jahn-Teller distortion of a bulk-terminated surface unit cell, depicted in Figure 3.2.
This nominally polar surface structure was predicted to be stable by DFT-based ab-initio
thermodynamics '%% and showed acceptable agreement in experimental quantitative struc-
tural analyses using surface X-ray diffraction'%? and LEED /V 93 (Pendry R-factor of 0.34).
Thus it was broadly accepted as the correct surface structure, qualitatively explaining the
experimental observations of the time. In the present thesis, this structural model is re-
ferred to as “distorted bulk truncation” (DBT). todziana refined the model by introducing
DFT+U calculations %, leading to charge order in the subsurface rows of octahedrally
coordinated Fe atoms, which form pairs of Fe?>* and Fe3*. This so-called “surface Verwey
transition” causes small undulations in the rows of surface Fe, which qualitatively agree
with the undulating rows observed in STM images in the (v/2x+/2)R45°-reconstructed
unit cell. The surface reconstruction can be lifted thermally at 720K, in an order-disorder
transition to a (1x1) structure, which has been observed using LEED 9%,

Under reducing conditions STM results show a different type of surface structure,
which also presents the (v/2x/2)R45° symmetry but is typically associated with a polarity-
compensated half-filled A-layer termination. Fe dimers and Fe(A) atoms are the domin-
ant features on these surfaces, which are only created under very Fe-rich conditions, for
example on magnetite thin films grown on an Fe buffer layer'%. Recently, the thickness
of the Fe buffer layer has been shown to critically influence the surface termination of
Fe304(001) on Pt(100) %7 leading to several metastable surface structures. A study on
single crystals presents an improved structural model of this dimer-structure based on
atomically resolved STM images of complete well-defined layers created by depositing
Fo108.

The presented structural models provided a sufficient description of the Fe30,4(001)
surface until, in 2012, the unique metal adsorption properties of this surface 1%° were dis-
covered. Au was found to adsorb in the form of isolated adatoms with the periodicity of the
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Figure 3.2: Distorted bulk truncation model of the Fe304(001) surface introduced by Pentcheva
et al.19? (a) Side view image along the [110] Fe row direction illustrating the different Fe sites
of a force-relaxed structural model. (b) Top view: The cyan square indicates the reconstructed
unit cell. The sites at the corners and in the center are blocked for metal adsorption by the
subsurface Feiet, but the two oxygen bridging sites marked by the black stars are both available
for the adsorption of two-fold coordinated metal adatoms.

(v/2x+/2)R45° reconstruction with a 100% preference for one of the two bulk continuation
sites (Fee;) of the reconstructed unit cell®®, illustrated by the black stars in Figure 3.2(b).
The adatoms assume a bridging configuration between two oxygen atoms at adjacent
rows of Fe in a site which is not blocked by a subsurface Fei:. Annealing experiments
demonstrated the remarkable thermal stability of these Au adatoms®®, which are resist-
ant to agglomeration up to 700 K. Prior to the work presented in the present thesis, the
room-temperature stability of metal adatoms was also demonstrated for deposited Pd and
Feb0.108 which both also display the equivalent low-coverage site preference observed
for Au. Pd shows high reactivity towards CO adsorption, which induces mobility and ag-
glomeration at room temperature. Interestingly, Au was also found to adsorb in the form
of adatoms under Fe-rich conditions on the Fe-dimer termination’'®. DFT+U calculations
based on the distorted bulk truncation model successfully describe the strong adsorption
of metal adatoms but fail to reproduce the preference for one adsorption site per unit cell.
The adatoms show equivalent adsorption behavior in both available oxygen-bridging sites
that are not blocked by a subsurface Fe..;. This problem is resolved by the correct struc-
tural model for the surface''", the subsurface cation vacancy (SCV) structure, which is
one of the central results of the present thesis. Using LEED 1V, DFT (so-called ab-initio
thermodynamics), and STM we determined the stable surface structure, which is based
on an ordered array of cation vacancies and rearrangement of the subsurface Fe cations.
An interstitial Fe.e; blocks one of the two favored adsorption sites in the distorted bulk trun-
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cation model, explaining the observed adsorption behavior. The existence of Fe vacancies
implies a more oxidized stoichiometry of the surface region, which is in good agreement
with the formation of new surface area by O, dissociation and Fe diffusion upon exposure
to O, at elevated temperatures (po,~1078 Torr, T~650°C) observed using LEEM''2, The
LEED 1V, DFT (ab-initio thermodynamics), and STM results proving the subsurface cation
vacancy model are described in full detail in section 4.1.

3.2.1.1 Spectroscopy

The more oxidized nature of the surface layer is also observed in PES experiments. In
angle-resolved photoelectron spectroscopy (ARPES) a reduction in the intensity close to
FF is observed at strongly grazing emission angles '3, indicating that the surface layer is
depleted of Fe?* species which are commonly associated with this energy range''4. The
comparison of valence-band photoemission spectra acquired using ultraviolet light and
soft X-rays (21.22eV, 707.6 eV) for different surfaces also supports an Fe3*-rich surface
region of the Fes04(001) surface!'>. A similar conclusion is drawn from a comparison
of soft and hard X-ray photoelectron spectroscopy (HAXPES) in a recent study which
highlights the different nature of Fe, in the Fe;04(001) surface region compared to the
bulk''8. The main focus of the HAXPES study, however, is the composition of the Fe 2p
core levels for Fe..:, which are commonly assigned to Fe** and Fe3* components'!’.
The HAXPES results demonstrate that above the Verwey temperature all Fe,: can be
modeled as one component of the spectrum, comprising Fe3* and considerable inten-
sity of a charge transfer peak in bulk-sensitive spectra. The same study further provides
information about the controversial nature of the Verwey transition regarding the exist-
ence of a gap in the electronic density of states, which is also discussed in many of the
spectroscopic studies mentioned previously. The results at high probing depth indicate
that magnetite is metallic rather than semiconducting above the transition temperature '16,
in contrast to the small gap suggested in previous studies®8 but in agreement with
an early UPS study''®. There are also several spectroscopic studies on adsorption on
the Fe304(001) surface in the literature, which are discussed in the sections on related
results.
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4 Results

This chapter provides detailed information on metal adsorption at the reconstructed
Fe304(001) surface and the interaction of the supported metals with gas molecules.
Initially the subsurface cation vacancy structure of the Fe304(001) surface will be intro-
duced. After a short overview over the observed types of adsorption behavior, the ex-
perimental results for each metal will be discussed in the context of the respective DFT
calculations. Where possible, analogies will be drawn to metal adsorption and metal-gas
interactions on different (reducible) substrates such as CeO, or other iron oxide surfaces,
in particular regarding single-atom catalysis results in the literature.

4.1 Surface structure of Fe;0,(001)

Prior to the work described in the present thesis, the accepted description of the (v/2x
v/'2)R45°-reconstructed Fe304(001) surface was the polar distorted bulk truncation (DBT)
model by Pentcheva et al.'%2, depicted in Figure 3.2. In the DBT model the surface
reconstruction was based on subsurface charge order found in DFT+U calculations by
todziana'%4. Here, the Fe,.; cations form alternating pairs of Fe?* and Fe3t in the sub-
surface Feo O, layers. The fair agreement of the structural model obtained using quanti-
tative structural methods (Rp=0.34 in LEED /V)'9%193 |eft room for improvement. The
insufficient description of the Fe3;04(001) surface by this model became apparent when
the strong site preference of highly stable Au adatoms®® deposited onto this surface could
not be reproduced in DFT calculations.

The search for the correct structural model was guided by the attempt to explain the
preference for one of the two equivalent metal adsorption sites as well as the oxidized
(Fe3*-rich) nature of the Fe30,4(001) surface. Concerning the Fe3*-rich surface region,
it is important to note that the Fe oxides and hydroxides prefer to accommodate stoi-
chiometry changes via the cation lattice®, in contrast to other oxides such as TiO,, where
the density of oxygen vacancies is varied to adjust to the environment for small degrees
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Figure 4.1: Structural models of the Fe304(001) surface. The layers are labeled (S-i, i€N)
starting at the surface Feoct Op layer (S). Feoct O and Feier layers are considered as separate.
(a,b) Force-relaxed model of a structure with one Feocy vacancy per unit cell (“maghemite-like”
subsurface defect) in the subsurface B-layer (S-2). The black arrow indicates the possibility of a
neighboring Feoct to assume a tetrahedral coordination in the (S-1) layer. (c,d) Subsurface cation
vacancy structure’!!. The occupation of the tetrahedral site by Fejny blocks metal adsorption in
one of the two oxygen bridging sites of the bulk-terminated structure. The preferred adsorption
site is marked by a black star and labeled “n” in the top view in panel (d).

of reduction®. The creation of Fe vacancies and interstitials in iron oxides is facilitated by
the flexibility of the valence state of Fe (Fe®*, Fe3*). The oxygen-rich character of the
Fe;0,4(001) surface was established in the spectroscopy experiments described in sec-
tion 3.2, and agrees with the fact that the typical surface preparation conditions partially
extend into the stability range of Fe,Os3 in the iron-oxygen phase diagram'?°. The most
stable iron oxide in oxidizing conditions is hematite («-Fe,O3), which is based on a differ-
ent type of oxygen sublattice structure (hcp instead of fcc stacking) than Fe;Q,4, hinder-
ing a facile transformation. While hematite is the thermodynamically more stable phase,
maghemite (v-Fe»O3) maintains the spinel-type structure of magnetite, but vacancies are
introduced into the Fe, lattice. Thus, upon initial oxidation, the formation of a maghemite

26



layer is a valid assumption, although the growth of hematite inclusions is known to occur
in magnetite single crystals before measurable amounts of the crystal are transformed
to maghemite ''2. Removing one Fe2!. per unit cell from the first subsurface B-layer (the
(S-2) layer) creates one “maghemite-like” defect, illustrated in Figure 4.1(a,b). This Fe3+-
rich configuration is stable in DFT+U calculations and keeps the periodicity of the recon-
struction, but it creates one undercoordinated surface O atom per unit cell and causes an
asymmetry between the two rows of surface Fe which is not observed in STM images.
However, the oxide can attain an equal coordination number of all the surface oxygen
atoms in a symmetrical configuration by a one-step rearrangement: The additional space
created by the Fe, vacancy allows one neighboring Fe..:(S-2) to migrate closer to the
surface and assume a tetrahedral geometry as Fe3* in the first subsurface Fei:(S-1)-
layer (indicated by the arrow in Figure 4.1(a)), restoring a familiar bonding environment
(Feoct Or Feret-like) for all atoms. The resulting structure depicted in Figure 4.1(c,d) is the
stable, force-relaxed structural model of the correct surface structure, the so-called sub-
surface cation vacancy (SCV) structure''. The labels Fe;,; in Figure 4.1(c,d) highlight
the additional tetrahedral interstitial cation blocking adsorption in one oxygen-bridging
site; the black star labeled “n” in the top view in panel (d) marks the preferred metal
adsorption site. DFT+U calculations of a Au atom at the surface predict strong adsorp-
tion in the preferred site (E(Au)=1.98 eV, referenced to an isolated Au atom in vacuum,
Azau_re5=0.70 A above the average surface Fe., bond length d4,—04=2.01/2.00 A),
while the Au atom does not bond in the blocked site but moves away from the surface
in ab initio force relaxations.

DFT stability and ab initio thermodynamics

After initial DFT+U calculations had demonstrated the stability of the structure and the
fact that it reproduces key experimental observations, such as the (v/2x+/2)R45° recon-
struction, the Fe3*-rich stoichiometry, and the site preference in adsorption, further details
of the structure were calculated. The presented DFT+U calculations of Fe3O4(001) were
performed using WIEN2k80 in a collaboration with Professor Peter Blaha. The Fe304(001)
is modeled by a 17-layer symmetric slab of one (v/2xv/2)R45°-reconstructed unit cell with
a vacuum layer of ~13 A, using periodic boundary conditions. (A (2x2) slab corresponding
to two reconstructed unit cells is used for most adatom calculations). The atomic radii of
iron and oxygen were set to ryt(Fe)=1.86 bohr (=0.98 A) and ryt(0)=1.5bohr (=0.79 A)
in the adatom calculations and ry1(0)=1.15bohr (=0.61 A) in the ab initio thermodynam-
ics comparing different structural models. The strong correlations of the Fe 3d electrons
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are taken into account via GGA+U employing a Hubbard-U of 3.8eV for all Fe atoms.
Owing to the large unit cell, a (83x3x1) k-mesh represents a sufficient sampling of the
reciprocal space. Basis functions up to a plane wave energy cut-off of ~23 Ry (=310eV)
are included at the final level of convergence.

Since different structural models can have different stoichiometries, the stability of the
models was compared via ab initio thermodynamics using the approach by Scheffler and
Reuter'®'. Ab initio thermodynamics aims to provide a comparison of the surface en-
ergies of structural models with different stoichiometries (numbers of Fe and O atoms in
the slab) at different temperatures and oxygen pressures. The approach describes the
surface energy as a function of oxygen chemical potential and provides well-defined en-
ergies for the O,-rich and O,-poor limits (corresponding to the chemical potential of O
in the O, molecule and at the point of decomposition of bulk FezO4, respectively). In the
region of intermediate chemical potentials the energy curves of different terminations are
approximated by lines connecting the respective values for high and low oxygen chemical
potentials, since the exact solution is not accessible. This approach does not take into
account phase changes to FeO or Fe, O3, which would occur under very reducing or ox-
idizing conditions, respectively. The surface energy diagram was originally calculated for
the distorted bulk truncation and the subsurface cation vacancy model''" together with
Dr. Eamon McDermott, a PhD student in Professor Peter Blaha’s group. In further cal-
culations the surface energies of different terminations have also been assessed. Figure
4.2 shows a graph comparing the stability of a selection of different structural models as a
function of the chemical potential of oxygen. In addition to the structures discussed above,
the graph contains the surface energies of the following models: One Fe dimer per recon-
structed unit cell on the SCV structure and on the DBT structure, one Fe adatom per unit
cell on the SCV structure (labeled Fe(A)-terminated SCV structure), and a surface oxy-
gen vacancy in the DBT structure. The oxygen vacancy was created in one of the oxygen
sites, which are not coordinated to a subsurface Fe..(S-1) atom, because removing this
type of surface oxygen atom could also lead to a site preference in the metal adsorption
behavior. However, all of these options are less favorable than the SCV structure under
realistic conditions. The highly reducing conditions are accessible by deposition of Fe onto
the surface, which can lead to Fe-terminated surfaces, which are thermodynamically not
stable but stabilized by kinetic limitations in experiments'%8. The 0.5 ML-Fe,; termination
has not been considered, since it was already discounted compared to the DBT model by
Pentcheva et al. %2

One of the common initial considerations for proposed structural models is an analysis
of the dipole moment created by the stacking of charged layers, i.e. the polarity of the
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Figure 4.2: Ab initio surface phase diagram of different possible terminations of the Fe304(001)
surface. The surface energy is plotted as a function of oxygen chemical potential, corresponding
to the Oy pressures at 900 K on the top axis. The two vertical dashed lines indicate the range of
UHYV preparation conditions. Across the entire accessible pressure range, the subsurface cation
vacancy model is the most favorable surface termination.

surface. Since polarity compensation was found to play an important role in the stability
of many oxide surfaces®8:122 it is interesting to assess the dipole moments in the SCV
structure. The case of magnetite is particularly interesting, because its metallic nature at
temperatures above the Verwey transition provides the opportunity to rearrange charges in
the surface. Therefore the DFT-derived oxidation states rather than bulk-like ionic charges
should be considered to determine the surface polarity. The comparison of the bulk-like
and the DFT-derived charge states and the resulting stacking of charged layers are shown
in Figure 4.3. The DFT+U calculations determine the Fe cations in the first three layers to
be Fe3*, which is in good agreement with the oxidized surface observed in spectroscopy
studies. In addition, the two surface oxygen atoms adjacent to the preferred adsorption site
exhibit a nonzero magnetic moment (0.35 1 3), indicating that they assume the unusual
charge state of O'~. These modified charges sum to -2q, +9q, and -10 g per reconstruc-
ted unit cell for the surface and the first subsurface Fe;: and Fe, O, layers (q is one pos-
itive elementary charge unit), respectively, continued with the bulk-like +6 q (2xFel}) and
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Figure 4.3: lllustration of the charged layer stacking of the SCV structure using bulk-like and
DF T-derived charge states. The values of the bulk-like charge states are equivalent for all atoms
in the slab, while the calculated charges show enrichment of Fe** in the surface region and
two O'~ species per unit cell. The labeled arrows at the right end of the image illustrate the
respective dipole moments, resulting in a polarity compensated stacking with a residual dipole
moment at the surface. The bulk-like charges would result in a polar stacking of the charged
layers.

-6q (4xFe2>3t+8x0?%") stacking. In the simple model of equidistant charged planes, this
leads to dipole moments of 2qx Az (between surface and first Feit-layer) and -7 gx Az
(between the remaining charge in Fei:-layer and the Fe,-layer with vacancies) per unit
cell in the first two layers. In the subsurface layers below, a compensated (Tasker type
)% stacking is possible: Starting from the remaining charge of -3q (=-10q + 7q) in the
Feoct-layer with vacancies, the stacking of +6q and -6 q is compensated, leaving only a
finite dipole moment in the surface region. In a simplified alternative approach, the charges
of the first three layers are considered as part of one single layer (summing to -3 g), which
would again result in a polarity compensated stacking (-3q, +6q, -6 q,...). In this approxi-
mation, the different layer spacing close to the surface also gives rise to a finite dipole
moment in the surface region. In the common approach to assume bulk-like ionic charges
for all constituent atoms (in this case Fe23", Fe2l, and O%"), the result would be an un-
compensated polar stacking (-6 g, +9q, and -11 g in the surface and first two subsurface
layers, respectively, followed by a sequence of +6 q, -6 q). This analysis emphasizes the
importance of ab initio calculations for correct conclusions in the determination of surface
structures.
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Figure 4.4: Results of the LEED IV study’!!. (a) Representative examples of LEED IV intensity
curves with an Rp comparable to the total one. (b,c) Reconstructed LEED patterns at 149eV
and 285¢V. The red square indicates a reconstructed unit cell. The spots highlighted by yellow
circles correspond to the intensity curves in (a). From Science 346, 1215 (2014)111. Reprinted
with permission from AAAS.

Experimental proof: LEED IV

The promising DFT results encouraged the attempt for quantitative experimental struc-
ture determination using LEED /V. In LEED IV the intensity of the diffraction spots is
recorded as a function of the electron energy and simulated using dynamic scattering
theory implemented in specialized code packages. The measurements were performed
in collaboration with the LEED /V group at the University of Erlangen-Nurnberg in Erlan-
gen with Dr. Lutz Hammer and Pascal Ferstl using a specialized UHV setup for LEED
studies, equipped with standard preparation facilities and an STM. In LEED experiments,
the quality of the diffraction patterns benefits from low temperature measurements, in-
creasing the importance of fast data acquisition and low residual gas pressures. Several
LEED datasets were acquired on a synthetic Fe304(001) single crystal (#357) above and
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below the Verwey transition but no discernible difference was found. The data analysis
was performed mainly in Vienna using the programs AIDA (Ee2010) to follow the indi-
vidual LEED spots and record the intensity as a function of electron energy. IgorPro was
employed to process the acquired intensity curves (smoothing, normalizing) and correct
for variations in the beam intensity using curves recorded on background LEED movies. In
total 40 independent LEED intensity curves were recorded, amounting to a total data set
of 11308eV. The simulation and fitting procedures were performed by the collaboration
partners in Erlangen using the TensErLEED program package '23. Figure 4.4 shows ex-
amples of experimental and simulated LEED /V curves (a) and LEED patterns at 149eV
and 285¢eV (b,c), in which the diffraction spots corresponding to the curves are high-
lighted. In the fitting of the structural models 59 geometrical and 5 vibrational parameters
were employed, resulting in a redundancy factor of the data of 8.3, which excludes any
overfitting. The fit quality in LEED /V is usually assessed via the Pendry reliability factor®’
Rp (0<Rp<2), a number determining the correlation of the fit and the experimental data
(Rp =0 corresponds to identical, Rp =1 to uncorrelated, Rp =2 to anticorrelated curves).
The final R-factor of Rp=0.125 corresponds to very good agreement, providing a clear
proof of the structural model. Furthermore, the absolute difference between LEED and
DFT coordinates does not exceed 0.08 A for any atom. A recent surface X-ray diffraction
study shows very good agreement with the LEED and DFT coordinates of the SCV struc-
ture and thus provides additional confirmation for this structural model 124,

Electronic structure

The SCV surface reconstruction exhibits several interesting aspects regarding the elec-
tronic structure of the surface. Figure 4.5 shows plots of the spin-resolved electronic den-
sity of states of the entire 17-layer slab and the partial density of states for different compo-
nents of the slab. In (a) the contributions of oxygen and iron to the total DOS are identified,
while (b) shows the individual contributions of the surface and bulk-like layers of iron. The
sketch in the bottom-right corner of (b) illustrates the labels for the different layers intro-
duced in Figure 4.1. The DOS of the entire slab is fully spin-polarized (spin-down) in a
broad energy range straddling the Fermi level (Ex+ 1 eV), where the electronic states are
clearly dominated by Fe. The peak below Er corresponds to Fe?*t-like states''#, which
are not present in the outermost six layers (S to (S—5)). The unoccupied spin-up Fe DOS
consists entirely of Fe..; states, showing the ferrimagnetic order in the magnetite lattice.
The states of the O'~ atoms (not shown) contribute to the whole spectrum of oxygen DOS
but their main intensity is located in the two first peaks in the occupied spin-up DOS (at
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Figure 4.5: Density of states of the SCV reconstructed Fe304(001) surface. (a) Total, iron, and
oxygen DOS. (b) Contributions to the Fe DOS from different layers. The inset in (b) explains
the labeling of the layers.
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Figure 4.6: STM images of the Fe304(001) surface at common scanning conditions. (left)
Atomically resolved surface layer, undulating rows of surface Fe. (right) Common contrast: One
elongated protrusion corresponds to two Fe atoms. Here, the direction of the Fe rows is the
[110] direction, parallel to the bright, elongated defect features.

Eg~1eV and 1.5eV) and at 2.5€V in the unoccupied spin-down DOS. The total DOS of
the slab exhibits negligible but nonzero intensity at the Fermi energy. However, the elec-
tronic structure in this region is highly sensitive to changes of the Hubbard-U parameter
(Uerr=3.8€V in the presented data): Increasing or decreasing the value of U,y by 1eV
leads to an unambiguous gap (AE~140meV for U.;;=4.8 eV) or clear half-metallicity in
the case of U.s;=2.8 eV, respectively.

STM and electronic effects

The electronic structure of the surface has also been probed using STM. The broad range
without any electronic states of oxygen around the Fermi level indicates that Fe atoms
are imaged. This is in agreement with the first atomically resolved STM images of the
Fe;0,4(001) surface, which were acquired in 1992 and interpreted as rows of B-layer Fe,ct
atoms 8. Examples of STM images of the clean surface at two different common tip con-
ditions are provided in Figure 4.6. Figure 4.6(a) shows an atomic-resolution image of the
undulating rows of protrusions corresponding to individual surface Fe,.. atoms, whereas
at the contrast in Figure 4.6(b) the protrusions correspond to pairs of surface Fe,. atoms.
In the latter case, the row direction is indicated by the direction of elongation of the defect
features (bright protrusions on the rows of surface Fe, explained in section 4.1.1). Inter-
estingly, the undulations observed at voltages near Usample=+1V do not follow the surface
topography of the reconstruction but are in fact exactly opposite: In the preferred adsorp-
tion site, where the spacing between two rows of surface Fe is larger in the structural
model depicted in Figure 4.1, the Fe atoms appear to be closer to each other in STM
images, equivalent with an apparent relaxation away from Fe;,;. Since the voltage range
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Figure 4.7: Electronic effects in empty-state STM images of the Fe304(001) surface: The
undulations in the rows of surface Fe observed in experimental (a-c) and simulated (d-f) STM
images are weakened and change phase when the sample bias is increased from +0.17V in
constant height mode (a) to +2V and +3.4V in constant current mode at 0.15nA (b,c). The
yellow x marks one site in each experimental image, referenced to an Fe adatom in the top
left corner, and the equivalent site in the simulated STM images (d-f). The red line in (d)
indicates the position used for charge density contour plots (g-i) at energies corresponding to
the bias voltages. These contour plots and the Fe 3d DOS (j) explain the observed behavior as a
transition from a tilted, asymmetric configuration at low bias (g) to more spherically symmetric
charge distributions when additional Fe 3d orbitals become available (h,i). From Science 346,
1215 (2014)111. Reprinted with permission from AAAS.

near Usample=+1V corresponds to common stable scanning conditions the sites of maxi-
mum and minimum apparent distance between the surface Fe rows were called wide (“w”)
and narrow (“n”) sites of the reconstruction. The specifications “narrow” and “wide” were
established before the SCV structure was discovered, rendering them an inadequate de-
scription of the preferred metal adsorption site and the site blocked by Fe;,:, respectively.
In the present thesis the labels “n” and “w” will be retained in order to avoid confusion, but
their interpretation will be changed to “no Fe;,;” and “with Fe;,;.”. The observed reversal
between topography and STM images is a good example of a strong effect of electronic
structure in STM, summarized by Figure 4.7 (reprinted with permission from AAAS).
A series of subsequent STM images at different bias voltages (a-c) was acquired in the
same location at the surface, illustrated by the Fe adatom in the top left corner, which
serves as a marker. The same preferred metal adsorption site is highlighted by a yellow
“x” symbol in each image. A comparison of the images reveals a reproducible reversal
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of the undulations of surface Fe atoms when varying the bias voltage: At low tunneling
bias (Usample=+0.17V, constant height mode) the Fe atoms appear closer to the yellow
“x”, whereas straight rows are imaged at +2V and a further shift away from the marker
is observed for +3.4V (both images at a constant current of 0.15nA). The same beha-
vior is observed in the corresponding simulated STM images in Figure 4.7 (d-f), in which
an equivalent site is also marked by a yellow “x”. The Fe 3d states plotted in Figure 4.7
(j) (spin down) are the dominant electronic states contributing to the tunneling current in
the energy range close to the Fermi energy and thus determine the structure observed
in STM images. Up to ~1.5V, only the Fe t,, states are imaged, while the e,-type states
become accessible only with increasing voltage. The surface Fe3!. atoms occupy lattice
sites in which the bonding environment is distorted by the relaxations in the surface layer.
The consequence for STM images is illustrated in the charge density plot in Figure 4.7 (g),
portraying a cut of the charge density at +0.17 eV in the plane indicated by the red line in
(d): The orbitals are tilted and thus point away from Fe;,; and towards each other in the
preferred adsorption site. With increasing bias voltage, additional Fe 3d states contribute
to the tunneling current and the sum of the surface Fe orbitals approaches a spherically
symmetric distribution (4.7 (h,i)). This trend leads to a smaller amplitude of the undulations
in STM images at +2V (Figure 4.7 (b,e)). Finally, at Usample=+3.4V (Figure 4.7 (c,f)), all
orbitals contribute to the tunneling current and the rows of surface Fe observed in STM
images follow the direction of the surface relaxation. Thus, the Fe positions in the STM
images at higher bias voltages are closer to the surface topography. However, since the
most stable scanning conditions and the best resolution can be achieved at lower bias
voltages, the majority of STM images are acquired in the range of +0.7V to +2 V.

4.1.1 Surface defects and dopants

Surface defects can play an important role in the surface properties observed in experi-
ments, such as providing nucleation sites or promoting reactivity. One of the most common
defects on the Fe304(001) surface, a surface hydroxyl group (OsH), was identified by dos-
ing atomic hydrogen'2%. On Fe304(001), the adsorption of hydrogen modifies the density
of states of the two adjacent surface Fe,.; atoms, giving them an Fe?*-like character, as
shown by UPS and XPS. This change in the local density of states is observed in STM
images as a bright double protrusion on the adjacent row of surface Fe; an example is
shown in Figure 4.8(a). At room temperature, the adsorbed hydrogen atoms are mobile,
but their mobility is restricted to hopping between two surface Fe rows across the preferred

(119 1]

metal adsorption site'?® created by the surface reconstruction (labeled “n” for “no Fejn.”
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1.2V, 0%nA

Figure 4.8: STM images of defects on the Fe304(001) surface. (a) Surface hydroxyl groups
(OsH) appear as bright protrusions'®® on the rows of Feoc:. An example is highlighted by the
cyan arrow. A second type of defect, an antiphase domain boundary (APDB) in the reconstructed
B-layer appears as chain of bright features on the surface Fe rows. The labels “n” and “w” denote
the preferred adsorption site and the blocked site in the surface reconstruction, respectively (no
Feint and with Fen. ). The labeling indicates that the APDB creates two neighboring “n” sites??,
which is also illustrated in the schematic top view in (b). The dark blue atoms represent surface
Feoct, the light blue atoms Fewet(S-1), and the red atoms oxygen. (c) Screw dislocation at a
single step: The yellow lines mark the row direction, which changes when crossing a domain
boundary and remains parallel when ascending the step from the bottom part of the image.

in Figure 4.8). Therefore it can be used to distinguish these sites from the blocked sites
(labeled “w” for “with Fe;,:” ) in the case of an unfavorable tip condition.

Another common surface defect is related to the surface reconstruction: the antiphase
domain boundary '?6. When the surface reconstruction nucleates during cooling through
the high-temperature transition'%, the surface reconstruction is formed. The undulations
created by the reconstruction result in a different appearance of the sites with an inter-
stitial Fe;: (“w”) and the sites with no Fe;.; (“n”) (labelled in Figure 4.8(a), inspired by the
figure by Parkinson et al.'?8). If the reconstruction nucleates and grows starting from two
locations that are offset by one (1x1) surface unit cell, two adjacent sites of the same type
will meet, forming a so-called antiphase domain boundary (APDB) of the reconstruction.
In experiment, exclusively pairs of “n” sites are observed to meet'?6. The alternative case
of two adjacent “w” sites, both blocked by an interstitial Fe;,;, would lead to a patch of four
Fe vacancies in the subsurface Fe.; (S-2) layer, resulting in undercoordinated (two-fold)
oxygen atoms, which is likely a highly unfavorable configuration. Figure 4.8(b) illustrates
the surface configuration along an APDB in a top-view structural model, showing pairs of
“n” sites.

Further defects include Fe adatoms, unit cells with incorporated Fe atoms, and impurities.
Fe adatoms are not only created by Fe deposition but can also be intrinsic (usually at
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very low coverage). Their apparent height of ~65-80 pm (at 1V, 0.3 nA) % is significantly
lower compared to other metal adatoms such as Au (=100 pm)'%®, which makes Fe ad-
atoms easy to distinguish from most deposited metals. Another type of defect is created
by the incorporation of an Fe atom into one of the subsurface vacancies while the second
vacancy is filled by Fe;,:, corresponding to a single unreconstructed surface unit cell. In
STM images, this defect appears as two bright protrusions on neighboring Fe rows, re-
sembling two adjacent surface hydroxyl groups. Further similar bright features on the rows
of surface Fe are ascribed to impurity metal atoms in the surface or subsurface layer. For
example, Ca and K contaminants have been reported to segregate to the surface and lead
to restructuring to a p(1x4) missing-row reconstruction'?’. Similar effects were observed
for Mg segregation 28 through Fe304(001) films on MgO(001). The last defect described
here, the screw dislocation, is commonly observed on thin-film samples '’ and involves
at minimum two Fe,O, layers: Local errors in the layer stacking allow for single steps
which connect a single inclined terrace to itself, marked by the lack of the typical 90° ro-
tation of the Fe row direction when ascending a step. The balancing counterpart of this
defect caused by a screw dislocation is a type of domain boundary involving the rota-
tion of the row direction by 90° on a continuous terrace (both features illustrated in Figure
4.8(c)). The height of the dislocation steps can vary between different locations on the sur-
face and often deviates from the correct step height of the Fe304(001) surface (2.1 A). In
room-temperature studies on bulk single crystals these defects are usually not observed.
However, on a synthetic single crystal (#357), which was frequently used at room temper-

ature over a period of years, a high density of screw dislocations (> developed

1
50><50nm2)
during a series of STM experiments at 78 K using equivalent preparation conditions to the
room-temperature study. Thus, the formation of screw dislocations may be related to the

lattice distortions involved in the Verwey transition®® to a monoclinic structure.

4.2 Metal adsorption

4.2.1 Single metal adatoms and their stability

The study of metal adsorption at the Fe30O,4(001) surface is mainly motivated by the prop-
erty of the surface to stabilize isolated metal adatoms at elevated temperatures. At room
temperature, most metals deposited onto this surface form stable adatoms, which adsorb
in a two-fold coordination to oxygen in the preferential adsorption site created by the sur-
face reconstruction (see Figure 4.1(d)). Nevertheless the adatom configuration does not
represent the thermodynamic equilibrium for any metal. If sufficient additional energy is
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Figure 4.9: Adsorption geometry of a Ag adatom: (a) The cationic Ag adatom occupies the
preferred adsorption site. The labeled length indicators correspond to the Ag-O bond length
(dAg_o:2.08A) and the height above the average surface Feoct (AzAg_FeB=O.97A). (b) The
top view shows that no further equivalent adsorption site is available within the surface unit cell
(cyan square).

provided (e.g. by annealing Au to temperatures exceeding 700 K) or a metal-specific crit-
ical local coverage is exceeded, the metals transition into an energetically more favorable
configuration. Depending on the chemical element, the metals prefer one of two observed
final states: They either form metal nanoparticles, which is common on many oxide ma-
terials 19, or a solid solution with Fe3O4 via incorporation into the surface region, forming
a sub-stoichiometric spinel ferrite M,Fes_,O,4. The surface reconstruction based on one
Fe vacancy per reconstructed surface unit cell provides one site for the incorporation of
metal atoms, either by directly filling the vacancy or by displacing a surface Fe atom. In
both cases of incorporation, the second Fe,; vacancy is filled by the interstitial tetrahed-
ral iron atom Fe;, locally lifting the surface reconstruction. In the case of a preference for
nanoparticle formation, important parameters such as the critical cluster size, the bond
strength of the metal adatom to the oxide, and the interaction strength with gas molecules
depend on the specific chemical element considered. In order to describe these two differ-
ent types of adsorption and stability in detail, the first two metals presented in this section
will be Ag, a prototypical noble metal, which does not incorporate, and Ni, which forms
adatoms at room temperature, but prefers to form solid solution with Fe3QO,.

4.2.2 Silver

Silver is a promising material for noble metal single-atom catalyst studies, since it has
been reported to be active for different reactions, such as dehydrogenation'?® and ep-
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oxidation reactions 130, In particular the observation of size effects in the sub-nanometer
regime in the epoxidation of propylene 3! catalyzed by silver motivates the study of the
single-atom properties of Ag at the Fe304(001) surface.

4.2.2.1 Silver adsorption

The deposition of silver onto the Fe30,4(001) surface at room temperature results in single
Ag adatoms 32 occupying the preferred metal adsorption site in the reconstructed unit
cell, similar to the previous observations for Au®® and Pd®°. Figure 4.9 illustrates the
force-relaxed adsorption geometry of a Ag adatom. Since the bridging configuration two-
fold coordinated to oxygen is common to all metal adatoms described in the present
thesis, this image of Ag will serve as an example for all metals. The two length indic-
ators labeled in Figure 4.9(a) correspond to the bond length of Ag to the surface oxy-
gen atom (dAg,O=2.O8A) and the height above the average Fe.. in the surface layer
(Azag—rep=0.97 A) derived from DFT+U calculations. These two parameters are deter-
mined for each metal adatom considered in the DFT study of metal adsorption, allowing
a quantitative comparison of the different metals. Further characteristic parameters in-
clude the adsorption energies (F,qs(Ag)=1.85¢eV (SCV model), E,4:(Ag)=1.44eV (DBT
model 32, for a (2x2x1) k-mesh, 163 eV plane-wave cutoff)) and the charge transfer
to the substrate, described by the nominal valence state of the adatom (Ag'*, with a
spherically symmetric electron distribution indicating a 55°4d'° configuration). The calcu-
lations of the Ag adatom on the SCV model were performed using an atomic radius of
rag=2.1bohr=1.11 A, a (3x3x1) k-mesh, a plane-wave cut-off energy of ~183 eV, and no
Hubbard-U correction for Ag.

Ag is an ideal metal to demonstrate the concept of the Fe3O,4(001) adsorption template,
because the adatom coverage that can be obtained without creating clusters is substan-
tially higher than for many other metals, including Au. Figure 4.10 illustrates that at an
adatom coverage of 0.51 ML (1 ML=1.42x10®¥ m~2, one “monolayer”, corresponding to
one adatom per reconstructed unit cell) the density of Ag clusters is very low. Thus the on-
set of cluster formation is estimated to be close to 0.5 ML, whereas clustering starts®® at
approximately 0.17 ML for Au. The higher achievable adatom coverage indicates intrinsic
differences in the growth behavior of Ag and Au, for example in the critical cluster size or
the difference between metal-metal and metal-oxide bond strength. In order to determine
the physical properties underlying the growth behavior, further experiments on the adsorp-
tion of Ag at this surface were performed.

STM image sequences of Ag/Fe;0,4(001) demonstrate that Ag adatoms are mobile at an
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Figure 4.10: STM images of 0.51 ML Ag adatoms at the Fe304(001) surface, a coverage close
to the onset of cluster formation: (a) Detailed image of Ag adatoms. Locally, full coverage of
adatoms can be achieved in patches (yellow frame) and along the rows of surface Fe (red frame).
(b) Few clusters are observed at this coverage (=20 in this 100x 100 nm?-sized image). Four
examples are highlighted by the yellow circles.

observable time scale at room temperature. This mobility usually presents as hopping of
the adatoms between adjacent adsorption sites and is guided by the rows of surface Fe.
Figure 4.11 provides examples of adatom hopping taken from a 67-frame STM movie of
0.29 ML Ag. The yellow arrows indicate the hopping direction of the adatoms in the solid
circles. The dashed circles indicate the position of an adatom in the previous frame. In
this movie, an average rate of three site changes per frame was observed on an area of
~30x30nm?, scanned at Usmple=+1.2V and ;=0.4 nA. For site changes across one of
the rows of surface Fe a strong preference (>90%) for the fast STM scanning direction is
observed, indicating that the STM tip influences the mobility. The hopping parallel to the
Fe rows is likely also enhanced by the STM tip, but it is assumed to be intrinsic, because
it is observed independent of the scanning conditions.

The mobility of the adatoms provides information about the clustering behavior of Ag
because it would allow two adatoms to meet when diffusing at the surface. The fact that
no dimer formation is observed in STM movies indicates that two Ag atoms are not suf-
ficient to form a stable cluster. This conclusion is confirmed by DFT calculations com-
paring the adsorption energy of two Ag adatoms (1.44 eV/Ag atom) to one Ag dimer
(1.25eV/atom) 132, (These DFT calculations were performed on the distorted bulk trunca-
tion model before the SCV model was established. The Ag dimer was not calculated on
the SCV model.) In addition to the energetic preference for adatoms, the cationic nature
of the Ag'™ potentially leads to an electrostatic barrier inhibiting the adatoms to hop onto
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Figure 4.11: STM images demonstrating the mobility of 0.29 ML Ag adatoms. The cyan lines
indicate the row direction (vector “r" in the inset). The yellow arrows and circles indicate the
motion of Ag adatoms; the dashed circles in the subsequent image mark the original position of
the respective atom.

an occupied site, thus preventing the formation of dimers. Since Ag adatoms are mobile
and dimers are not stable, Ag atoms deposited onto a patch with fully occupied adsorption
sites can temporarily share an adsorption site with an adatom and diffuse within the filled
region, possibly forming and breaking metastable dimers. Unless two of these additional
diffusing Ag atoms meet in one occupied site, no cluster formation will occur.

At high deposited Ag coverages, however, the majority of additional Ag atoms enter
clusters. Increasing the adatom coverage beyond the 0.51 ML shown in Figure 4.10 mainly
leads to the creation of new clusters and the growth of existing ones. Increasing the de-
posited Ag coverage to 0.65 ML, for example, results in an adatom coverage of 0.58 ML,
whereas the cluster density increases by a factor of four compared to the coverage coexist-
ing with 0.51 ML Ag adatoms. The adatom layer is filled slowly, but at a nominal deposited
coverage of 1.45ML (shown in Figure 4.12(b)) almost all sites are occupied. The adatoms
are randomly distributed; no preference for vacancies in the adatom layer is observed. This
observation indicates that incorporation of the mobile adatoms into the existing clusters
is not a common growth process at room temperature. Moreover, it allows the conclusion
that a newly formed Ag cluster remains bound to the adsorption site and cannot diffuse to
capture additional atoms. In contrast, strong evidence for this type of mobility and growth
was observed by Novotny et al. for Au clusters®®: STM images showed trails devoid of
adatoms adjacent to many Au clusters, indicating a diffusing species collecting and incor-
porating adatoms until the growing cluster size limits the diffusion.

A study of the thermal stability of Ag/Fe30,4(001) for different coverages provides in-
sights into the influence of Ag clusters on the stability of the adatom phase. Figure 4.12(a)
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Figure 4.12: Thermal stability of different coverages of Ag/Fe304(001). (a) Ag adatom cover-
age as a function of annealing temperature: Without clusters Ag adatoms are highly stable,
whereas a higher initial cluster coverage leads to a faster decrease of the adatom coverage
during annealing. The solid lines are intended as guide to the eye only. (b) Image of 1.45 ML
Ag/Fe304(001) deposited at room temperature. (c) Mild annealing (370K) leads to patches
devoid of atoms adjacent to clusters (surrounded by purple lines), interpreted as growth at
the expense of the adatom phase. (d) 0.58 ML adatoms coexisting with clusters, flash-annealed
to 545 K: The areas surrounded by purple lines extend across long distances aligned with the
preferential direction of Ag adatom diffusion. (e) At temperatures beyond 720K, all adatoms
are destabilized and large clusters (>10nm) can form. The cluster shown here is sharper than
the STM tip, resulting in an image reflecting the tip shape.

illustrates the effect of different annealing temperatures on three coverages: 0.2 ML Ag
adatoms without clusters and two coverages of adatoms coexisting with clusters (0.58 ML
adatoms coexisting with clusters and a nominal deposited total coverage of 1.45ML Ag).
Each data point represents the average count of adatoms after flash-annealing to the re-
spective temperature. The solid lines do not correspond to a functional dependence but
are intended to serve as a guide to the eye. For low coverages of Ag, such as the 0.2 ML
Ag represented by the blue data points, exclusively adatoms populate the surface. In the
absence of clusters, the adatom phase remains highly stable up to ~700 K, corresponding
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to the temperature at which the surface reconstruction is lifted.

The red and gray curves in the stability graph in Figure 4.12(a) demonstrate that

the presence of clusters at the surface decreases the thermal stability of the adatom
phase. At a coverage of 0.58 ML of Ag adatoms (nominally deposited 0.65 ML Ag), an ini-
tial cluster density of ~0.8x10'® clusters/m? is observed. Flash-annealing the sample to
520 K does not cause any discernible change to the adatom layer, whereas the coverage
decreases rapidly when the temperature is increased further to 545 K. A similar behavior
is observed for the deposition of 1.45ML Ag, creating a very high adatom and cluster
density (2.7 x 1016 clusters/m?), which is depicted in the STM image in Figure 4.12(b). In
the thermal stability study of 1.45 ML Ag, the decrease in the number of adatoms is shifted
further to lower temperatures; it starts at 370 K.
In Figure 4.12(c-e) the results of the thermal stability study are illustrated by STM im-
ages at representative temperatures and coverages. After annealing 1.45ML Ag to 370K,
patches devoid of adatoms are observed adjacent to many clusters (area surrounded by
the purple line in Figure 4.12(c)). Figure 4.12(d) shows an equivalent but stronger effect
after annealing 0.58 ML Ag adatoms coexisting with a low coverage of clusters to 545 K.
On each terrace, trails devoid of Ag adatoms are formed, extending away from a cluster
in straight lines. These trails are aligned with the direction of the surface Fe rows, which
also guide the diffusion of the mobile Ag adatoms at room temperature. The direction of
the rows is indicated by the cyan lines in (c,d). The elongated shape of the clusters in (d)
is a result of a high scanning speed, which was set too fast for the STM tip to follow the
topography of the cluster back to the surface in the scanning direction immediately after
passing the highest point. After the 545 K annealing step, a large proportion of the clusters
is located at step-edges, indicating that short trails leading to steps could be caused by
the diffusion of a cluster collecting metal adatoms. The long trails at different terraces ob-
served in (d), however, are more likely to originate in the thermally enhanced diffusion of
the Ag adatoms, which are incorporated into the cluster when coming into contact. The
very large cluster (apparent height 10.4 nm) in Figure 4.12(e) is the result of annealing
0.2ML of Ag to 770K. Its unusual and very broad shape is a good illustration of the limi-
tations of STM with respect to imaging large clusters or rough surfaces. While the height
of the cluster with respect to the terraces of Fe30,4(001) can be measured accurately, the
width and the shape of the cluster are a result of the STM tip shape. For large clusters, the
cluster is likely to be sharper than the front part of the STM tip if it is considered at a scale
of several nanometers. Thus, the high cluster protruding from the otherwise flat surface
scans the shape of the STM tip, resulting in an apparently irregularly shaped cluster in the
image shown in Figure 4.12(e).
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Figure 4.13: Comparison of Ag 3d XPS spectra of 0.4 ML Ag/Fe304(001) as deposited at
room temperature (adatoms only) and after annealing to 820 K (large clusters). The spectra are
aligned such that the respective O 1s binding energy corresponds to 530.1¢€V.

The clear trend towards cluster formation at temperatures exceeding 670K is also
borne out in XPS measurements. Figure 4.13 shows XPS spectra of the Ag 3d peak of
0.4 ML Ag, comparing the as-deposited adatoms to the clusters after annealing to 820 K.
The spectrometer is not calibrated accurately. Thus, both spectra are shifted by a constant
energy offset of +0.4 eV, corresponding to the offset required to reproduce the correct O 1s
peak position measured in the same experiments. The O 1s peak position is referenced
to the binding energy of 530.1 eV in Fe304(001), in agreement with literature values %8
and reference measurements using a monochromatized X-ray source calibrated to the
Fermi-edge and core-level peaks of metal samples (Au, Cu). This procedure is used for
all XPS spectra acquired with the same spectrometer setup (all spectra acquired with Mg
Ka in the present thesis). The presented Ag spectra show a peak shift to higher binding
energy for the as-deposited Ag adatoms, which is typical for an oxidized metal species.
After annealing, the peak is located at a lower binding energy (A E=-0.4 eV), characteris-
tic of the more metallic nature of Ag clusters. In the case of pure Ag samples, however,
a peak shift towards lower binding energies is observed when oxidizing the metal 133134,
This negative peak shift is qualitatively attributed to the negative Madelung potential at
the cation site in an ionic lattice, which is enhanced for the small lattice constants ob-
served in Ag oxides '3*. In the two-fold coordinated bonding geometry at the Fes04(001)
surface, however, the Ag adatoms are not embedded in an oxidized lattice but protrude
from the surface layer, providing a potential explanation for the shift to higher binding en-
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ergies, which is not observed for Ag,O. Hansen et al. also reported a shift towards higher
binding energies compared to metallic Ag 3% in experiments on the adsorption of Ag nano-
particles on TiO»(110) surfaces, indicating that sub-nano metal particles coordinated to an
oxide surface differ substantially from Ag,O samples. The large size of the Ag clusters on
Fe304(001) after annealing is reflected in the strong decrease in the intensity of the Ag
peak, resulting from a reduced number of Ag atoms and Ag surface area contributing to
the photoemission intensity. The peak height of the Ag peak decreased by a factor of
~0.25, in contrast to a factor of ~0.77 for the O 1s peak. (The small intensity drop of the
O 1s peak is also observed for other peaks and the background in survey spectra and is
thus attributed to a change in the sample position between the two XPS experiments.)

The results on the adsorption of Ag/Fe304(001) allow analyzing its behavior in the
context of the standard growth modes in thermodynamic equilibrium. The increasing oc-
cupation of the adatom layer, coexisting with 3D particles at higher coverages, suggests
Stranski-Krastanov-type growth of a wetting layer and 3D nanoparticles. Stranski-
Krastanov growth is the predominant equilibrium growth mode if the deposited material
exhibits a lower surface energy than the respective substrate, but generally cluster form-
ation of the deposit is favorable. In the present case, however, the adatom layer does not
correspond to a system in thermodynamic equilibrium, since annealing to lift the surface
reconstruction destabilizes the adatoms and leads to agglomeration into large particles,
in agreement with a study at high coverages of Ag on the Fe304(001) surface 6. The
experimental heat of adsorption of Ag atoms measured by adsorption calorimetry on dif-
ferent oxides is found to rapidly approach the value of the bulk heat of sublimation of Ag
(285 kJ/mol) with increasing cluster size'®. The corresponding experimental adsorption
energy (~2.9 eV/atom) is substantially higher than the 1.44 eV (1.85eV on the SCV struc-
ture) calculated in the present study '32. Thus, the stability of the Ag adatom layer is due
to kinetic limitations caused by the instability of the Ag dimer and the high stability of Ag
single atoms at the temperatures studied.

4.2.2.2 Silver adatom—gas interactions

The interaction of Ag adatoms with CO and CO, was studied in STM image sequences.
CO and CO, were dosed subsequently within one experiment up to pressures of 10~8 mbar
while scanning (Usample=+1.2V and 1;=0.4 nA), but no effect was observed. The DFT+U
calculations of the adsorption of CO find a relatively high adsorption energy of 1.38eV
compared to other 3d, 4d, and 5d transition metal adatoms, which were part of the DFT
study. Ni and Cu, for example, exhibit a lower CO adsorption energy of 1.28eV. The ab-
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solute numbers include changes in the bonding environment of the adatoms and are ref-
erenced to free atoms and molecules in vacuum, which are usually not good reference
values for absolute energies in DFT calculations. However, the comparability of energies
between different adatom species as well as all other calculated properties such as ad-
sorption geometries, charge states, and the electronic structure are not compromised. For
CO adsorption on Ag, the adatom is found to be lifted up from its initial position, stretch-
ing the Ag-O bond length to da, o(Ag-CO)=2.28 A (Ad=0.20A) and the height above
the average Feoct t0 Aza, rep(Ag-CO)=1.60A (A(A2)=0.63A). The Ag-C bond length
is da,_c=2.10A, the CO bond length dc_p=1.151A (compared to dc_o(free)=1.141 A).
The charge state of Ag'*t and the spherically symmetric charge distribution of the Ag
adatom are unaffected by the adsorption of CO.

4.2.3 Nickel

4.2.3.1 Nickel adsorption and incorporation

Many transition metals exhibit promoting effects when used as additives and dopants
in catalytically active materials. Owing to their cationic nature and the undercoordinated
bonding environment, metal adatoms at the Fe;04(001) surface are expected to interact
strongly with common reactant gases such as CO, NO, or O,. A DFT study of CO oxi-
dation over Ni adatoms on FeO, confirms this expectation and predicts a high catalytic
activity for this reaction at room temperature'3’. The water-gas shift activity of several
ferrite (MyFes_,O,) materials adds further interesting aspects to the study of Ni adsorp-
tion on Fe304(001) 138139 The results on the adsorption and stability of Ni/Fe304(001)
presented in this section have been published in a recent article on the adsorption and
incorporation of transition metals at this surface '?. Here, the adsorption properties of Ni
are discussed in three parts focusing on the results obtained using STM, photoelectron
spectroscopy, and density functional theory calculations.

STM of Ni adsorption

The coverage dependence of Ni adsorption on display in Figure 4.14 shows a type of be-
havior that can only be understood in the context of the subsurface cation vacancy surface
structure. Upon deposition of 0.2 ML Ni, stable adatoms in the preferential adsorption site
are the main species (Figure 4.14(a)). At room temperature Ni adatoms are immobile and
do not show any adsorption from the residual gas (p<10~1% mbar). The number of defects
in Figure 4.14(a) is comparable to the clean surface defect density. However, at higher cov-
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Figure 4.14: Coverage-dependent adsorption of Ni: (a) STM image of 0.2 ML Ni adatoms.
(b) Deposited 0.4 ML Ni: Small increase in the adatom coverage and the density of bright “on-
the-row” features corresponding to unit cells with filled subsurface vacancies (cyan circle). (c)
Deposited 0.6 ML Ni: First adatoms occupy formerly blocked sites, where the reconstruction
was lifted (yellow arrow). (d) Deposited 1 ML Ni: A large fraction of the Fe rows is brighter;
reconstructed patches without adatoms appear as depressions in the rows (green circle). Fully
occupied patches start to form (red square). The LEED pattern (inset) shows weak reconstruc-
tion spots; the yellow square indicates an unreconstructed unit cell . (e) Deposited 2.15 ML Ni:
The filling of the adatom layer is still incomplete, but more and larger densely occupied patches
have formed. Only few reconstructed patches remain. Very bright species are attributed to first
small clusters. Inset: unreconstructed LEED pattern. (f) Graph showing the adatom coverage
determined from STM images as a function of the deposited coverage.

erage (Figure 4.14(b,c)) an increasing number of defects imaged as bright features on the
surface Fe rows is observed (cyan circle). These “on-the-row” defects resemble a surface
hydroxyl group at similar scanning conditions but differ in apparent height and do not ex-
hibit the characteristic hopping behavior of the adsorbed hydrogen 25. The present thesis
provides evidence for the interpretation of these defects as “incorporated metal defects”,
corresponding to a unit cell, where the subsurface Fe,. vacancies of the SCV structure
are filled by two metal atoms, Fe;,; and a deposited metal atom or a second Fe,. The
metal incorporation locally lifts the reconstruction, reverting the cation rearrangement and
rendering the adsorption site and the (formerly) blocked site equivalent. At coverages of
1 ML (Figure 4.14(d)) and beyond, the increasing density of “on-the-row” defects becomes
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apparent in STM images: The fraction of bright Fe rows is increasing with the depos-
ited Ni coverage and the remaining reconstructed patches are imaged as depressions in
the rows (example highlighted by a green circle in Figure 4.14(d)). At 2.15ML Ni (Figure
4.14(e)) the bright features are dominant. Moreover, at higher Ni coverages the formerly
blocked sites are also available for Ni adsorption, resulting in densely occupied areas,
such as the regions highlighted by red frames in Figures 4.14(d,e). Figure 4.14(f) shows
a graph of the counted adatom coverage as a function of the deposited amount of Ni. At
coverages exceeding 0.2 ML the blue markers deviate strongly from the black line corres-
ponding to 100% adsorption as adatoms. This nonlinear behavior is also clearly visible in
the high-coverage STM images: For example after the deposition of 1 ML Ni less than half
(~44%) of a layer of adatoms is observed. While a systematic error in the calibration of the
deposited coverage is a possible explanation for a constant correction factor of the cover-
age, the increasing deviation from a linear behavior with growing coverage cannot be
explained that way. The absence of a significant number of clusters from the images
demonstrates that agglomeration to larger particles cannot be the underlying reason for
the reduced number of adatoms either. Thus, the deviation from a linear increase in Ni
adatom coverage is interpreted as the incorporation of Ni adatoms, resulting in filled sub-
surface Fe vacancies leading to bright “on-the-row” features, which correspond to “incor-
porated metal defects” here. This conclusion is strengthened by the local lifting of the
reconstruction, which is demonstrated by the tendency to form Ni adatoms in those sites
of the reconstruction, which should be blocked by Fe;,: (yellow arrow in Figure 4.14(c), red
frames in (d,e)). The weakening and disappearance of the reconstruction spots in LEED
patterns (insets in Figures 4.14(d,e)) serve as proof that the lifting of the reconstruction is
not limited to the areas scanned in STM images but occurs on the entire surface.

A study of the thermal stability of 0.2 ML Ni demonstrates that the incorporation is a
transition to a more favorable state, which can be excited thermally. Figure 4.15 shows
images of different areas of the Fe304(001) surface acquired (a) at room temperature and
(b) after annealing for 10 min at 423 K and (c) 448 K. The room-temperature image shows
almost exclusively Ni adatoms (example highlighted by a red circle in each image) and
few bright features on the surface Fe rows. After annealing the surface at 423K, a lower
coverage of Ni adatoms coexists with bright “on-the-row” features (examples highlighted
by yellow frames in (b,c)). Heating to 448 K results in an almost complete conversion of the
remaining adatoms to bright “on-the-row” features. The features, created from adatoms by
annealing, are equivalent to the “incorporated metal defects” observed in increasing num-
bers at augmented coverages of Ni. The observed behavior leads to the conclusion that
Ni incorporation can be driven by high coverage as well as excited thermally. Annealing
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Figure 4.15: Thermal stability study of 0.2 ML Ni adatoms (different area in each image): (a)
At room temperature almost exclusively adatoms are observed (example highlighted by a red
circle). No discernible increase in the concentration of bright features on the surface Fe rows is
found in comparison to the pristine surface. (b) Heating to 423 K (10 min) results in a decrease
in the Ni adatom coverage and a higher number of bright “on-the-row” features (yellow frames).
(c) After annealing at 448 K the adatom density is close to zero and the number of “on-the-row”
features has increased significantly. (Figure from Physical Review B 92, 075440 (2015); reprinted
with permission from APS.)140

at temperatures exceeding 448 K leads to the recovery of a clean surface in STM images,
attributed to the diffusion of the incorporated Ni to deeper layers.

Photoelectron spectroscopy of Ni adsorption

The conclusions of the STM study are supported by photoemission results. The experi-
ments were performed on natural FesO4(001) single crystals, whose purity was evalu-
ated using STM and XPS prior to these experiments. The Ni 2p spectra (Figure 4.16)
were obtained in the surface chemistry UHV chamber of the surface science group at TU
Wien using a monochromated Al Ka X-ray source and a SPECS Phoibos 150 analyzer.
The Fe 2p and the valence band spectra (Figure 4.17) were acquired at grazing emis-
sion (55° off normal) at the synchrotron beamline 1311 of the MaxIV Laboratory in Lund,
Sweden. The Ni 2p spectrum of 1 ML Ni, as-deposited at room temperature (Figure 4.16,
red spectrum), exhibits a peak at ~855 eV with a strong shoulder at lower binding energy
(~853.7 eV). Compared to metallic Ni, both contributions are shifted to higher binding
energies by >2eV and ~1 eV, respectively. Temperature-dependent experiments indicate
that the lower binding energy peak corresponds to Ni adatoms: Annealing to 465 K causes
this peak to disappear (black spectrum), indicating that the high binding energy peak
represents the bright surface features attributed to incorporated Ni. Deposition of Ni at
200 K, which is expected to enhance the adatom coverage compared to room-temperature
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Figure 4.16: Ni 2p XPS spectra of different treatments of 1 ML Ni/Fe304(001). The red
spectrum was acquired for as-deposited Ni at room temperature. It consists of two components
with different oxidation states. The main Ni peak is shifted to higher binding energy by >2eV
with respect to metallic Ni. The low binding energy shoulder corresponds to Ni adatoms and
disappears after annealing to 465 K (black curve), leading to full incorporation of all Ni adatoms.
At low temperature (200 K, blue curve), less Ni is incorporated upon deposition.

deposition, leads to an almost equal ratio of the two contributions, resulting in one broad,
flat peak.

The valence band (VB) and Fe 2p spectra presented in Figure 4.17 illustrate the in-
fluence of metal deposition on the electronic structure of the substrate in a comparison
of the clean surface spectra (red) and the spectra after deposition of 1 ML Ni (black). The
clean surface VB spectrum exhibits little intensity close to the Fermi energy, which is en-
hanced by the deposition of 1 ML Ni, causing the onset of the valence band maximum to
shift closer to the Fermi level. The peak at Fg~1eV is commonly attributed to an Fe*+
state 4. The Fe 2p spectra confirm the observation of a higher Fe>* content: Following
the deposition of 1 ML Ni, a shoulder at lower binding energy is observed. The vertical
lines indicate the positions which are attributed to Fe>* (708.3eV) and Fe3* (710.6eV)
peaks ¥, in agreement with an increase of the Fe?t content in the surface region. Fur-
thermore, the high-binding-energy satellite at ~719 eV, attributed 42 to Fe3+, disappears
with the deposition of 1 ML Ni. These enhanced contributions of Fe?* in the surface region
agree with the oxidized Ni species observed in the Ni 2p spectra, which are expected to
donate electrons to the Fe3*-rich layers. The spectroscopy results provide additional evi-
dence for the incorporation of Ni adatoms at high coverages and elevated temperatures
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Figure 4.17: Valence band (VB) and Fe 2p spectra of 1 ML Ni/Fe304(001): Compared to
the Fe3t-rich clean surface (red spectra), the deposition of 1 ML Ni (black spectra) causes the
emergence of an Fe®T-like state. In the valence band, this is borne out by a peak at =1éV,
causing a shift of the onset of the valence band maximum closer to the Fermi level. In the Fe
2p spectrum, the shoulder at low binding energies is enhanced, and the satellite at high binding
energy is suppressed.

and support the interpretation of the STM results. The presence of two oxidized species
with different valence states reflects the coexistence of two-fold coordinated Ni adatoms
at the surface with incorporated Ni within the full bonding environment of a spinel lattice.

DFT+U calculations of Ni adsorption

In order to confirm the experimentally observed trends and study further details of the
behavior of Ni, DFT+U calculations were performed. The atomic radius of the Ni atoms
was set to 1.9bohr (=1.01 A) and a Hubbard-U of 3.8 eV was applied to the correlated Ni
3d electrons in all configurations. For the Ni adatom and the favored incorporated config-
uration, the calculation was also performed for U, s (Ni)=5 eV but no significant difference
was observed. The reciprocal space was mapped using a (3x3x1) k-mesh, and a plane-
wave cut-off energy of ~297 eV was used. The calculations were mainly focused on find-
ing out which geometry is favored for Ni incorporation. The adatom configuration is deter-
mined by a force-relaxation of a Ni atom in the metal adsorption site of the SCV structure,
whereas the structural models of incorporated Ni are based on a bulk-truncated structure,
where one Fe atom is replaced by Ni, followed by a force relaxation. Figure 4.18 illus-
trates the four different configurations, which were considered for the Ni adsorption and
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Figure 4.18: Configurations considered for the adsorption and incorporation of Ni. The large
image shows the energetically favored configuration. Here, Ni is incorporated in the subsurface
Feoct vacancy; the second vacancy is filled by diffusion of Fejny to the Feoct(S-2) site, resulting
in a relaxed, unreconstructed geometry. The small images illustrate a Ni adatom on the SCV
structure, Ni incorporated in an octahedral site in the surface layer, and Ni in a tetrahedral site
in the (5-1) layer. In the latter two cases the structure corresponds to a bulk-truncated, relaxed
surface with one Ni replacing the Fe atoms labeled Feoct(S) and Feiet (S-1) instead of Nipet (S-2)
in the large structural model.

incorporation study. The large image depicts the structural model of Ni incorporated in the
(S-2) site. The Fe atoms labeled Fe..+(S) and Fe(:(S-1) are the ones which are replaced
by Nio+(S) or Nitet(S-1) in the respective calculation. The small images display a selected
area of the structural models of the adatom (Ni,q) and the two alternative incorporated
configurations (Nio.:(S) and Niit(S-1)) labeled with the respective energies, referenced to
the initial state of a pristine SCV structure and a free Ni atom in vacuum. The calculated
energies convey a clear preference for the incorporation in octahedral sites, in agreement
with a recent X-ray absorption fine structure study of Ni-doped magnetite 3. Moreover,
the octahedral sites are known to be the characteristic sites'## of Ni atoms in the inverse
spinel ferrite NiFe2O4. Ni incorporated in the subsurface Fe,.: vacancy results in the low-
est energy (Nioct(S-2): AE=3.39¢eV), while Nit(S-1) is unlikely to form (AE=2.50eV).
However, the Ni adatom configuration (E,4,=3.21eV) is favored over incorporation into
the surface octahedral layer (A E=3.10eV). In analogy to Ag, the characteristic distances
(illustrated in the image for Ag in Figure 4.9) of the force-relaxed Ni adatom geometry
were also determined. The values of dy;_0=1.85A and Azy,_r.5=0.62A are signifi-
cantly lower than for Ag (2.08 A, 0.97 A), which is in agreement with the higher adsorp-
tion energy of Ni. The magnetic moments within the atomic sphere of the Ni atoms differ
between the adatom (|/in;|~1 pug) and the incorporated Ni configurations (|in;|~1.66 ug).
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Moreover, they are found to be ferromagnetically aligned with the Fe,.: moments for the
Ni.ct geometries and the Ni adatom, and antiferromagnetically for the Nii:(S-1) site. The
charge transfer to the substrate is analyzed by comparing the magnetic moments of the
entire slab and of the atoms as well as the partial charges inside the atomic spheres. The
total magnetic moment of the slab is unchanged by the adsorption of a Ni adatom with
a moment of ~1 ug. This is interpreted as a 4s°3d” electron configuration, corresponding
to Nil*. In the case of the incorporation of Ni, the magnetic moments of the symmet-
ric slab change drastically because of the rearrangements in the subsurface layers (for
a symmetric slab with two surfaces: Apigap=+20 ug for Niot(S) and (S-2), Apsiap=+32 up
for Nie:(S-1)). If each Fe3* cation in the surface region is considered as a contribution of
5 ug (fully spin-polarized) and the incorporated Ni atom as totally contributing 2 15, these
results correspond to a residual difference of 2 ug. This difference can be explained by a
Ni charge state of Ni**, donating two electrons to the slab, which convert Fe3. (5 ug) to
Feld (4 g).

Further analysis of the electronic structure of the Ni configurations allows correlating
the calculated structures to the observations in STM. The density of states of the surface
layer and the Fe. layers, together with simulated STM images, provide information about
the nature of the bright features attributed to incorporated Ni atoms. Figure 4.19 (adapted
from Physical Review B 92, 075440) '40 shows the layer-resolved Fe DOS and simulated
STM images of the pristine SCV surface (a,d), the SCV surface with one Ni adatom per
reconstructed unit cell (b,e), and the configuration of incorporated Nio(S-2) (c,f), which
is depicted in the large structural model in Figure 4.18. The layer-resolved Fe,.: DOS of
the pristine surface shows that there is little intensity close to the Fermi energy in the
unoccupied states below ~0.6 eV. Moreover, the Fe?*-like states at a binding energy of
~1eV'"* are absent in the entire surface region. The deposition of a Ni adatom causes
the emergence of states close to Ef in the Fe>t region as well as in the unoccupied
states. The Ni adatom exhibits little density in the unoccupied states, explaining its smaller
appearance in STM images compared to Ag adatoms. The Ni DOS consists of localized
Ni 3d peaks for the adatom, which broaden to resemble the Fe,; atoms in the case of
incorporated Ni. The incorporation of in the Ni..:(S-2) site causes a significant Fe?* peak
in the (S-4) layer, in accord with the spectroscopy results presented above. Furthermore
the emergence of a peak in the unoccupied DOS close to EF is observed, which explains
the brighter features on the surface Fe rows observed in STM images. The peak close to
Ek results in bright protrusions on the surface Fe rows in simulated STM images (Figure
4.19 (f)). Both Fe,: vacancies of the SCV structure are filled, resulting in straight surface
Fe rows, which exhibit an enhanced brightness above both filled vacancies. The effect
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Figure 4.19: Electronic structure of adsorbed/incorporated Ni: DOS of the Feoct layers and
Ni (if applicable) for (a) the pristine SCV surface, (b) the Ni adatom on the SCV surface,
and (c) incorporated Nigct (S-2). (d-f) Simulated STM images (Usample=+1 V) of the respective
structures: (d) pristine SCV, (e) Ni adatom, and (f) Nioct(S-2).

is substantially stronger for the surface Fe located above the Fe,t(S-2). The study of Ni
adsorption provides conclusive evidence that metal atoms can be incorporated into the
subsurface Fe vacancies underlying the reconstruction.

4.2.3.2 Nickel adatom—gas interactions

The adatom-molecule interactions of Ni adatoms were studied for CO and O, using STM
and DFT+U calculations. Additional STM experiments were performed for NO exposure.
For CO, the adsorption energy on Ni (E,q4s co=1.27 eV) is found to be lower than on Ag.
This is in contrast to the experimental observations: STM image sequences indicated an
interaction between CO and Ni, whereas Ag was found to be inert towards CO adsorption
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Figure 4.20: STM image demonstrating the interaction of Ni adatoms with CO molecules: The
image was acquired in an atmosphere of 5x 1078 mbar CO. It shows scratchy features on the
Ni adatoms; the scratchy lines are parallel to the fast STM scanning direction, indicating an
interaction of the tip with CO adsorbed on the Ni adatoms.

at room temperature. In STM image sequences the adsorption of CO manifested itself in
the form of scratchy features on the Ni adatoms, aligned with the fast STM scanning di-
rection (see Figure 4.20). This interaction of adsorbed CO molecules with the STM tip was
observed only at elevated CO pressures of 5x10~8 mbar and beyond. Closing the CO leak
valve caused the scratchy features to disappear, indicating an adsorption energy corres-
ponding to a slow desorption rate at room temperature. The differences in the character-
istic distances are in agreement with a weak interaction of CO on Ni adatoms: dy;_o(Ni-
C0)=1.99A (Ad=0.14 A) and Azy;_pe(Ni-CO)=1.13 A (A(A2)=0.51 A). The Ni-C bond
length corresponds to dy;_o=1.81 A, the CO bond length to do_p=1.153 A.

The DFT calculations of the Ni-O, interaction predict a flat adsorption geometry of O,, cre-
ating a bonding environment of Ni resembling a tetrahedral coordination to oxygen. The
calculated adsorption energy E,q4s 0,=2.05¢€V is high but the lowest among the metals in
the oxygen adsorption study (Ni, Co, Rh, and Pd). Similar to CO, the adsorption of O, in-
creases the bond lengths to the surface oxygen atoms dy;_o(Ni-O,)=1.98 A (Ad=0.13A)
and the height above the average Feot(S) Azni—ren=1.03A (A(Az)=0.41 A). The bond
length between Ni and the oxygen molecule (dy;_o(0,)=2.03 A) is comparable to the dis-
tance to the surface oxygen atoms. Experimentally, Ni adatoms were found to interact with
O, molecules, but the interpretation of the observed surface processes is difficult. In an
STM image sequence acquired while dosing 5x10~1% mbar O, the formation of bright fea-
tures on several Ni adatoms was observed. However, the remaining Ni adatoms did not
show any activity, even when increasing the O, pressure up to 10~" mbar.
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Figure 4.21: STM images of 0.2 ML Ni before and after dosing 1L NO: (a) The as-deposited
Ni adatoms all exhibit the same apparent height of ~100pm at 1V, 0.3nA. (b) Upon exposure
to 1L NO, an increase in apparent height (Ah~+40pm at 1V, 0.3nA) is observed for many
Ni adatoms, which is attributed to NO adsorption. The red frame highlights a pair of adatoms
with different apparent heights (with/without NO).

Experiments with NO showed strong, permanent adsorption at room temperature and
adsorbate-induced mobility of the Ni adatoms. Figure 4.21 presents a comparison of Ni
adatoms (a) before and (b) after dosing 1L NO. A species with an increased apparent
height compared to the Ni adatoms is observed (Ah~+40pm, at Usample=1V, 1;=0.3 nA).
If a high sticking probability of the reactive gas molecule NO is assumed, 1L of NO is
sufficient for adsorption on a large fraction of Ni adatoms. Brighter Ni adatoms of this type
were not observed without dosing NO, which is not a usual component of the residual gas.
Thus, the observed feature is likely an NO molecule adsorbed on a Ni adatom.

At room temperature no evidence of the interaction of CO, O,, NO, H,, and H,O
molecules with the “incorporated metal defects” was observed. This is most likely due
to the preferential incorporation into the subsurface, excluding the incorporated Ni from
direct interaction with molecules. However, the filling of the subsurface vacancies and the
concomitant modification of the surface Fe.. DOS has been reported to enhance the
reactivity of the surface Fe atoms for the adsorption of methanol '4°.

4.2.4 Incorporation of transition metals

Ni is only one example of reactive 3d transition metals which can form solid solution with
magnetite and incorporate into the Fe30O4(001) surface layer. A variety of transition metals
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Figure 4.22: STM images of (a) Co and (b) Mn at the Fe304(001) surface. (a) After deposition
of 0.4 ML Co, adatoms are the main species (example in the red circle) but they coexist with
a large number of bright “on-the-row” features (example highlighted by the yellow arrow). The
Co adatom coverage is significantly smaller than 0.4 ML. Several brighter adatom-like features
are observed and attributed to adsorption from the residual gas. (b) Upon deposition of 0.2 ML
Mn the observed surface features are similar. Reactive adatoms coexist with bright surface Fe
row features.

is reported to be active for different reactions, such as the oxygen reduction reaction '46
over Mn ferrite or Co- and Mn-promoted H,O, production'4’. Regarding the adsorption
behavior at the Fe304(001) surface, most 3d transition metals follow the trend described
for Ni, but the different characteristics of each chemical element determine the details of
the surface processes.

4.2.4.1 Adsorption of Cobalt and Manganese

The results on the deposition of cobalt and manganese are combined into one section
since their behavior is similar in many respects, and Mn was only studied using STM.
Both metals, Co and Mn, are observed to form single adatoms upon deposition. In con-
trast to Ni and Ag, however, the surface is rich in bright features on the Fe, rows already
after the deposition of low coverages of Co and Mn. Figure 4.22 shows two STM images
of the Fe304(001) surface, one with 0.4 ML Co (a), the second one with 0.2 ML Mn (b).
In both cases the metal adatoms closely resemble Ni adatoms, but their coverage is sub-
stantially lower than the nominally deposited amount of metal. Moreover, a large number
of “on-the-row” features is observed. For Ni, such a high density was only observed after
depositing a significantly higher metal coverage. For Co and Mn, adatom-like features
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Figure 4.23: Incorporation of Co adatoms at room temperature. Subsequent STM images
(same area) of 0.4 ML Co/Fe304(001) show the transition of the Co adatoms in the red circles
to bright “on-the-row” features highlighted by the yellow frames.

with an increased apparent height are observed as well as further, unidentified bright spe-
cies. These features form while the sample is kept in UHV and are therefore attributed
to adsorption of molecules from the residual gas (analyzed in detail for Co below, see for
example Figure 4.26).

Figure 4.23 shows an STM image sequence selected from a continuous 11-frame STM
movie (in total 26 frames in two different areas) demonstrating the transition from Co ad-
atoms to bright “on-the-row” features at room temperature. The adatoms in the red circles
disappear, and bright protrusions are created on the adjacent surface Fe row sections, as
highlighted by the yellow frames. This process is observed after each deposition of Co and
at all stable scanning conditions. In accord with the Ni results, this process is attributed to
Co incorporation into the surface region. This lifts the reconstruction locally, in agreement
with the unreconstructed surface observed for Co-doped Fes;O, films''3 at doping levels
>18%. A detailed study of the thermal stability of Co adatoms was not performed, but for
0.6 ML Co significant loss of Co-related features was found to occur upon annealing at
520K for 5 min (not observed after a previous annealing step at 420 K). This is most likely
related to Co diffusing from the surface region into the FezO,4 bulk. For Mn adatoms, sim-
ilar incorporation processes are observed. However, Mn is found to be highly reactive for
adsorption from the residual gas, rendering a detailed characterization challenging. The
short sequence of two STM images in Figure 4.24 illustrates a selection of the processes
occurring at the surface after the deposition of Mn. The red frame highlights the transition
of a Mn adatom to a bright “on-the-row” feature. The yellow frame marks two adatoms,
which undergo different processes attributed to adsorption from the residual gas and mo-
bility. The upper adatom disappears, leaving an empty adsorption site, while the second
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Figure 4.24: Incorporation, mobility, and reactivity of Mn adatoms. STM images of the same
area of 0.2 ML Mn/Fe304(001) demonstrate the incorporation of a Mn adatom into the surface
region (highlighted by the red frame). In parallel Mn adatoms in the yellow frame contribute to
the formation of a dark surface feature (yellow frame in (b)) and the bright feature highlighted
by the cyan arrow. Both processes are likely related to adsorption from the residual gas and are
characteristic of the high activity of Mn adatoms.

one is replaced by a dark, scratchy feature. Adjacent to this area, another adatom is trans-
formed to the bright feature highlighted by the cyan arrow. In addition to demonstrating the
incorporation of Mn at room temperature, this experiment portrays Mn adatoms as highly
reactive species since different adsorption events from the residual gas are observed at
pressures <1079 mbar.

The valence states of the Co species in the surface region were studied using XPS.
The spectra were acquired in the surface chemistry chamber described in the previous
section on Ni adatoms (section 4.2.3). Since the Co 2p peak position coincides with a
strong Fe Auger peak for the excitation energy of Al-Ka, monochromated Ag-La X-rays
were used in this experiment. Figure 4.25(a) shows a photoemission spectrum of 2 ML Co
acquired at room temperature. The peak positions of the Co 2p3/, peak and its satellite at
high binding energy are in good agreement with literature values 3148 for CoO, indicative
of Co?* ions in an octahedral coordination to oxygen. The room temperature STM image
of 1 ML Co/Fe304(001) in Figure 4.25(b) provides real-space information on the adsorp-
tion preference of Co at high coverages. Bright features on the surface Fe rows, assigned
to incorporated Co atoms, are the main Co-related species in the image. They coexist
with a low coverage of Co adatoms (examples are highlighted by the red circles). The
high-coverage results indicate a low adatom saturation coverage and a strong tendency
to incorporate. Several preferential metal adsorption sites are occupied by features that
resemble Co adatoms but exceed their apparent height. In the low-coverage images these
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Figure 4.25: High coverage of Co/Fe304(001). (a) Co 2p XPS of 2ML Co. The spectrum
shows two components, which can be assigned as Co®*" and a high-binding energy satellite,
which is common in CoO. (b) STM image of 1 ML Co. The majority species are bright “on-the-
row” features corresponding to incorporated Co atoms; the red circles highlight examples of Co
adatoms.

species were attributed to adsorption from the residual gas on the basis of STM movies.
However, here their formation is not observed and in particular the bright, oval features
cannot be identified unambiguously. Their occurrence at high coverages suggests that
they could be a dimer species, forming as a result of the lifting of the reconstruction and
the concomitant reduction of the distance between two potential Co adsorption sites. This
assignment is supported by the lack of two nearest-neighbor Co adatoms in the image,
and the absence of the bright oval species in larger reconstructed patches (e.g. in the
immediate surroundings of the highlighted adatoms).

The adsorption and incorporation of Co was also studied in DFT+U calculations on a
single (v/2x/2)R45°-reconstructed unit cell. For Co, the atomic radius was set to 1.9 bohr
(=1.01A) and a Hubbard-U of 3.8eV was used to describe the correlated Co 3d elec-
trons. The plane-wave cut-off energy was set to ~297 eV and the reciprocal space was
mapped using a (3x3x1) k-mesh. In the Co adsorption study the same configurations
were calculated as for Ni: the Co adatom on the SCV structure and the incorporation of
Co in three different sites (Cooct(S), Cotet(S-1), Cooct(S-2)). These configurations are illus-
trated for Ni in Figure 4.18. In the case of incorporated Co, the characteristic subsurface
vacancies underlying the reconstruction are filled by Fe;,; and a Co atom (Co,(S-2)) or
a second Fe atom displaced by the incorporation of Co (C0o,ct(S), Coet(S-1)). In addition,
the incorporation in a deeper FeO, layer (Co.+(S-6)) was calculated to determine if the
preference for diffusion to the bulk is predicted correctly by the DFT calculations. The in-
corporation in the bulk-like layer is indeed the most favorable configuration with an energy
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of AE=5.75eV. The trends in the incorporation behavior of Co are similar to Ni, but the
energy differences are smaller. In the surface region, Co,(S-2) is the favored geometry
(AE=5.59 V) followed by the Co adatom (E,4:=5.46 eV) and the incorporation into the
surface layer (AE=5.41¢eV). The tetrahedrally coordinated Co.(S-1) is the least favor-
able site (AF=5.27eV). The smaller energy differences compared to Ni agree with the
weaker preference of CoFe,Q, for the inverse spinel arrangement'#4. The Co atoms as-
sume a Co?*-like charge state and a high-spin magnetic configuration (|fic,|~3 ug). This
is the case for all geometries including the Co adatom, which shows a slightly reduced
magnetic moment. The magnetic moments all follow the ferrimagnetic arrangement of the
octahedral and tetrahedral sublattices in magnetite; in contrast to most metals including
Ni, the Co adatom couples antiferromagnetically to the Fe.: cations. As in the case of Ni,
the Co charge states were determined from a comparison of the magnetic moments of the
entire slab before and after deposition. In combination with the changes of the moments
and the charge distribution inside the atomic spheres, this analysis allows conclusions on
the electronic configuration of the atoms and the electron transfer to the substrate. Both,
the adsorbed and incorporated Co atoms, are found to donate the two Co 4s electrons to
the Fe,.:(S-4) cations, inducing a Fe?*-like character in two atoms in the (S-4) layer. This
is interesting in the context of a valence band ARPES study on Co-doped Fe304(001) thin
films, which reports the suppression of the Fe?*-like peak for Co doping levels in excess
of 18%. The authors attribute this effect to the preferential formation of Co?* replacing
the Fe?* in the spinel lattice. This explanation is in accord with the present DFT results,
since the doping level corresponding to the incorporation of a single adatom is substan-
tially lower, leading to the donation of electrons to Fe,.; atoms to form Fe2..

The characteristic distances introduced in Figure 4.9 were also determined for the Co
adatom: The bond length to the surface oxygen atoms is dc,_o=1.86A and the height
above the average surface Feoct (Azco—rep=0.55 A). The presented results on Co and
Mn adsorption provide additional evidence for the incorporation of transition metals. The
transition observed in STM at room temperature illustrates the fact that each metal is sub-
ject to a different barrier for incorporation. Considering the manifold of processes occurring
in parallel while scanning a small area of the sample in UHV (<10~1° mbar) at low adatom
coverages, Co and Mn should be well-suited for reactivity studies. The interactions with
the residual gas portray Co and Mn ferrite (M Fe3_,O4, M = Mn, Co) as promising mate-
rials for adsorption studies. For example, both materials have been reported to exhibit a
high activity for the oxygen reduction reaction 4.
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Cobalt adatom—gas interaction

For cobalt the interaction with CO and O, was studied using STM image sequences and
DFT+U calculations. In a 30-frame STM movie the interaction of Co with up to 5x10~8
mbar CO was investigated. No discernible effects of CO compared to STM in UHV could
be observed in the movie or in different regions on the surface scanned after exposure (not
shown). These images in different areas were acquired to check for potential effects of the
STMtip. The DFT+U calculations of CO adsorption on Co adatoms predict a weaker inter-
action than for example for Ni. The CO adsorption energy of E,4;, co=1.16€V is the low-
est among all adatoms considered in the CO adsorption study. The metal-surface bond is
stretched to dc,_o=1.99 A (Ad(;o_o=0.13A), whereas the height above the average sur-
face Feoct Azco_ren =1.13A changes significantly (by A(Az)=0.58 A), showing that the
surface O atoms are also pulled upwards by the CO adsorption on the Co adatom. The
charge state of the Co remains unchanged but its spin-polarization is slightly reduced.
The adsorption of O, was calculated for a flat O, geometry, resulting in a higher ad-
sorption energy than on Ni (E,4, 0,(C0-0O2)=2.26 eV). The characteristic bond lengths are
stretched to similar values to the ones after CO adsorption (dco—o(Co-O,)=1.99A and
AzCO_FeB=1.15A). This prediction of a strong interaction between Co and O, is sup-
ported by experimental findings. Figure 4.26 shows representative images from an STM
movie of 0.4 ML Co exposed to different pressures of O,, resulting in adsorption pro-
cesses and the creation of different bright surface species. The surface before O, expo-
sure contains Co adatoms (examples highlighted by red circles) and bright “on-the-row”
features, corresponding to filled subsurface vacancies due to incorporated Co. The image
in Figure 4.26(b) was acquired after ~15 min exposure to 10~ mbar O,. The significantly
increased apparent height of the adatoms in the cyan circles is attributed to adsorption
of O,. The yellow frame indicates an area with an adatom and incorporated Co atoms,
which rearrange to become a bright, scratchy feature in (c). The observations in this movie
offer an explanation for the bright surface features, which are present on the as-prepared
sample after the deposition of Co. The metals are deposited in the preparation cham-
ber after preparing the sample via sputtering and annealing. For annealing, background
pressures of O, up to 5x10~°mbar are used, which can lead to O in the residual gas
during deposition, potentially creating a low density of adsorption-induced Co species at
the surface.
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Figure 4.26: STM image sequence of Co/Fe304(001) exposed to Oy: (a) 0.4 ML Co before O,
exposure. The red circles highlight Co adatoms. Many bright “on-the-row” features (incorporated
Co) are observed. (b) Exposure to 10~° mbar Oy for 15 min results in bright, Oa-related features
on the Co adatoms (cyan circles). The yellow frame highlights an area where rearrangement
occurs between (b) and (c). (c) Subsequent image after increasing the Oy pressure to 10~8 mbar.
The adatom in the yellow frame in (b) joins an “on-the-row” feature to form a bright, scratchy
species.

4.2.4.2 Adsorption of Titanium and Zirconium

The study of transition metals at the Fe3O4(001) surface also includes metals that prefer-
entially assume a 4+ charge state in the respective binary oxides. The two examples de-
scribed in the present thesis are titanium and zirconium; both elements form binary oxides
with a broad range of potential applications®14%150_ These two elements are discussed in
one section since the exhibit similar behavior when deposited onto the Fe304(001) sur-
face. Parts of the presented data have been published in an article on the adsorption and
incorporation of transition metals 4.

Figure 4.27 shows STM images of the Fe30,4(001) surface after the deposition of (a)
0.4ML Ti and (b) 0.4 ML Zr onto a synthetic magnetite crystal (#356_1). For both metals,
only few adatoms are observed; examples are highlighted by red circles. The bright “on-
the-row” features are the majority species observed in STM images. Considering the re-
sults presented in the previous chapters, these features are assigned to the incorporation
of metal atoms. The features exceeding the adatoms in brightness are attributed to ad-
sorption from the background gas on adatoms or at reactive sections of the surface Fe
rows.

LEED experiments of high metal coverages provide additional evidence for the in-
corporation of Zr and Ti into the Fe304(001) surface. Figure 4.28(a) shows a diffraction
pattern of the pristine surface. The red and yellow frames indicate the (v/2x+/2)R45°-
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Figure 4.27: STM images of (a) 0.4 ML Ti and (b) 0.4 ML Zr deposited onto the Fe304(001)
surface. Few single metal adatoms are observed (examples in the red circles). The bright features
on the surface Fe rows are the majority species (examples indicated by yellow arrows). The
different, very bright species on the surface Fe rows and in the preferential adsorption sites are
assigned to adsorption from the residual gas.

reconstructed and the (1x1) unit cells, respectively. The labels (1,0) and (0,1) highlight
the first-order diffraction spots. For both experiments, the deposition of 1 ML Zr (b) and
2ML Ti (c), the half-integer order diffraction spots vanish, demonstrating the lifting of the
(vV/2x+/2)R45° reconstruction. The weaker relative intensity of the (-2,0) diffraction spot
(compared for example to the (-1,1) spot) indicates that the surface structure has under-
gone a significant change, in agreement with the incorporation of a metal atom causing
rearrangement in the subsurface layers.

Photoelectron spectroscopy of the adsorption of Ti and Zr shows large peak shifts,
indicative of highly oxidized admetal species. The symmetric shape, the binding energy
(~458.4 eV) and the peak separation (A~5.8 eV) of the Ti 2p peaks resemble spectra '’
of TiO, (usually higher binding energy) and Ti ferrite 2 (TiFe,Q,4), while the Zr 3d peak
at ~181.4eV is significantly lower in binding energy than ZrO, but corresponds to Zr
in mixed oxides '53. Thus, the results for both deposited metals are interpreted as them
being present in 4+ oxidation states. In analogy to Ni, Fe 2p and valence band spectra for
Ti were acquired at grazing emission (55° off normal) at the synchrotron beamline 1311 of
the Max|V Laboratory in Lund, Sweden. Figure 4.30 shows a comparison of spectra before
(red lines) and after deposition of 0.4 ML Ti (blue lines). In the valence band region close
to the Fermi energy the deposition of Ti causes the emergence of a strong shoulder at
~1 eV (dashed vertical line), shifting the onset of the valence band maximum closer to the
Fermi level. In the Fe core level region the 2p;,, peak is found to broaden towards lower
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Figure 4.28: LEED patterns of (a) the pristine Fe304(001) surface and after deposition of
(b) 1ML Zr and (c) 2ML Ti at room temperature. The yellow and red squares indicate the
unreconstructed and the (\/2x+/2)R45°-reconstructed unit cells, respectively. After deposition
of a high coverage of Zr or Ti the reconstruction is lifted.
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Figure 4.29: Photoemission spectra of (a) Ti and (b) Zr deposited onto the Fe304(001) surface
at room temperature. The Ti 2p and Zr 3d peak positions both indicate highly oxidized species,
Ti** and Z*, suggesting a high degree of incorporation.

binding energies, which is a signature for a higher content of Fe?* in the surface region.
This indicates that the intensity in the valence band is related to an Fe?* state'' at ~1 eV
rather than to a Ti photoemission peak. These observations are qualitatively equivalent to
the photoemission results after Ni deposition presented in section 4.2.3 (Figure 4.17) but
the effects are significantly stronger for Ti, even though the nominally deposited coverage
is significantly lower. This is in agreement with an almost complete incorporation of all
deposited Ti atoms, which are expected to assume a Ti** state according to the Ti 2p
spectra. The large number of electrons donated to the Fe3* cations in the surface region
results in the observed increase of the Fe?* content close to the surface.

The strong effects observed in the VB photoemission and STM studies motivated DFT
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Figure 4.30: Valence band (VB) and Fe 2p spectra of 0.4 ML Ti/Fe304(001): Compared to
the Fe3t-rich clean surface (red spectra), a strong Fe**-like state emerges in the valence band
region after the deposition of 0.4 ML Ti (blue spectrum). The presence of Ti causes a peak at
a binding energy of ~1¢eV, corresponding to a shift of the onset of the valence band maximum
closer to the Fermi energy. In the Fe 2p spectrum, the deposition of Ti enhances the shoulder
at low binding energies and suppresses the Fe3T satellite peak.

calculations modeling the adsorption of Ti. The DFT calculations were performed on a slab
consisting of one (v/2x+/2)R45°-reconstructed unit cell, using an atomic sphere radius of
1.9 bohr for Ti (=1.01 A) and an effective Hubbard-U of 3.8V to treat the correlated Ti 3d
electrons. Increasing the value to U.¢ ;=5 eV for a relaxed structure did not lead to any sig-
nificant changes in the electronic properties. The reciprocal space was sampled using a
(3x3x1) k-mesh and the plane-wave cutoff energy was set to ~297 eV. For the adsorption
of Ti, the same configurations as for Ni were considered (see Figure 4.18): a Ti adatom
on the SCV structure and the incorporation of Ti creating a bulk-terminated configuration
with one Ti atom per unit cell replacing an Fe atom as Tioct(S), Titet(S-1), or Tioct(S-2). Ti
was found to prefer the incorporation into one of the two octahedral sites with a small
preference for the subsurface layer (AFE(Tiot(S-2))=8.28 eV compared to AFE(Tioct(S-
2))=8.22eV). The Ti.t(S-1) configuration resulted in an energy of AE=7.83 eV, while the
adatom was found to be unstable in the usual two-fold coordinated geometry. In the DFT
force relaxation the Ti adatom entered the surface layer and distorted the first subsurface
layer by displacing an Fe(S-1) atom. Thus, the energy of E,;=6.80¢eV does not fully
correspond to an adatom geometry and the characteristic lengths dr;_o and Azp;_pep
are not representative in a comparison to other metals. The instability of the Ti adatom
on the SCV structure indicates that the few adatoms observed in experiments may be
stabilized by unreconstructed unit cells due to incorporated Ti or other types of defects.
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Figure 4.31: Density of states and STM simulations of incorporated Ti. (a) DOS of three Feoct
layers showing no intensity in the occupied states close to Er. (b) DOS after Ti incorporation
in the surface layer. No Ti states are observed close to Ef, but the unoccupied surface Fe
states shift closer to Er and an Fe*t state!!* emerges at ~1eV below Ef. (c) DOS of the
Tioct (S-2) configuration. Similar to (b), a shift towards Efr is observed in the unoccupied states,
while an Fe*t state emerges in the occupied DOS. (d-f) Simulated STM image of the pristine
Fes04(001) surface and the Tioet(S) (on a (V2x+/2)R45° reconstructed cell) and Tiyet(S-2)
(on a (2x2) supercell) configurations.

The very high energies for all configurations of Ti show that Ti gains a substantial amount
of energy by binding to oxygen compared to the highly unfavorable state of a free atom.
The Ti atoms do not exhibit a magnetic moment in any configuration, in agreement with
the experimentally observed Ti** charge state. Moreover, the calculations reproduce the
charge transfer to Fe atoms, which was concluded from the photoemission experiments.
In all configurations of incorporated Ti the magnetic moments of Fe indicate the formation
of Fe?t in the Fe..:(S-4) and Fe..:(S-2) layers. The trend to reduce the Fe atoms in the
surface region upon the incorporation of Ti is also discernible in the density of states of
the Fe.t layers after the incorporation of Ti in one of the two favorable sites (Tio:(S) and
Tioct(S-2)) plotted in Figure 4.31(b, c). Compared to the Fe,. DOS of the pristine surface
in (a), a significant peak in the occupied states at ~1 eV below Er emerges for both types
of incorporation. In the unoccupied region, the Fe states shift closer to Ef, explaining the
enhanced brightness of the incorporation-related features observed in STM images at low
sample bias voltages. The simulated STM images in Figure 4.31(d-f) reflect the effects
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observed in the DOS plots of the surface layer (red spectra). The image of Ti incorporated
in the surface layer (e) shows a simulation of one reconstructed unit cell with periodic
boundary conditions. Since the Ti DOS does not exhibit any states close to Ef, the fea-
tures of enhanced brightness are attributed to the surface Fe atoms; the two atoms adja-
cent to the Ti** exhibit the largest apparent height. The STM simulation of the Tiy(S-2)
configuration (f) is based on a (2x2) slab (corresponding to a surface area of the size of
two reconstructed unit cells), thus enabling a direct comparison of the unaffected, dark
gray Fe atoms and the ones above a filled subsurface vacancy. In contrast to the incor-
poration of Ni, the brighter pair of surface Fe atoms corresponds to the site directly above
the Ti**, indicating that for Ti even incorporation in the subsurface causes substantial
changes in the electronic structure of the surrounding Fe atoms up to the surface layer.
These modifications of the electronic structure provide promising prospects for tuning the
properties of magnetite via the incorporation of Ti or Zr.

The present study of the adsorption of 3d transition metals at the Fe;04(001) surface
illustrates the potential of this surface to serve as a template for different ultrathin spinel
ferrite layers created by the incorporation of metals into the magnetite lattice. The for-
mation of these nonstoichiometric ferrite phases provides access to ultrathin layers with
modified physical properties by varying the deposited metal or even the amount of the
dopant. Since the onset of diffusion to the bulk is likely determined by the activation en-
ergy for Fe mobility within the magnetite lattice, also mixed metal phases localized to the
surface should be possible. In the context of model catalysis, the facile modification of
the surface properties offers a fast and simple way to test a broad selection of potentially
active ferrite materials. However, the application is limited to low temperature reactions by
the thermal stability of the metal species in the surface region.

425 Platinum

Platinum is widely used in nanoparticle catalysis and is regarded one of the prototypical
single-atom catalyst materials®637. In pioneering single-atom catalysis studies, the es-
sential role of Pt as an active metal was confirmed at the single particle level3®, showing
for example that Pt adatoms catalyze CO oxidation“® when supported on FeO,. Further-
more, Pt adatoms were reported active for a variety of further reactions, such as water-gas
shift3®, NO oxidation'%*, NO reduction®®, or selective hydrogenation reactions*’. Thus,
Pt is also a highly promising metal for a reactivity study at the Fe304(001) surface. In a
recent article on strong metal-support interactions of Pt clusters on Fe30,4(001) thin films,
Zhang et al. present STM images of Pt adatoms and clusters '%8. The adsorption proper-

69



g 3nM
+1.2V, 0.3NA | e— __ %2V, 0.3nA

Figure 4.32: STM images of the as-deposited Pt/Fe304(001) acquired at two different scanning
voltages (1.2V (a), 2V (b)). Two different species of Pt atoms are observed at the surface.
Examples are highlighted by the red and yellow frames and labeled Pt; and Pty *. Pty is located
in the preferred adsorption site, whereas Pt; * occupies a site offset to the side from Fej,: and
shifted by half an Fe-Fe distance along the surface rows. The cyan lines in (a) indicate the Fe
row direction. The features with significantly larger apparent height than the adatoms in (b) are
attributed to adsorption from the residual gas, which is analyzed in detail in section 4.2.5.2.

ties on Fe30,4(001) single crystals and the results on Pt-gas interactions described in the
present section were published recently by Bliem et al.'®’.

4.2.5.1 Pt adsorption

At room temperature platinum adsorbs mainly in the form of stable, immobile metal ad-
atoms in the preferred metal adsorption site of the Fe304(001) surface reconstruction. Ex-
amples of Pt adatoms are highlighted by red frames labeled Pt; in Figure 4.32. However,
the STM images in Figure 4.32 also exhibit a number of different features. The bright fea-
tures offset to the side from the Fe;,, site (examples highlighted by yellow frames labeled
Pt;*) are observed in high density after deposition whereas they do not occur on the
pristine surface or for any of the metals discussed above. Figure 4.33 demonstrates that
these features correspond to an atomic Pt species. Inthe STM image in (a) three examples
of Pt1* species are highlighted by yellow frames. The subsequent STM image of the same
area in (b) demonstrates that the highlighted features have diffused to a preferential ad-
sorption site to become Pt; adatoms. This site change from Pt; to Pt;* is observed regu-
larly in STM image sequences. The opposite process does not occur, indicating a clear
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Figure 4.33: Pt adatoms in two adsorption sites. (a) STM image of 0.2 ML Pt/Fe304(001) with
examples of Pty * species highlighted by the yellow frames. (b) Subsequent image (same area):
The Pty * features labeled in (a) have switched to the preferred site and have become regular
Pt adatoms. (c,d) Simulated STM images of DFT force-relaxed Pt; and Pt;* geometries.
(e, f) Side and top view of the force-relaxed structure of Pt; */Fe304(001). The Pt atom cannot
occupy the site blocked by Fejn. but adsorption in a two-fold coordination to oxygen parallel
to the surface Fe rows is possible. The black dashed arrow in (f) indicates the direct path
connecting the Pty and Pty * sites. The initial sites of Pt for the DF T-based calculation of the
diffusion barrier are located at equidistant positions along this path.

energetic preference for adsorption in the bridging site between two surface FeO, rows,
in analogy to the other metal adatom species presented above. The force-relaxed adsorp-
tion geometries for both sites were determined in DFT+U calculations (on a 2x2 unit cell,
rpy=2.1bohr=1.11 A, no Hubbard-U for the Pt because testing U(Pt)=3.8 eV did not yield
any significant effect). A plane-wave cut-off energy of ~297eV and a (3x3x1) k-mesh
were employed. The simulated STM images of the respective equilibrium configurations
of Pt;* and Pt; shown in Figure 4.33 are in good agreement with the features in experi-
mental images. The stable structure of the Pt; adatom resembles the structures shown
previously for other metals, while the Pt;* atom binds in a bridging geometry between two
surface oxygen atoms at the same Fe,O, row. A side view and a top view of the Pt;*
configuration are shown in Figures 4.33(e, f).
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In agreement with the hopping preference observed experimentally, the DFT calcu-
lations predict a clear energy difference favoring the Pt; geometry (E,,s=3.89¢eV for Pt;
compared to E,45=3.01eV for Pt;*). This result raises the question why any atoms are
found to occupy the Pt;* adsorption site at room temperature. The stability must result
from a energy barrier, which is high enough to kinetically limit diffusion between the two
sites. In DFT+U calculations, different geometries located in between the two favored ad-
sorption sites were considered in order to confirm the existence of a diffusion barrier,
which is sufficient to explain the experimentally observed behavior. For this purpose the
calculations were started initially at six equidistant positions along the dashed arrow con-
necting the Pt;* and the Pt; positions in the top-view structural model in Figure 4.33(f).
Starting from each of the six positions, constrained force-relaxations were performed, in
which the motion parallel to the surface Fe row direction was suppressed. Using this ap-
proach, the Pt atom relaxes to the local force minimum within a plane perpendicular to
the surface Fe rows, constrained not to move towards one of the adsorption sites. Thus,
the relaxation provides energy values at the specified intervals along the minimum en-
ergy path. The highest energy along this path corresponds to a good approximation of
the diffusion barrier. This is true under the assumption that the approximation by discrete
steps does not lead to sections of lower-energy paths which are not accessible to an atom
undergoing a continuous diffusion process (e.g. strong relaxations in opposite directions).
Close to the highest calculated energies, the density of the grid of starting positions was in-
creased in order to find a close approximation to the full height of the barrier. The highest
barrier was found for a position ~0.95A from the Pt;* site (AE=0.913 eV compared to
E.qs(Pt1%)). In order to ensure that the final value does not correspond to a local minimum,
the calculation was restarted from two different positions in the plane perpendicular to the
surface Fe rows, but both times the atom relaxed back to the same position. Assuming an
Arrhenius-type behavior and a rate prefactor of 1013s~1, the calculated activation barrier
corresponds to a thermally activated diffusion rate of <5x1073s~! at 300K. This value
agrees with the timescale of the observed hopping process, indicating that it is thermally
activated at room temperature; however, an influence of the STM tip cannot be excluded.
The calculated barrier is in good accord with the experimental observation that annealing
at 550 K for 10 min leads to a substantial decrease in the Pt;*:Pt; ratio from 1:2.7 in room-
temperature experiments to 1:14. The small number of remaining Pt;* features is likely
due to a higher kinetic barrier hindering diffusion, for example caused by surface defects.

While no clusters are created during the deposition of 0.2 ML Pt, STM images at dif-
ferent coverages demonstrate that the deposition of higher amounts of Pt increases the
tendency towards cluster formation. Figure 4.34 provides a comparison of STM images
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Figure 4.34: Increasing coverage of Pt/Fe304(001) (not the same area). (a) After the deposition
of 0.15 ML only adatoms populate the surface; Pt atoms are observed in both adsorption sites.
In all images examples of Pty and Pt * are highlighted by red and yellow labels, respectively.
(b) At 0.5 ML Pt a low coverage of clusters starts forming. (c) Further increases in the coverage
lead to slow filling of the adatom layer and a growing tendency to form clusters. For 1 ML Pt
more than ten clusters are observed in an area of 20x 20 nm?.

at different (nominal) coverages to determine the approximate onset of cluster formation;
a descriptor of the adatom stability. Examples of the two different adatom species are
labeled in each panel. Similar to the Ag experiments, no clusters are observed at cover-
ages <0.2ML (see Figure 4.34(a)). Increasing the nominal deposited amount of Pt to
0.5ML (b) results in a low coverage of clusters at the surface, see, e.g. the tall bright
feature in the center of panel (b). This feature exhibits an apparent height in excess of
300 pm, compared to 130-150 pm for Pt; adatoms at the respective scanning conditions
(1.2V, 0.3nA). Increasing the coverage to 1 ML (c) results in the creation of more clusters
coexisting with adatoms at the surface. More than ten clusters are observed on a rep-
resentative area of 20x20 nm? upon deposition, whereas the filling of the adatom layer
proceeds more slowly. In analogy to Ag, the absence of clusters at intermediate adatom
coverages is interpreted as an indication for a critical cluster size which is larger than a
Pt dimer. One important difference, however, could be the mobility of Ag adatoms, which
indicates a low barrier for site changes at room temperature. In contrast, the switching
from the energetically less favorable Pt;* site is the only observed mobility for pristine Pt
adatoms. DFT+U calculations of a Pt dimer confirm the hypothesis that it is unstable with
respect to decay into two adatoms. The energy of a Pt dimer E,;4(Pt2)=6.35€eV is sub-
stantially lower than two times the energy of a Pt adatom (E,45(Pt1)=3.89 eV). However, a
decay into two Pt;* species (E,4:(Pt1*)=3.01 eV) would be unfavorable. The force-relaxed
Pt dimer assumes a configuration with one Pt atom in an adatom-like geometry while the
second Pt atom is pointing upwards but is tilted parallel to the surface Fe rows, possibly
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Figure 4.35: STM image sequence of Pt adatoms during exposure to 2x 10719 mbar CO. (a)
Adatoms in both sites (highlighted in red and yellow) coexist with bright, two-lobed Pt;-CO
species (cyan). (b) CO adsorbs on a Pt1* (labeled in green) and on a Pty species (cyan). (c)
The Pt; *-CO feature switches sites to become a Pt;-CO.

forming a weak bond to one of the next surface O atoms. The dimer species is, however,
not stable without the influence of adsorption, as is described in section 4.2.5.2.

The characteristic properties of the adatoms such as charge transfer, bond length,
and height above the surface plane were also determined for the different Pt species.
The Pt atoms exhibit only very weak spin-polarization in all configurations; the maximum
magnetic moment inside the atomic sphere of Pt is 0.3 up for the Pt; adatom. The total
magnetic moment of the slab is unchanged for both Pt adatom geometries. For the Pt;
adatom some charge is transferred to the substrate, borne out in a small reduction of
the magnetic moments of the subsurface Fe,.; and the surface O'~ atoms. Since this is
not the case for Pt;*, a neutral charge state is assigned to it, whereas for the Pt adatom
in the preferential adsorption site the partial charges and magnetic moments indicate a
weakly cationic character of Pt‘f*. The two atoms comprising the Pt dimer exhibit different
properties: The first atom’s similarity to the adatom configuration is also expressed in the
charge transfer (Pt**) while the second Pt shows the characteristics of a neutral atom.

The two Pt adsorption sites differ also regarding the characteristic distances: The bond
lengths to the surface oxygen atoms for Pt; and Pt;* are dpi—o=1.98A and dpp._o=
2.03A, (dpi.—0=2.05A for the second Os), respectively. The different bonding site is
the origin of the large difference in the height above the surface: Az(Pt;)=0.47 A and
Az(Pt;*)=1.01 A. The formation of a dimer leaves the Pt adatom bonding geometry al-
most unchanged: dp; 0=1.99A and Az(Pty)=0.48 A (Az(Pty2)=1.80A).

4.2.5.2 Platinum adatom—gas interactions

In the STM images of Pt presented above (see, e.g. Figure 4.33), the large and bright
surface features were attributed to adsorption from the residual gas. In order to determine
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the reactive molecule adsorbing on Pt, STM image sequences were acquired while dosing
different gases to the UHV background (in separate experiments). No significant effects
associated with any specific gas could be identified except for CO, which was found to
accelerate the formation of the bright, two-lobed features from Pt; adatoms. A significant
effect was already observed when dosing very low CO pressures (pco=2x10719 mbar) in
an STM image sequence of 41 frames, a selection of which is on display in Figure 4.35.
(In total 55 frames were acquired; some of them at elevated pressures up to 10~° mbar.)
At this low pressure, a dose of 1 Langmuir corresponds to ~6.6x103s, but more than half
of the Pt adatoms undergo adsorption in less than 1 h. This observation demonstrates the
very strong interaction between Pt and CO and suggests the presence of weakly adsorbed
CO at the Fe304(001) surface at room temperature, increasing the probability for CO
molecules to interact with Pt. The high adsorption rate observed in this experiment strongly
indicates that the features formed during the STM movie correspond to the adsorption of
a single CO molecule on a Pt adatom. Potential alternative adsorbates such as impurities
in the CO or two CO molecules at the same Pt adatom are highly improbable to form
at a comparable rate. Thus, the bright, two-lobed features created by adsorption on Pt;
adatoms are attributed to Pt;-CO species (Pt carbonyls). Figure 4.35(b) demonstrates an
example of CO adsorption on Pt;* forming a brighter and larger feature, which resembles
one half of the Pt;-CO species. The identification of the feature as Pt;*-CO is supported
by its conversion into a Pt;-CO species in the next frame (Figure 4.35(c)).

The unusual shape of the Pt;-CO species in STM images motivated DFT+U calcu-
lations of the adsorption geometry of CO on Pt. Figure 4.36(a) displays a force-relaxed
structural model of Pt;-CO. The adsorption of CO stretches the bonds between the ad-
atom and the surface oxygen atoms and pulls the Pt towards one of the surface FeyO-
rows. Thus, the characteristic bond lengths are significantly elongated: dp; o4, (Pt1-CO)=
2.03A and dp;_o,,(Pt1-CO)=2.98 A; as well as the height above the average Feoc(S),
Az=1.74 A, compared to neat Pt adatoms (dp;_o(Pt1)=1.98 A and Az(Pt;)=0.47 A). The
same relaxation in the opposite direction (towards the other surface row) is equivalent
in energy; the central position is unfavorable by AE~0.25eV. A similar weakening of
one bond to surface oxygen is observed for the Pt;* species, which remains offset to
the side from the site blocked by Fe;, but is also lifted up, strongly stretching the bond
to one surface oxygen atom: dp.—og , (Pti*-C0)=2.03 A, dpt._og ,(Pt1*-CO)=3.25 A, and
Azppe_rep=2.14 A. The simulated STM image in the inset in Figure 4.36(a) resembles one
half of the Pt-CO observed in the room-temperature STM study. In STM images acquired
at low temperature (78 K) also only one of the two lobes comprising the bright Pt-carbonyl
feature at room temperature was observed in the Pt; adsorption site at tunneling condi-
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Figure 4.36: Adsorption geometry of Pt;-CO. (a) Structural model of the force-relaxed DFT
structure of Pt;-CO on Fe304(001). CO adsorption results in an asymmetric configuration; the
Pt atom is pulled upwards and shifted closer to one of the Fe rows (both directions energetically
equivalent). This asymmetry is also borne out in the simulated STM image in the inset. (b-d)
Low-temperature STM images (78 K). The low temperature freezes the mobility between the
two equivalent Fe row positions; one half of the two-lobed room-temperature feature is imaged
in (b) at 1V, 0.2nA and (c) at 0.65V, 0.3nA. (d) Increasing the bias voltage (2V, 0.3nA)
induces switching between the two equivalent sites, which are imaged as single lobes in (c).

tions of +1V, 0.2nA (b) and +0.65V, 0.3nA (c). The features observed at 2V and 0.3nA
(d) are created by the influence of the STM tip, which shifts the Pt-CO between the two
equivalent positions at the side of the adsorption site, demonstrating that the activation of
this switching process is possible. The images of Pt-CO at room temperature are there-
fore interpreted as a time average of the fast, thermally activated hopping between the
two equivalent sites offset from the center of the adsorption site of the neat adatom.

Figure 4.35 shows that the adsorption of CO, and the switching from Pt;*-CO to Pt;-
CO, can be observed step by step. The room-temperature STM image sequence in Figure
4.37 demonstrates that Pt;-CO species are mobile at the surface and exhibit a tendency
to agglomerate to small clusters. Initially adatoms are the main species at the surface and
only few Pt-CO features or small clusters are observed (a). The image sequence in (b-g)
focuses on the area highlighted by the yellow frame in (a). Starting from four adatoms
in the two different adsorption geometries (two Pt;, two Pt;* atoms) in (b), the sequence
shows the adsorption of CO on one of each species in (c). In Figure 4.37(d) the first
agglomeration step is observed and a Pt dimer is formed. In the following images, the
Pt;*-CO becomes mobile to form a trimer species (e€) and after the remaining Pt adatom
adsorbs CO (f), a Pt tetramer is formed (g). The overview image in (h) demonstrates that
agglomeration can be followed for all clusters in the scanned area. Images in different
regions of the sample do not show any discernible difference, indicating that the STM tip
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Figure 4.37: CO-induced mobility and coalescence of Pt/Fe304(001)*%7. (a) Initial state after
10min CO exposure (2x 10710 mbar, after ~5h in UHV): Mainly Pt adatoms are observed; few
Pt-CO features and clusters are present. (b-g) STM image sequence on a selected area with
four Pt adatoms in the two different adsorption configurations. CO exposure induces adsorption,
mobility, and growth, which can be watched step by step. (h) After exposure only few adatoms
remain; Pty(CO)y are the main species.
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Figure 4.38: DFT+U force-relaxed geometry of the Pty-(CO)> dimer in side-view (a) and top
view (b). Both Pt atoms are coordinated to one surface oxygen atom, one in a comparable
geometry to the Pt;-CO feature next to the preferred metal adsorption site (labeled “n”). Each
CO molecule is adsorbed on top of one Pt atom, not directly coordinated to the surface.

plays a negligible role in the mobility and coalescence of Pt-CO species. A similar mo-
bilizing effect of CO was observed for Pd adatoms on the Fez04(001) surface®. CO ad-
sorption enhances the mobility of Pd adatoms and clusters, leading to the agglomeration
to sub-nano particles. In contrast to the behavior reported for Pd, several STM movies at
different scanning conditions and pressures of CO (up to 10~ mbar) show that the Pt;(*)-
CO features are the only mobile species driving agglomeration at room temperature. The
immobile nature of all Pt clusters and the stability of the Pt;(*)-CO species, which often re-
main in their initial site for several frames, allow following the coarsening process atom by
atom and thus permit assigning the exact number of Pt atoms to each cluster. Moreover,
the constrained mobility is a decisive factor in the size of the clusters, leading to a high
density of small clusters; for example Pt dimers are the majority species in Figure 4.37(h).
No decomposition of Pt clusters is observed in the STM image sequences at room tem-
perature.

The agglomeration illustrated in Figure 4.37 is particularly interesting in the context of
the Pt dimer DFT+U results, since the calculations predicted a dimer species, which is
unstable against decay into two Pt adatoms. In order to test the stability of the Pt dimer
in experiments, dimer species with one and two adsorbed CO molecules were modeled
in DFT+U force relaxations. Indeed the addition of CO improves the stability of the Pt di-
mer. However, a Pt;-(CO) species is also unstable compared to one Pt adatom and a Pt-
CO (E,45(P12-(C0O))=8.44 €V < E,45(Pt1-(CO))+ E,qs(Pt1) = 5.53eV + 3.89eV), whereas
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adding a second CO molecule results in an energetically preferable Pt,-(CO), dimer
(Faas(P12-(CO)2)=11.15eV > 2x E,4,(Pt;:-(CO)) = 2x5.53eV). Hence the adsorption of
CO does not only mobilize the Pt;(*) adatom species but it is also crucial for stabilizing the
smallest clusters. The small energy difference to two Pt;-CO features motivated the study
of different geometries of the Pt,-(CO), dimer by starting DFT force-relaxations from differ-
ent initial positions, but so far, no configuration with an energy E,;s(Pt2-(CO)2)>11.15eV
was found. In the most favorable configuration shown in Figure 4.38 the Pt-Pt bond in the
Pt,-(CO), dimer species is relatively flat (close to parallel to the surface plane, in con-
trast to the pristine Pt, dimer) with each CO molecule adsorbed on top of one Pt atom.
The dimer is not parallel to the surface Fe rows but slightly rotated, leading to two differ-
ent bond lengths to the nearest two surface oxygen atoms: dpy, ,—0=2.04 A (3.21A) for
the atom closer to the adatom position and dpt272_o=2.10A (3.25A) for the second Pt
atom. The distance above the average surface Fe, is smaller for the Pt atom closer to
the preferred metal adsorption site: Azpy, ,— rep(Pt2-(CO)2)=1 89A and Azpt, ,—reB(Pt2-
(CO),)=2.21 A for the second atom.

The stabilizing effect of CO on small Pt clusters was also assessed in experiments. The
surface with clusters was created by exposure to CO pressures up to 10~6 mbar, either in-
side the STM while scanning or with the sample in the preparation chamber. No difference
between the two preparation methods is discernible. Once a surface with the Pt species
almost fully sintered to clusters was achieved, the stability of the clusters was tested by
annealing them to 520K in UHV to desorb the CO. The initial state after exposure to
10~% mbar CO during scanning is shown in Figure 4.39(a)'®”. Most of the Pt-related fea-
tures are small clusters; the sizes range up to 5 atoms, but Pt dimers are the majority
species. The bar graph shows the relative number of clusters and adatoms referenced to
the total number of Pt-related features (blue: 71.5 4+ 4.7%, 5.7x10® m~2 clusters, and
yellow: 2.3x10'® m~—2 adatoms). Annealing at 520 K leads to the recovery of Pt adatoms
(coverage increased by 130%) and a reduction in the number of clusters by more than
60%. As a result, Pt adatoms (71.2 + 8.9 % of all Pt related features) are the dominant
species after annealing, as illustrated by the bar graph in Figure 4.39(b). The cluster size
after annealing cannot be determined by the shape, but comparing the initial adatom cov-
erage after deposition with the number of atoms after the experiment allows to provide
a rough estimate of the average cluster size: ~7.6 atoms after annealing, compared to
~3.3 atoms before (excluding single atoms and assuming the nominally deposited total
coverage of 0.15ML to be exact).

The recovery of a large number of adatoms with a simultaneous decrease of the
number of clusters is interpreted as a break-up of the smallest Pt clusters following the

79



UHV, 520 K

m11157_3561_2014

-
+1.2V, 0.3nA

____ Clusters IS Adatoms

Figure 4.39: Redispersion of the smallest Pt clusters into adatoms'®”. (a) After sintering in
10~% mbar CO at room temperature, almost no Pt adatoms remain. The number of atoms in
each Pt cluster is known. Pt dimers are the majority species at the surface. (b) Annealing in
UHV at 520 K causes the desorption of CO, resulting in redispersion of Pt into the adatom phase
via the break-up of the smallest Pt clusters. A large number of recovered adatoms coexists with
a small number of large clusters. The bar graphs indicate the relative numbers of clusters and
adatoms in the total number of surface features.

thermally activated desorption of CO. Thus, the instability of Pt dimers without adsorbed
CO leads to redispersion of Pt into the adatom phase, in line with the large energy dif-
ference predicted by the DFT calculations. However, since the energetic preference for
Pt,-(CO), is very small, the experimentally observed stability at room temperature indi-
cates the presence of a large energetic barrier hindering the breakup of this dimer spe-
cies. An alternative explanation would be the existence of a more stable dimer Pt,-(CO),
configuration, which remains to be discovered in DFT calculations. While the behavior of
Pt trimers cannot be determined with certainty, the stability of larger clusters is interpreted
as a critical cluster size smaller than four Pt atoms also in the absence of CO. The lar-
ger average cluster size after annealing is attributed to the incorporation of adatoms as a
result of thermally activated diffusion.

The reported findings draw a complete picture of the mobility, growth, and stability
of Pt/Fe304(001). In the surface processes occurring on a timescale observable using
STM, the CO molecules are found to play a decisive role in mobilizing the Pt adatoms
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and stabilizing the smallest cluster species. This stabilizing effect of CO is one of the
crucial aspects enabling the formation of larger clusters, since the mobility of Pt is slow,
reducing the probability of the simultaneous interaction of several Pt atoms. The slow time-
scale of the coarsening process allows following its evolution resulting in a well-defined
array of “size-distinguished” clusters %7, which may prove valuable as initial state in further
experiments focusing on the properties of the clusters. Moreover, the redispersion of small
clusters to isolated adatoms provides insights into a potential pathway of recovering the
active adatom phase after the onset of deactivation, which is a topic of broad interest in
single-atom catalysis research.

426 Rhodium

4.2.6.1 Rhodium Adatoms

Rhodium is a versatile, catalytically active metal, which is widely studied in catalysis re-
search -3¢, for example for its relevance in the automotive three-way catalyst%815°, How-
ever, rhodium is also an expensive metal and could be used more broadly if the required
amount of Rh in catalysts could be reduced without loss of active area. Thus, Rh is one
of the typical candidate materials for single-atom catalysis research. Regarding its activ-
ity, Rh on different supports has been shown to catalyze various reactions, such as the
CO oxidation reaction over Rh/ceria, or the hydrogenation of ethylene over site-isolated
Rh complexes on MgO36. Further examples include the trimerization of acetylene to form
benzene over Rh atoms stabilized by oxygen vacancies in MgO '8, DFT calculations of
Rh/ceria report an important role of the respective facet of the ceria support in the CO
oxidation activity of the single Rh adatom species'®'. Further reports of active oxidized
Rh species %2 draw attention to Rh/Fez04(001) as a promising system for single-atom
reactivity.

Following the deposition of low coverages of Rh onto the Fe;0,4(001) surface, Rh ad-
atoms occupying the preferred metal adsorption site within the (v/2x1/2)R45° reconstruc-
tion are the dominant species. Figure 4.40 displays STM images of 0.2 ML Rh/Fe30,4(001)
and a comparison to STM simulations of a Rh adatom and a dimer species. The large-
scale image in (a) demonstrates that mostly adatoms populate the surface and no large
clusters are present at this low coverage. The small number of brighter surface features
in the image is related to adsorption of molecules from the residual gas, which is dis-
cussed in detail in section 4.2.6.2. The small-scale image in Figure 4.40(b) shows the
surface features in detail. In addition to the Rh adatoms (examples highlighted by the
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Figure 4.40: STM images of 0.2 ML Rh adsorbed at the Fe304(001) surface. (a) Overview im-
age showing the random distribution of Rh adatoms and the absence of large clusters. The few
brighter features at the surface are related to gas adsorption (see section 4.2.6.2). (b) Detailed
image: Upon deposition two Rh-related species are observed: The Rh adatom (examples high-
lighted by red circles) and the Rh dimer (cyan circle). The area highlighted by the yellow frame
is shown in the small-scale image sequence in (c,d). The black line highlights that the Rh dimer
occupies the preferred metal adsorption site, offset from the center of the site. The dimer fea-
ture appears elongated and moves between the two equivalent asymmetric sites within the unit
cell during STM image sequences. The simulated STM images (+1.5V) of the Rh adatom and
dimer species in the panels below (d) are in good agreement with the experimental observations.

red circles) the preferred metal adsorption sites can also be occupied by a larger Rh-
related feature, elongated parallel to the surface Fe row direction (example highlighted by
the cyan circle). A low coverage of this species is present after each deposition in UHV,
and no formation via adsorption from the residual gas is observed. The two sequential
images in (c,d) show an enlarged view of the selected area in (b) (yellow frame). The
black line in this short sequence connects the centers of the metal adsorption sites of
the Rh adatoms and the elongated feature. This feature assumes an asymmetric geo-
metry, off-centered from the metal adsorption site in the unit cell. Its elongated shape
and the switching behavior between two equivalent geometries observed in STM im-
age sequences, illustrated by the comparison of (c) and (d), are indicative of a Rh di-
mer, where one of the Rh atoms binds to the adsorption site more strongly than the
other one. The adsorption geometries of the Rh adatom and a dimer species were cal-
culated using density functional theory (with rz=1.9bohr=1.01 A, a (3x3x1) k-mesh
and a cut-off energy of the basis set of ~183eV (Rk,...=5.5)). The force-relaxed ad-
atom geometry (F,4s(Rh1)=3.67 eV) resembles the metal adatoms described above. For
the Rh dimer a flat adsorption geometry is found to be favorable (E,4s(Rh2)=8.40€eV >
2x E,4s(Rh1)=2x3.67 eV=7.34 eV). This dimer is rotated in the adsorption site compared
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Figure 4.41: Thermal stability of Rh adatoms. (a) Room-temperature STM image of 0.4 ML
Rh showing almost exclusively adatoms and dimers. (b) After annealing to 500 K bright surface
row features are the dominant species; almost no adatoms remain (example in red circle). The
yellow frame in the enlarged inset highlights different bright species on the surface Fe rows,
which have formed during annealing. The different appearance of the bright on-the-row features
features is attributed to incorporation of Rh in different sites. The features larger and brighter
than dimers are attributed to clusters (example in purple circle).

to the surface Fe row direction. The simulated STM images of the Rh adatom and of the
dimer, depicted below panel (d) are in good agreement with the features observed in the
experiment. The characteristic bond lengths of the Rh adsorption geometry were also de-
termined in the DFT calculations: dr;,_o(Rh1)=1.94 A, Azg;,_r.5(Rh1)=0.70 A; for the Rh
adatoms and dRh_o(Rh2)=1.98A for both Rh atoms of the dimer and Azg;,_r.p(Rh2)=
1.16/1.17 A.

Following the deposition of a low coverage of Rh, the only Rh-related features ob-
served are Rh adatoms and dimers (Figures 4.40(b), 4.41(a)). However, if the surface
with 0.4 ML as-deposited Rh is heated to 500K (Figure 4.41(b)), the Rh adatoms and
dimers disappear and large parts of the surface are covered by bright features on the
surface Fe rows. These “on-the-row” features coexist with different, larger species, which
are attributed to Rh clusters. The yellow frame in Figure 4.41(b) enlarged in the inset
highlights different examples of such bright “on-the-row” features, which resemble the
signature of incorporation of Ni. Thus, the propensity of Rh for oxidation results in the
incorporation of these noble metal atoms at elevated temperatures. The different sizes of
the incorporation-related features in the yellow frame in Figure 4.41(b) are attributed to
incorporation in different sites (e.g., surface or subsurface Feqt).
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Figure 4.42: Thermal stability of 0.8 ML Rh/Fe304(001). (a) XPS spectra (Mg Ka) of 0.2 ML
Rh (blue) and 0.8 ML Rh at room temperature (black) and after annealing at 570K (red) for
10min. All Rh states have a higher binding energy than metallic Rh (dashed vertical line).
Annealing at 570 K causes a strong shoulder at high binding energies. (b) STM image of 0.8 ML
Rh/Fe304(001) after annealing to 570 K, showing significantly more clusters and adatoms and
less incorporated Rh than Figure 4.41(b).

The thermal stability of Rh was also studied using x-ray photoelectron spectroscopy
(XPS). Figure 4.42 depicts Rh 3d XPS spectra acquired with Mg K« radiation and an STM
image of 0.8 ML Rh/Fe;0,4(001). At room temperature (blue and black spectra) the main
component of the Rh 3d peak is oxidized compared to metallic Rh (dashed gray vertical
line), in agreement with the strong bond to surface oxygen predicted by the DFT calcula-
tions. Annealing at 570 K results in the emergence of a high-binding energy shoulder, but
the main component of the peak undergoes little change. (Only a small shift by <0.2eV is
observed). The STM image acquired after annealing (Figure 4.42(b)) provides additional
insights into the behavior of the surface species: Compared to the images of 0.4 ML Rh
(Figure 4.41), the surface with 0.8 ML Rh exhibits a much higher cluster coverage and
the coverage of bright “on-the-row” features after annealing is lower than for 0.4 ML Rh.
This STM image demonstrates that even though the blue XPS spectrum for 0.2 ML Rh
is compatible with the high coverage spectrum, annealing experiments performed for the
two coverages can yield different results. The STM image in Figure 4.42(b) shows the
presence of a substantially higher coverage of clusters than for 0.4 ML Rh (Figure 4.41).
Thus, the thermal energy provided by the annealing offers two competing pathways for the
Rh adatoms: incorporation into the surface or into clusters. The XPS spectrum in Figure
4.42(a) shows the creation of an oxidized Rh species (comparable to Rh,O3 according to
Sleigh et al.'83). However, for an unambiguous interpretation if this can be attributed to
incorporated Rh, the experiment should be repeated at a coverage <0.4 ML.
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Figure 4.43: STM image sequence of Rh/Fe304(001) during exposure to 2x 1070 mbar O5. (a)
Rh adatoms (examples in red circles) and dimers (example in cyan circle) populate the surface.
(b) The adatoms highlighted by the red circles in (a) become mobile and combine to form new
surface species (yellow frames). Their different appearance compared to the as-deposited dimer
highlighted in (a) indicates that these features contain oxygen (RhyOx). (c) Another Rh adatom
is mobilized and joins a Rhy Oy species, forming a Rh3 O, species (purple frame). No adsorption
on neat Rhy dimers is observed.

4.2.6.2 Rhodium adatom—gas interactions

In the UHV study, adsorption of residual gas molecules on the Rh adatoms was observed
as a slow but continuous process at pressures below 1071° mbar. These observations,
in combination with reports of active Rh atoms on different supports, such as MgQ 36164
or ceria'®', encourage a detailed study of the interaction of Rh adatoms and dimers with
common reactant gases. The interaction of Rh with O,, CO, and NO is particularly inter-
esting, since these are among the relevant reactant gases in some fields of application of
Rh, such as automotive exhaust gas catalysis 18159

Figure 4.43 illustrates the interaction of 0.2 ML Rh adatoms with oxygen, observed
in an STM image sequence acquired with a background pressure of 2x10~! mbar O,.
Initially, Rh adatoms and dimers coexist at the surface (examples highlighted by red and
cyan circles, respectively). Without the direct observation of an intermediate species of
the adsorption of O, the two pairs or Rh adatoms highlighted in (a) are mobilized and
form a new surface species. The different appearance compared to the neat Rh, dimer
indicates that the newly formed dimer species contains oxygen (Rh,Oy). In (c) the adatoms
highlighted by the red circles in (b) have again become mobile, driving growth processes
at the surface. In addition to the formation of an additional Rh,O, species (yellow frame),
one atom has joined the existing Rh oxide dimer, creating a trimer species, which is also
likely to contain oxygen. The low oxygen dosage required to cause these effects suggests
a high reactivity of Rh adatoms towards oxygen and excludes contaminants in the gas at
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Figure 4.44: STM movie of 0.2 ML Rh/Fe304(001) in UHV after exposure to 10 L NO, demon-
strating permanent adsorption of NO on Rh adatoms and its mobilizing effect. (a) After NO
adsorption, Rhi-NO species populate the surface. These have an apparent height of 230-250 pm
at Usgmple=1.2 V (yellow circles); no coexisting neat Rhy adatoms are observed. (a-g) The Rh-
NO features highlighted by yellow circles hop between preferred metal adsorption sites. Small
red circles in the subsequent frame mark their respective prior locations; red arrows indicate the
most likely hopping direction. The cyan frames in (b) and (d) highlight dimer features created
from two mobile Rh1-NO species. In (g) a third Rhi-NO joins a dimer, forming the trimer feature
highlighted by the purple frame.

the root of the coarsening behavior. This conclusion is further strengthened by the fact that
similar processes are not observed in STM image sequences in UHV. After deposition in
the preparation chamber, where residual oxygen from sample preparation can be present,
a few adsorption-related features and a low density of clusters are usually discerned in
large-scale images.

The high activity of Rh adatoms towards oxygen stimulated further studies of exposure
to reactant gases such as NO. Figure 4.44 shows an STM image sequence of 0.2 ML Rh
after exposure to 10L NO. Acquiring an STM movie while dosing NO did not yield any
images of adsorption processes. Since images acquired subsequently in other areas of
the sample show a clear signature of NO adsorption, this was most likely due to tip shad-
owing effects. The images in Figure 4.44 were acquired at a different location after a
total dose of 10L NO. The density of features in the preferred metal adsorption sites re-
mains initially unchanged by the exposure to NO, but the adatoms in Figure 4.44 are mo-
bile and characterized by a significantly larger apparent height. This difference between
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h(Rh1)=165-190 pm and h(Rh;-NO)=230-250 pm (at 1.2V, 0.3 nA) is attributed to the ad-
sorption of NO on the Rh adatoms and allows to clearly distinguish Rh;-NO species from
Rh adatoms in STM images. The mobility of the Rh;-NO species is illustrated in Figure
4.44. In each STM image, all Rh atoms that occupy a different site in the subsequent
frame are highlighted by yellow circles. The small, red circles mark the sites occupied in
the respective previous image; the dashed red arrows indicate the most likely hopping
direction, showing that the distance usually does not exceed two to three unit cells. Site
changes are found to occur preferentially in parallel to the surface Fe row direction. Rh-NO
features can also hop in the proximity of the STM tip, resulting in images of atoms “cut in
half”, such as the upper atom in a yellow circle in (f). This mobility provides the oppor-
tunity for Rh;-NO species to meet at the surface, giving rise to agglomeration processes.
The cyan frames in Figure 4.44(b) and (d) highlight dimer species formed from two mobile
Rh;1-NO features. In (g) the formation of a Rh trimer species is observed. The strong bond
of NO to the Rh adatom and the different appearance of the neat Rh dimer indicate that
the Rh dimers formed via NO-induced mobility contain at minimum one NO-related spe-
cies. Similar features are also observed outside of the scanned area but an influence of
the STM tip on the observed mobility and agglomeration cannot be fully excluded. At high
bias voltages (3V, 0.3 nA) the desorption of NO molecules from some Rh adatoms as well
as the transfer of NO between adatoms have been observed (not shown).

A high activity of Rh adatoms for the adsorption of gas molecules is also observed
with CO. Figure 4.45 displays an STM image sequence acquired while filling the STM
chamber with a low pressure of CO. Already in the initial image, before intentional expo-
sure to CO, two different types of adatoms are observed: A regular Rh adatom (=180 pm
at 1.2V, 0.2nA) and a Rh species with a smaller apparent height (~95-125pm at 1.2V,
0.2nA) highlighted by the red and the yellow circles, respectively. The selection in the
blue frame in (a) shows four Rh; adatoms. During exposure to 5x10~° mbar CO, these
adatoms are converted to the smaller Rh adatom type. This happens one by one over the
course of 20 min, indicating that these “small” Rh adatoms are related to CO adsorption.
Figure 4.45(e) shows an image of the surface after a total dose of ~12L. The Rh;-CO
features correspond to the majority species at the surface, only a few Rh; adatoms re-
main unaffected by the CO exposure (one example marked by a red circle). In a follow-up
experiment, after additional CO exposure to saturate all Rh adatoms, oxygen was dosed
to the surface. In an STM movie acquired while dosing up to 10~8 mbar O, no discernible
effects were observed (not shown), even though on the as-deposited Rh adatoms O, ex-
posure was found to induce mobility and cluster formation already at very low pressures
(2x10~1% mbar, see Figure 4.43). Thus, the stable Rh carbonyl created by CO exposure is
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Figure 4.45: STM images of Rh/Fe304(001) acquired during exposure to increasing pressures
of CO. (a) Initial state in UHV: Rh adatoms are the majority species (example highlighted by
red circle), coexisting with a few adatom species with a lower apparent height (yellow circle).
The blue frame emphasizes a selected area with four Rhy adatoms, which is shown in detail in
(b-d). (b-d) Small-scale STM image sequence acquired in 5x 10~ mbar CO over ~20 min. The
Rh adatoms adsorb CO sequentially, becoming smaller in apparent height by the adsorption. (e)
Final state after dosing ~12L CO. The Rh1-CO features are the majority species. No mobility
is observed.

inactive for interactions with oxygen; CO adsorption poisons the reactivity of Rh adatoms
at room temperature. However, the strong interaction with both, CO and O,, observed in
the experiments holds potential for reactivity studies at elevated temperatures.

The strong interactions between Rh adatoms and oxygen or CO are in excellent agree-
ment with the results of DFT+U calculations of adsorption on Rh adatoms. The calcula-
tions predict Rh to exhibit the strongest interaction with CO in the block of d-electron
transition metals from Co to Au (groups 9, 10, and 11 in the periodic table): F,qs(Rh-
C0O)=6.38eV (AE(CO)=2.71 eV). The interaction of Rh with O is also the strongest among
the metals, for which O, adsorption was calculated (Co, Ni, Rh, Pd): E,4,(Rh-O,)=6.62 eV
(AE(0,)=2.95¢V), see section 4.4. However, it should be emphasized that these ener-
gies are referenced to free metal atoms and gas molecules in vacuum. Thus, they reflect
the nature of the metal-molecule bond and depend on the tendency of the metals to oxi-
dize. While they are good indicators for relative differences in binding strengths for similar
metals, the absolute values should not be compared to experimental gas adsorption en-
ergies derived from methods such as temperature programmed desorption.

In the context of the electronic structure, the STM study of CO adsorption on Rh ad-
atoms showed an interesting effect: The apparent height of the Rh adatom decreases
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Figure 4.46: Electronic DOS of the Rh adatom at the Fe304(001) surface before (red) and
after adsorption of CO (black curve). The very tall and bright Rh adatoms in empty-state STM
images are partly due to the strong peak in the unoccupied DOS close to Er. With the adsorption
of CO, the intensity in the unoccupied states shifts away from the Fermi energy, explaining the
smaller apparent height in STM images.

substantially with the adsorption of a CO molecule. According to the DFT results, this
observation is based on a twofold effect of the CO adsorption: an electronic and a to-
pographic effect. The decreased brightness in the STM images at positive sample bias
originates partially in an intensity shift in the unoccupied density of states, shown in Fig-
ure 4.46 for a Rh adatom without (red spectrum) and with (black spectrum) an adsorbed
CO molecule. The large peak close to Er (spin-up) in the unoccupied DOS of the Rh ad-
atom contributes strongly to the original apparent height. With the formation of the bond
to the CO molecule, this peak is redistributed to unoccupied states at higher energies.
After this redistribution, only little intensity close to Er remains, resulting in a substantially
lower apparent height of the Rh;-CO in STM. In addition to this electronic effect, the dis-
tance of the Rh adatom to the surface layer also changes with the adsorption of CO. While
the bond distance to the surface oxygen atoms remains similar (dz,_o(Rh;-CO)=1.99 A)
the height above the surface layer decreases (Azgp_rep(Rh1-CO)=0.53 A a change of
-0.17 A compared to the neat Rh adatom). Thus, in contrast to most other metal adatoms,
the Rh adatom sinks deeper into the adsorption site upon adsorption of CO, reducing
the apparent height further in addition to the electronic effect. Following the adsorption of
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oxygen, on the other hand, the bond lengths are stretched. This is indicative of a weaken-
ing of the bond to the surface and agrees well with the observed mobility and agglomera-
tion: dri_os(Rh1-02)=2.02 A and Azgj,_r.5(Rh1-02)=1.08 A, lifted up by 0.38 A.

While the high activity observed at 300 K suggests potential for reactivity studies at
elevated temperatures, these could be limited by the thermal stability of the Rh adatoms.
Determining characteristic parameters such as the desorption temperature of CO and NO
will allow conclusions whether the stability range of Rh adatoms is sufficient to overcome,
for example, the poisoning effect of CO adsorption. Regarding the activity, isolated Rh
adatoms certainly meet the requirements for catalytic processes at low temperatures.

4.2.7 Copper

4.2.7.1 Copper adatoms

Copper is an interesting material for an adsorption study at the Fe;04(001) surface. For
example, Cu is a known promoter of the water-gas shift activity of the magnetite cata-
lyst165.166 |n contrast to many other catalytically active metals, Cu is a relatively inex-
pensive material, which is also widely available. Moreover, Cu is known to form stable
solid solution with magnetite and should therefore also extend the selection of metals
forming thin-film ferrites at the FesO4(001) surface.

Figure 4.47 illustrates the coverage-dependent adsorption properties of Cu observed
in STM images. For Cu, a very high coverage of adatoms can be achieved before the
onset of cluster formation. Following the deposition of 0.2 ML Cu (a), two different types of
Cu-related features are observed at the surface: Cu adatoms in the preferred adsorption
site are the dominant species. They coexist with triangular features appearing bright on
one side of the site blocked by Fe;,;. Examples of Cu adatoms and triangular features
are highlighted by red and cyan circles, respectively. These triangular features, which also
change the local DOS of the surface Fe rows, are only observed after Cu deposition.
Moreover, they occur as isolated features already at low Cu coverages and at higher Cu
density they coexist with Cu adatoms in fully occupied patches, without forming clusters.
The consecutive STM images in the inset in Figure 4.47(a) demonstrate the mobility of
a triangular feature, hopping across the blocked site to the opposite surface Fe row, con-
strained to one unit cell. These changes between two equivalent sites are interpreted as
the mobility of a single Cu adatom across the site blocked by Fe;.:. Thus, the triangu-
lar features are termed Cu;* and interpreted as single Cu atoms binding to the oxygen
atoms adjacent to the blocked site, bonding more strongly at one side of the Fe;.;. This
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Figure 4.47: STM images of different coverages of Cu/Fe304(001). (a) 0.2 ML Cu: Cu adatoms
are the dominant species at the surface (example in red circle). The cyan circle highlights a second
type of Cu adatom (Cur*), an asymmetric feature occupying a site blocked by the subsurface
Feint. The Cuy* can change to a symmetrically equivalent site (inset, consecutive images on the
same area). (b) 0.8 ML Cu: Atomically resolved image of Cu adatoms and Cuy * features. Fully
occupied patches start to form (Cuy and Cuy* sites filled, example highlighted by the purple
frame). No clusters are observed. (c) 1 ML Cu: The fully occupied patches (purple frames) are
growing in number and size compared to (b). First clusters start forming (example highlighted
by the blue arrow).

asymmetric bond causes the triangular appearance, offset towards one surface Fe row
from the center of the Fe;,; site. Alternatively, a Cu adatom binding strongly in the blocked
site could push the Fe;,; down towards one of the Fe,.: vacancies in the subsurface. This
filled vacancy would also result in a local change of the DOS in the surface Fe row above,
potentially resulting in a bright feature on one side of the blocked site. Both interpretations
can offer an explanation for the triangular appearance and the mobility of the Cu;* fea-
tures, which is constrained to remain within one unit cell. A third alternative, a bond to two
surface oxygen atoms parallel to the surface Fe rows (illustrated for the Pt;* configuration
in Figure 4.33(e,f)) cannot be excluded either. However, the expected offset of half an Fe-
Fe distance along the surface Fe rows from the center of the blocked site is not observed
in the STM images of the Cu;* feature.

Increasing the Cu coverage to 0.8 ML results in a higher density of both Cu-related fea-
tures, leading to fully occupied patches such as the one highlighted by the purple frame
in Figure 4.47(b). The enlarged image in the inset (yellow frame) shows an area with a
high Cu density, showing the two Cu species with atomic resolution. At a nominal de-
posited coverage of 1 ML (c) the densely occupied patches have grown in number and
size. The blue arrow indicates a bright, tall species which is attributed to a Cu cluster.
Such a cluster is most likely formed if a sufficient number of additional atoms is deposited
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Figure 4.48: STM-based thermal stability study of 0.12 ML Cu/Fe304(001) (counted room-
temperature coverage). (a) After annealing to 620K for 10 min Cu adatoms (highlighted by
red circles) are still the majority species. No Cuy * features are observed. (b) After annealing to
820K, ~50% of the room-temperature coverage of Cu adatoms coexists with bright “on-the-
row” features (yellow circles). These features are interpreted as a mixture of incorporated Cu
features and unreconstructed unit cell defects, caused by thermally lifting the reconstruction at
820 K and incomplete re-nucleation during cooling. (c) Subsequent annealing to 870 K for 10 min
results in a substantial decrease of the adatom coverage and the complete re-nucleation of the
surface reconstruction. The density of the remaining “on-the-row” features can be attributed to
the incorporation of Cu atoms. The coexistence of Cu adatoms indicates the presence of a high
incorporation barrier.

onto an area where Cu; and Cu;* occupy all available sites. The high adatom cover-
age coexisting with only few clusters in Figure 4.47(c) demonstrates that the Cu adatom
layer is almost completely filled before first clusters are created. This trend indicates a
strong bond of the Cu adatom in the preferred metal adsorption site, which is also borne
out in DFT+U calculations predicting a much stronger bond for Cu than for example for
Ag (F,.qs(Cu)=3.41¢V). In these calculations the following parameters are used for Cu:
row=1.9bohr (1.01A), no Hubbard-U on Cu, a (3x3x1) k-point grid in reciprocal space,
and Rk,,..=5.5, corresponding to an energy cut-off of the basis set of 2183 eV. An ana-
lysis of the magnetic moments and partial charges indicates a Cu'* charge state in a
3d'%4s" electron configuration. The adsorption geometry of Cu is flat with characteristic
distances of dcy_o=1.84 A and Azcy_pep=0.53 A.

The thermal stability of the Cu adatoms was studied by annealing the surface with
0.12ML Cu (counted coverage at room temperature) step by step to increasing tempera-
tures. Figure 4.48 shows STM images of 0.12 ML Cu/Fe304(001) after annealing to (a)
620K, (b) 820K, and (c) 870K (annealing for 10 min at each temperature). After anneal-
ing at 620K, the Cu adatom coverage shows no measurable change compared to room
temperature, but the Cu;* features are entirely absent. This lack of Cu;* is interpreted
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as thermally induced transition of Cu atoms occupying the blocked site to adatoms in
the preferred metal adsorption site. Subsequent annealing to 820K (b) results in a high
coverage of bright features on the surface Fe rows, while a residual adatom density of
~50% of the original coverage is retained at the surface. The “on-the-row” species re-
semble incorporated transition metal atoms (see sections 4.2.3-4.2.4.2), but can also be
attributed to defects such as unreconstructed unit cells or a high density of antiphase do-
main boundaries (APDB, see section 4.1.1). The combined coverage of both, Cu adatoms
and “on-the-row” features, exceeds the original Cu coverage and thus also the possible
number of Cu-related features. Hence, a significant number of the “on-the-row” features
in Figure 4.47 is attributed to defects in the surface reconstruction, rendering the iden-
tification of incorporated-Cu features difficult. The high density of newly created defects
most likely originates in annealing to a temperature high enough to lift the surface recon-
struction (observed at 720 K'9%). If the temperature is close to the transition point, the
reconstruction can nucleate simultaneously in many locations at the surface, avoiding the
formation of large, uniform reconstructed patches. The coexistence of these defects with
metal-related features has only been observed for Cu, owing to the high thermal stabil-
ity of Cu adatoms, which exceeds the onset of bulk diffusion or clustering of all other
metal species. The interpretation of Figure 4.48(b) as intrinsic defects in the reconstruc-
tion coexisting with incorporated Cu is supported by the STM image in (c) acquired after
annealing at 870 K. Even though the adatom coverage has decreased substantially, the
defect density at the surface is reduced. The chain of bright features in the top half of the
image corresponds to an APDB, but all other bright “on-the-row” features are interpreted
as incorporated Cu atoms (yellow circle) or intrinsic defects, which were already present
after annealing to 620 K. The low coverage of incorporation-related features coexisting
with residual Cu adatoms at high temperatures indicates that Cu shows only a very weak
inclination to incorporate into the subsurface Vg, of the SCV structure and potentially even
prefers to diffuse directly to bulk-like layers. This speculation is based on the results on
other 3d transition metals, which demonstrate that bulk diffusion is already possible at
500K (see for example section 4.2.3 for the results on Ni incorporation). Thus, the high
Cu adatom coverage at 620 K suggests the existence of a higher incorporation barrier
than for other metals, or an energetic preference for the adatom configuration compared
to incorporation in the near-surface region. In order to fully resolve the site preference of
Cu at elevated temperatures and the geometry of Cu;*, additional DFT calculations of Cu
in different sites would be required.

Figure 4.49 depicts an XPS spectrum of the Cu 2p region acquired after deposition of
0.8ML Cu (STM image in Figure 4.47(b)). The gray, dashed lines indicate the Cu 2p3,
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Figure 4.49: Cu 2p XPS spectrum of 0.8 ML Cu/Fe304(001). The inset shows the Cu 2ps3 /o
peak, which is located between the two gray dashed lines illustrating the Cu 2p positions of
metallic Cu (932.3¢V) and CuO (933.2¢V)1%7. The peak position at ~932.9€V indicates an
oxidized Cu species.

binding energies in metallic Cu (932.3eV) and CuO (933.2eV)'%7. The inset provides a
more detailed view of the Cu 2p; , region, showing that the maximum of the approximately
symmetrical peak is located at a binding energy of ~932.9 eV. (It should be noted that the
spectrometer used for these measurements is not calibrated for high-precision measure-
ments, rendering an exact assignment of the charge state challenging for such a narrow
range of binding energies. The peak positions were shifted by a constant value, deter-
mined by the offset of an oxygen spectrum acquired in the same experiment compared to
the correct O 1s binding energy (530.1 eV) for Fe304(001).) The peak shape and position
are indicative of a single partially oxidized component, which is in good agreement with
the DFT+U prediction of a Cu'* adatom.

In gas adsorption experiments at room temperature, Cu was found to be inert to low
pressures of CO, O,, H,O, and NO. In STM images no changes compared to the as-
deposited Cu adatoms are discernible (data not shown). The adsorption of Cu is found
to follow the trend of its group in the periodic table, i.e., Cu forms highly stable adatoms,
which are inert to UHV-compatible pressures of reactant gases at room temperature. Re-
garding the metal adsorption behavior of the Cu group elements, another trend becomes
apparent: An increasing tendency to form stable adatoms rather than clusters at augment-
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ed deposited coverage is observed when comparing the adsorption of Au to Ag and Cu.
This indicates that in the steps from Au to Ag and further to Cu the metal-oxide interaction
strength is increasing compared to the metal-metal bond in the size regime close to single
atoms. The high stability of Cu over a broad range of coverages and temperatures under
UHYV conditions portrays it as one of the most promising candidates for testing single-atom
reactivity and promoting effects at elevated temperatures and pressures.

4.2.8 Co-deposition of metals

The deposition of two or more metals coexisting at the surface can provide interesting
conclusions about the interactions of supported metal adatoms. Moreover the combination
of two metal adatoms with complementary properties represents a promising approach
towards custom-made functional materials, for example “catalysts by design” created by
selecting metals specifically for a certain reaction. The results presented here can be
considered proof-of-principle experiments demonstrating the possibility to co-deposit and
distinguish different metals at the Fe304(001) surface.

Figure 4.50 shows a compilation of the co-deposition of selected metals. The co-
deposition of Ag and Pt (Ag deposited first) in (a) results in the coexistence of Ag and
Pt adatoms at the surface. At the scanning conditions of Usqmpie=+2.0V and I;=0.3 nA
the Ag and Pt adatoms can be clearly distinguished by their apparent heights (h(Pt;)=80-
95 pm, h(Ag1)=120-140 pm compared to the surface Fe rows). The yellow and cyan arrows
highlight examples of Ag and Pt adatoms, respectively. While Ag adatoms represent the
majority species at the surface, Pt is present in different configurations. The feature in the
red circle corresponds to a Pt;* atom and the features that are larger and brighter than
all adatoms are attributed to Pt clusters (example in cyan circle), created by CO-induced
mobility.

Co-deposition of 1ML Cu and 0.2ML Pt (Pt deposited first) in (b) also results in
the coexistence of Pt and Cu adatoms, highlighted by cyan and purple arrows, respect-
ively. Again, the apparent heights allow discriminating between the two metal species
(h(Pt1)=85-105pm, h(Cu;)=45-60 pm compared to the surface Fe rows). For both metals,
also the respective second single-atom adsorption sites, offset to the side from the site
blocked by Fe;., are found to be occupied. The co-deposition of Cu and Pt was an at-
tempt to trap Pt adatoms in sites fully surrounded by Cu adatoms in order to suppress
the CO-induced mobility and clustering. However, STM image sequences (not shown)
demonstrate that the presence of Cu adatoms does not significantly influence the surface
diffusion of the Pt;-CO species.

95



——— -

Figure 4.50: Co-deposition of different metals at the Fe304(001) surface. (a) 0.3ML Ag +
0.1 ML Pt: Each metal preserves its individual adsorption properties. The Ag adatoms (ex-
ample highlighted by yellow arrow) exceed Pt in apparent height (cyan arrow) when scanning
at Usample="+2.0V (1;=0.3nA). An example of a Pt|* is highlighted by the red circle, an ex-
ample of a cluster species by the cyan circle. (b) 1 ML Cu + 0.2ML Pt: The brighter adatoms
are Pt, while Cu adatoms are the majority species (examples highlighted by cyan and purple
arrows, respectively). In large patches both types of Cu adatoms fully occupy the surface. The
large, bright species are attributed to Pt clusters. Bimetallic clusters are possible in the case
of Cu adatoms landing on Pt clusters or fully occupied patches. (c) 0.4 ML Ag + 0.2ML Ni
at Usgmple=1.2V (1;=0.3nA): Ag adatoms appear brighter than Ni adatoms (yellow and blue
arrows, respectively), but the difference is very subtle. (d) Changing the tunneling conditions to
Usampie=-2.0V (I;=0.3 nA) results in very bright Ni adatoms, which can be clearly distinguished
from Ag (the same Ag and Ni atoms as in (c) are highlighted by the yellow and blue arrows,
respectively, the red arrow highlights a cluster as reference point).
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The comparison of Figures 4.50(c) and (d) illustrates the importance of selecting a suit-
able tunneling bias voltage for distinguishing two metal species. While at Usgmpie=+1.2V
(1;=0.3nA) Ag and Ni adatoms (highlighted by the yellow and blue arrows, respectively)
are difficult to distinguish, the same area imaged at Ugqmpie=-2.0V (1;=0.3nA) gives a
very different impression. When imaging filled states, the Ni adatoms clearly exceed Ag
in apparent height, although topographically, the DFT calculations predict the Ag to be
significantly higher (Az44—r.p=0.97 A, Azni_pop=0.62 eV). This is a good example of an
electronic effect in STM, indicating that the occupied DOS of the Ni adatom close to the
Fermi level is significantly higher than that of the Ag adatom. Since imaging the surface
at negative sample bias strongly changes the appearance in STM images, the cluster
highlighted by the red arrow is used as a reference point to illustrate that the same area is
imaged. A similarly strong effect is also observed for Ag and Pt when switching to negative
sample bias voltage (not shown).

In summary, the co-deposition of adatoms has been demonstrated by three examples.
The metals coexist as adatoms at the surface and all observations indicate a largely in-
dependent behavior of the metal species, each maintaining its characteristic properties.
No specific interactions between different metallic species were observed. However, the
formation of bimetallic clusters upon deposition of high coverages cannot be excluded.
The images of the co-deposition of Ag and Ni indicate that finding suitable scanning con-
ditions to distinguish the metal species is essential for experiments combining different
metals at the surface. Nevertheless, the observations indicate high potential for attempts
to combine two or more metals for the detailed study of a “model catalyst by design” based
on single adatoms.

4.3 Properties and applications of metal clusters

The strong interaction of active metal species such as Pt and Rh with gas molecules
was described to induce mobility and cluster formation (see sections 4.2.5.2 and 4.2.6.2).
These systems are therefore only of limited use for single-atom catalysis applications but
they offer a well-defined initial state for the study of cluster properties and activity, similar
to size-selected clusters. While single atoms represent the ultimate limit of the size-effect
of active particles in heterogeneous catalysis, the size-dependent activity of sub-nano
metal clusters is equally promising for catalysis research'>'6. In some cases, single-site
catalysts exhibit further differences in the catalytic properties besides reactivity, such as
selectivity for different products, shown for example for zeolite-supported Rh 68, A recent
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Figure 4.51: Initial state of the reactivity study of Pt sub-nano clusters'® created by sintering
0.15ML Pt adatoms in 10~" mbar CO. The STM images show the distribution of clusters on
an ordered surface with large, flat terraces. Different cluster sizes are labeled, up to Pts, the
largest cluster formed in the scanned region. (b) Large-scale image showing clusters distributed
homogeneously across a large terrace with a typical step-edge in the right part of the image.

article on the CO oxidation over Pt adatoms and clusters on a zeolite support®® even
raises the question whether single atoms contribute to the activity at all in this system.
Here, the role of the reducible substrate Fe304(001) in the oxidation of CO and H, over Pt
sub-nano particles is studied using STM. The figures in the present section are adapted
from a recent article describing the support effects in this system 69,

The initial state for the cluster study shown in Figure 4.51 is created by deposition of
Pt adatoms onto the as-prepared Fe30O4(001) single crystal, and subsequent exposure to
CO causing agglomeration to clusters, which contain only few atoms (described in detail
in section 4.2.5.2). This process creates a distribution of small clusters with a preference
for dimer species. Figure 4.51 displays STM images of Pt/Fe304(001) after CO exposure
with Pt cluster sizes up to Pt5 labeled in (a). The large-scale overview image in (b) shows
a typical flat, continuous terrace with a step-edge. According to the results presented in
section 4.2.5.2 all these clusters contain CO and the dimers decay if the CO molecules
are desorbed thermally by annealing in UHV.

In the present section, the catalytic activity of these Pt sub-nano clusters is assessed
by annealing the system in low pressures of reactant gases in order to obtain insights
into the atomic-scale mechanisms of reaction processes and the influence of the support.
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Figure 4.52: STM images after annealing in reactive atmosphere in three independent ex-
periments, illustrating the atomic-scale mechanisms of the reactivity of Pt sub-nano clusters
(reprinted with permission from Wiley and Sons%°). (a) STM image after annealing at 550 K
in 1077 mbar CO for 60 min. Monolayer-deep holes in the surface are observed adjacent to Pt
clusters. The holes are attributed to the extraction of lattice oxygen and Fe diffusion to the bulk
as sketched in the drawing below. The large fraction of inactive clusters indicates an autocata-
Iytic process. (b) After annealing in 10~ mbar Hy for 20 min Pt clusters coexist with adatoms.
Adjacent to virtually all clusters the surface exhibits holes, resembling the ones created by CO.
(c) Annealing in 10~" mbar O, for 20 min leads to regrowth of surface material adjacent to all
Pt clusters. The insets in each STM image show monolayer-deep holes/monolayer-high islands
with the rotation of the surface Fe rows expected in the spinel structure.

Figure 4.52 illustrates the effect of heating the Pt clusters to 550K in 10~" mbar CO, Ho,
and O, in separate experiments. (For each result presented here, control experiments
without Pt were performed under the same conditions but did not show any effects related
to catalytic processes.) After annealing in CO for 60 min no Pt adatoms are observed, and
the Pt species have agglomerated further to a small number of larger clusters compared
to the initial state in Figure 4.51. The interaction of the clusters and the support with CO
results in the creation of 2.1 A deep holes (one full double layer consisting of Feo.:O» and
Fetet) in the surface adjacent to a fraction of the Pt clusters. The inset in (a) shows the
selection highlighted by the yellow frame at an enhanced contrast, illustrating that the
surface Fe rows are rotated by 90° inside the holes. The observation of monolayer-deep
holes in the surface is interpreted as Pt-mediated extraction of surface oxygen atoms as
part of a Mars-van Krevelen CO oxidation process, illustrated in the schematic drawing
below the STM image. The Mars-van Krevelen mechanism is a common pathway for CO
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oxidation over oxide-supported active particles 70 that proceeds via the extraction of lattice
oxygen, which is replenished from O, in the gas phase. The energetic barrier usually
involved in the removal of lattice oxygen is the main reason why this process preferentially
occurs at elevated temperatures. In the STM images the Pt clusters are either located
adjacent to relatively large holes, or not associated with any hole in the surface. This lack of
small holes adjacent to clusters indicates that the extraction process is autocatalytic, i.e.,
the removal of the first oxygen atoms from the surface layer involves the largest energetic
barrier and the subsequent removal of Og from the resulting step-edge is easier. The
observation of the SCV surface structure inside the holes in the surface confirms the
results presented in section 4.1, i.e., it is the energetically most favorable termination
across a wide pressure range. Since Fe oxide surfaces are known to react to stoichiometry
changes preferentially via the cation lattice®'71, the SCV structure can form at the surface
if the temperature is sufficiently high for the excess Fe created by the CO oxidation process
to diffuse to the bulk. (Bulk diffusion of deposited Fe was observed at ~470K.)

A similar result is obtained when the surface with Pt/Fe304(001) (sintered in 10~" mbar
CO for 10 min) is annealed during exposure to 10~" mbar H, at 550K for 20 min. The
STM image in Figure 4.52(b) shows a high density of monolayer-deep holes adjacent to a
large fraction of Pt clusters. The total area of holes is larger than in the images acquired
after the CO oxidation experiment, although they were obtained within a shorter period of
time, indicating a more efficient oxygen extraction process in the case of H, oxidation. The
process catalyzed by the clusters during H, exposure is likely the adsorption, splitting, and
spillover of hydrogen, followed by the extraction of surface oxygen to form H,O (see sketch
below the STM image in Figure 4.52(b)). In the absence of metal adspecies the desorption
of water from a strongly hydroxylated Fez04(001) surface was observed 2 at comparable
temperatures, suggesting that the extraction of surface oxygen is not the limiting step of
the catalytic reaction. In contrast to the CO oxidation experiment, the clusters are found
coexist with a nonzero coverage of Pt adatoms after annealing in H,, suggesting that the
redispersion process discussed for UHV conditions in section 4.2.5.2 is also active in H,
atmosphere. The cyan circles in Figure 4.52(b) highlight a few examples of Pt adatoms.
However, in this set of experiments no activity of single atoms was discernible, potentially
because the catalyzed process is expected to require more than one active site for splitting
the H, molecule.

Figure 4.52(c) provides an STM image of Pt clusters after exposure to 10~" mbar O,
at 550K for 20 min (after sintering the Pt in up to 10~" mbar CO). At these conditions
no Pt adatoms are observed, indicating that also O, can play a role in the coarsening
processes, albeit this was not observed at room temperature. The clusters decorating the
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Figure 4.53: STM images after annealing in mixed CO:0, gas atmospheres (constant CO
pressure (10~" mbar)) illustrating the reactivity of Pt sub-nano clusters®®. (a) Slow island
growth is observed for annealing in excess oxygen at a CO:0, ratio 1:5 (60 min, 590K). (b)
For equal CO and O, pressures (1:1, each 107" mbar, 550K, 20 min) the effects involving the
substrate are small: One small hole is observed adjacent to a cluster (cyan circle). (c) After
prior exposure to CO:0y 1:1 and 5:1 (each at 550K, 20 min) showed very weak effects, small
holes adjacent to the Pt clusters were observed for heating in a 50:1 ratio (excess CO, 550K,
20 min), showing that the presence of small amounts of O, does not block the extraction of
lattice oxygen.

surface in this image are larger than the ones in the CO or H, experiments and all of them
are surrounded by, or adjacent to, island-like features of a single magnetite step height.
The island enlarged in the inset exhibits a row-like structure rotated by 90° compared to
the main terrace and a step height of ~2 A, both of which are typical properties for a next
layer of the Fe30,4(001) SCV surface. Thus, the results for the high-temperature exposure
to O, are interpreted as oxygen spillover from the Pt clusters onto the substrate. At a
temperature of 550 K, Fe can diffuse from the bulk to the surface as a response to the oxi-
dizing conditions, leading to the growth of an additional layer of surface material adjacent
to the Pt clusters. Since strong metal support interaction (SMSI) has been reported for
Pt clusters on an Fe3zO,4 support at elevated temperatures %8, the surface with Pt clusters
annealed at temperatures up to ~600K in UHV and in O, was tested for encapsulation
(overgrowth by an oxide layer) using low-energy ion scattering (see Figure C.1 in Appendix
C). However, in both cases strong Pt peaks were observed, excluding any encapsulation
effect.

The presented results give insights into the role of a reducible substrate in elementary
reaction processes of CO oxidation or other reactions involving CO, H,, or O,. Similar
experiments in mixtures of CO and O, resulted in significantly smaller changes to the
substrate (see Figure 4.53). Here, the CO pressure was kept constant (pco=10~"" mbar)
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and the oxygen pressure was adjusted to test the behavior at different CO:O, ratios. Figure
4.53(a) shows an STM image after an experiment of annealing at 590 K in excess oxygen
(CO:0,=1:5) for 20 min, demonstrating that the formation of islands is possible even in the
presence of CO. STM images acquired after annealing in a 1:1 mixture show only very
weak indications of support interactions, such as the small hole highlighted by the cyan
circle in (b). A considerable number of holes started to form when dosing excess CO at
a ratio of 50:1 for 20 min at 550K (Figure 4.53(c)) after prior exposure to CO:O, ratios of
1:1 and 5:1 (each for 20 min at 550 K) showed very weak effects. The smaller changes
that reactions cause to the support when annealing in gas mixtures can be interpreted
in different ways: The simultaneous presence of CO and O, may lead to a change in
the reaction pathway to perform the CO oxidation reaction largely on the cluster (i.e. in a
Langmuir-Hinshelwood-type mechanism). On the other hand the effects observed in pure
CO or O, atmospheres could occur in parallel. The slow reaction speeds in the pure gases
combined with the high activity of small islands or holes offer a plausible explanation for
the large range of pressures, at which no effects are observed. Further options such as
poisoning of the catalytic process of the respective other species cannot be excluded
either.

The presented observations provide insights into oxidation catalysis over active sub-
nano Pt particles on an iron oxide support. The activity of the Pt clusters described here
occurs at temperatures, which leave the surface unaffected by effects such as the en-
capsulation of Pt clusters observed on the Fe3;0,4(001) and (111) surfaces via strong
metal-support interaction'®®. The study of H, and CO is particularly interesting in the
context of a reactivity study for the preferential oxidation of CO (PROX) over Pt sub-nano
clusters on an iron oxide support, showing high activity and stability for this reaction is
available in a broad temperature window '”3. Under the realistic conditions in the reactivity
study by Qiao et al.'”® the involvement of the substrate was clearly discernible, since dif-
ferent iron oxide phases were formed in temperature programmed reaction experiments
using H,. The differences in the support material or temperature-dependent variations in
the selectivity may be the reason for the reported suitability for PROX, which not fully in
agreement with the higher activity for H, presented in Figure 4.52. The Mars-van Krevelen
mechanism catalyzed by metal nanoparticles has been studied as well on a variety of re-
ducible substrates, including for example Pt-doped ceria’”4, Au on ceria'’®, and TiO,'7°.
The results presented above provide atomic-scale insights into reaction processes over
oxide-supported metal nanoparticles and shed light on the potential role of reducible oxide
supports in oxidation reactions.
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4.4 Trends in metal adsorption

The experimental data and calculations for a broad selection of metals allow conclusions
on general trends of metal adsorption at the Fe304(001) surface to be drawn. Regarding
the variety of characteristic properties of the admetals and their different interaction with
the surface, a short summary of the calculations on metal adatoms is of interest. Figure
4.54 provides an overview of important metal adsorption properties and the interaction
of the adatoms with CO and O,, which shall be discussed in the context of the experi-
mental results presented above. For this discussion, the nine metals of the Co, Ni, and
Cu groups (groups 9, 10, and 11) of the periodic table of elements have been selected.
All calculations were performed on 17-layer slabs of two (v/2x/2)-reconstructed surface
unit cells with a (3x3x1) k-mesh to map the reciprocal space (except for Ir, which was
described by a (2x2x1) k-mesh). (The Ni and Co calculations were performed on a smal-
ler 17-layer slab consisting of a single reconstructed cell.) A value of Rk,,..>5.5 was
used in all the adatom calculations (corresponding to an energy cut-off of the basis set of
~183 eV, equivalent to Rk,,..=3.67 in the presence of gas molecules with smaller atomic
radii r¢(CO)=ro(CO,0,)=1bohr (0.53 A)). To describe the correlations of the Fe 3d elec-
trons, an effective Hubbard-U correction of 3.8 eV was employed. The same value for U
was applied to the Ni 3d and Co 3d electrons, whereas no U was used to describe the
Ag, Au, Cu, Ir, Pd, Pt, and Rh adatoms.

Figure 4.54 gives a brief account of the calculated metal adsorption properties, provid-
ing the data for each adatom in a separate panel according to the following scheme: On
the background of a corresponding (experimental) STM image of adatoms, each panel
is labeled with the respective element symbol with the approximate charge state of the
neat adatom (6 represents a small non-integer number, 0<é<1). The number below the
label corresponds to the magnetic moment of the adatom within the atomic sphere (radii
of 1A (Ni, Co, Cu, Rh, Pd, Ir) or 1.1A (Ag, Pt, Au) set in the calculations). The table be-
low each image provides the adsorption energies (in eV) in the first line, the metal bond
lengths to the surface oxygen atoms in the second line and the vertical distance above the
average surface Fe,; (both in A) in the last line. The same two characteristic distances are
also discussed for each metal in the respective sections and their geometry is illustrated
in the structural model for Ag in Figure 4.9 (section 4.2.2). The three columns correspond
to three different configurations described by the yellow labels in each panel: the metal
adatom, the adatom with an adsorbed CO molecule, and the adatom with an adsorbed
O, species, which was only calculated for Co, Ni, Rh, and Pd. In the case of Pt and Pd,
the adsorption of CO lifts the adatom out of the adsorption site closer to one of the two
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neighboring surface Fe rows. Thus, for Pt and Pd the bonding geometry to oxygen is char-
acterized by two different adatom-oxygen bond lengths, both of which are listed in Figure
4.54. Concerning the adsorption of oxygen, it should be noted that the magnetic moments
and the oxygen-oxygen bond lengths of the adsorbed oxygen atoms indicate that oxygen
may not be adsorbed molecularly as neutral O,. While the effect is relatively weak for Rh
and Pd adatoms (do_o(Rh-0,)=1.26 A, |io(Rh—0,)|=0.19 up and do_o(Pd-0)=1.24 A,
|fio(Pd—0,)|=0.17 up), the values calculated for Co and Ni adatoms clearly suggest a
charged nature of the adsorbed oxygen (do_o(Ni-O,)=1.36 A, |fio(Ni—0,)|=0.34 5 and
do_o(Pd-02)=1.38 A, |fio(Pd—0,)| =0.31 up).

A comparison of the charge states shows that all metal adatoms are cationic, typically
donating their charge to the subsurface Fe,..(S-4) atoms. The additional electrons give
these Fe,.; atoms an Fe?*-like character, and thus modify the total magnetic moment
of the slab, allowing conclusions on the approximate charge state of the metal adatoms.
A fraction of the charge donated by the adatoms partially reduces the two O~ atoms,
whose unsaturated character is expected to play an important role in the metal adsorption
preference. While the reducing effect is weak for most adatoms, the magnetic moment
indicative of the O'~ state is almost fully suppressed for the Co-group metals, coinciding
with their high oxidation states and adsorption energies. The presented charge states are
in good agreement with the XPS results presented in the respective chapters or in the
literature®%140:157  Regarding the magnetic moments of the adatoms, it is interesting to
note the different orientation for the Co and the Ni groups, indicating a strong difference
in the exchange interaction at comparable bond distances. With the adsorption of CO,
the spin polarization of the 3d metal adatoms remains intact, whereas for the 4d and 5d
metals it decreases to insignificant values (|| <0.1 x5, not shown), indicative of a stronger
metal-substrate interaction of the 3d metals.

In the context of the experimental observations, the adsorption energies of the ad-
atoms can be interpreted as descriptors of two competing bond strengths: the metal-metal
and the metal-oxide bond. The balance of these two interactions is a decisive factor for a
metal’s ultimate preference for incorporation or agglomeration to metal clusters. Here, the
4d and 5d metals are found to present a higher tendency to form clusters, while the 3d
metals prefer incorporation, indicated by the comparably high energy gain when adsorb-
ing at the oxide surface. The strong interaction of Rh with oxygen, both in the O, molecule
and in the surface (highest adsorption energy among the 4d metals), also suggests an en-
ergy gain by increasing the coordination to oxygen. In contrast, Ag and Au are examples
for a relatively low energy gain by bonding to the surface. However, the relatively weak
interaction of these metals with CO compared to Rh, Pd, or Pt inhibits destabilizing effects
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Figure 4.54: Summary of the DF T+U results on nine metal adatoms at the Fe3 O4(001) surface
and their interaction with CO and O,. For each metal, an STM image (5.2x 4.2 nm?) of adatoms
and a set of calculated properties are provided in the respective panel. The numbers adjacent
to the element symbols correspond to the approximate charge state (with: 0<d<1 for small,
non-integer numbers) of the respective adatom and its magnetic moment inside the atomic
sphere. In the table below the STM image, the first line lists the total adsorption energies of the
adatom, the adatom with adsorbed CO, and the adatom with adsorbed oxygen (only calculated
for Co, Ni, Rh, Pd). (For Pt, the values in the last column correspond to the Pt, * configuration
instead.) In the second and third lines, the bond length to surface oxygen and the height above
the average surface Feocy are provided for the same configurations.
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such as adsorbate-induced mobility. While the absolute adsorption energies of gas mo-
lecules are not quantitatively comparable with experimentally measured values due to the
difficulty of good reference values for isolated atoms and molecules in DFT, the values are
well suited for comparing the adsorption of probe molecules on different metal species.
Overall, a qualitative comparison of the differences in adsorption strengths of CO and O,
on metal adatoms gives good agreement with the experimental results. This includes the
strong interactions of Rh with O, and CO or the effect of CO lifting the Pt adatom out of its
adsorption site. In a more general view, the interaction strength between adatoms and gas
molecules is observed to increase when moving to the left on the periodic table, towards
more electropositive elements with a more open d-shell. The higher reactivity of these
metals is also borne out in their stronger tendency to incorporate. The trends derived from
this study present Ir as a highly promising reactive metal for future studies, provided it
follows the tendency of the 5d metals not to incorporate.

Similar calculations assessing the stability of cationic metal adatoms were reported
for a large selection of metals on the (100) facet of a CeO, nanoparticle’® in the site
which showed the strongest adsorption of Pt adatoms. The overall behavior is similar;
adatoms are stabilized by bonding to surface oxygen and assume a cationic charge state.
The ceria surface can be reduced more easily; thus, metals tend to be more strongly
oxidized than on Fe304(001) (e.g. Ag3*, Co3*), donating electrons which reduce the Ce**.
The differences in oxidation states give rise to interesting phenomena such as support-
related variations in the activity or selectivity for gas adsorption on the adatoms. Further
analogies between ceria and the findings presented in Figure 4.54 include for example
that the 4d metals also form the weakest bond to the oxide '”6. This range of similarities to
ceria suggests that also other reducible oxide surface may be suitable supports for stable
cationic metal adatoms, holding undiscovered potential for future single-atom catalysts.
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5 Summary and Outlook

The properties of the magnetite Fe;0,4(001) surface offer a variety of fascinating phenom-
ena, which are ideal for an in-depth experimental surface science study complemented by
density functional theory calculations. In the present thesis the Fe;0,4(001) surface struc-
ture and different aspects of metal adsorption at this surface have been studied using a
combined approach of experimental surface science methods (STM, PES, LEED, LEIS)
and density functional theory. The adsorption of metals and their interaction with com-
mon reactant gas molecules is investigated, building on the discovery of thermally stable
isolated metal adatoms at this surface 60199 prior to this work.

As a first step in this study, the Fe304(001) surface structure was revisited and a new
structural model based on an ordered array of subsurface Fe vacancies (the SCV struc-
ture) was introduced. Using quantitative low-energy electron diffraction and ab-initio ther-
modynamics, the SCV structure was established as the correct description of the most
stable surface termination'''; this proved to be crucial for understanding the surface prop-
erties. The characteristic cation rearrangement of the SCV structure creates a strong pref-
erence for metal adsorption in one specific site per unit cell. In this site the metal adatom
is two-fold coordinated to surface oxygen and adsorption is not blocked by the presence
of a tetrahedrally coordinated subsurface Fe;,. (or Feit) atom. All metals studied in the
present thesis form isolated metal adatoms in this site following deposition at room tem-
perature. Although these adatoms are found to be thermally highly stable for many metals
(up to an annealing temperature of ~700K for noble metals) the adatom configuration
does not represent the thermodynamic equilibrium state for any of the deposited metals.
If the stability of the adatoms is broken the metals follow one of two observed pathways:
incorporation into the oxide lattice in the surface region or agglomeration to clusters. While
most noble metals (Ag, Au, Pt, Pd) are found to favor cluster formation, metals exhibiting
a strong tendency to form oxides prefer incorporation. The incorporation of metal cations
results in the filling of the subsurface vacancies underlying the reconstruction, which is
consequently lifted for high coverages of the incorporated metal. As a result of the in-
corporation, a thin film of a nonstoichiometric spinel ferrite (MxFes_,O4, with M = Ni, Co,
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Ti, Mn) is formed. However, also reactive metals that are not naturally abundant in solid
solution with Fe;QO,4 are found to enter the Fe304(001) surface, for example Zr and Rh. In
DFT+U calculations for Ni, Ti, and Co, the energetically favored incorporation site in the
surface region was determined, showing a unanimous preference for the subsurface Feqct
vacancy site. At elevated temperatures, however, the metal cations start diffusing into the
bulk, a process which requires enhanced mobility of Fe in the lattice compared to the filling
of vacancies in the surface region.

The high thermal stability of many metal adatoms encourages the study of their inter-
action with common reactant gases such as CO, O,, and NO. The observed interaction
strength at room temperature varies significantly; it extends from no discernible adsorp-
tion up to strong adsorption that induces mobility of the adatoms. In agreement with DFT
predictions, the strongest interactions were observed for the combinations Pt-CO, Rh-O,,
and Rh-CO, but also NO was found to adsorb on various metal adatoms (shown for Ni and
Rh). In the case of Rh, O, and CO both adsorbed strongly but led to contrasting effects:
Oxygen adsorption mobilized the Rh adatoms and led to agglomeration, whereas CO ad-
sorption strengthened the bond to the surface and poisoned any activity of the Rh adatom
for gas adsorption (including O,). In the study of Pt, the adsorption of CO was found to
play two essential roles in the formation of clusters: It weakens the bond to the substrate,
mobilizing the Pt adatoms, and stabilizes Pt dimers, which are only energetically favor-
able if two CO molecules are adsorbed. The DFT+U-derived energetic preferences are
borne out in experiments by the redispersion of Pt dimers into adatoms upon heating in
UHYV to desorb the stabilizing CO. Heating the Pt clusters to 550 K in reactive atmosphere
(CO, H,, or O,), on the other hand, provides proof of the catalytic activity of Pt sub-nano
clusters at this surface. In these experiments the reducible substrate Fe30,4(001) becomes
involved in the reaction processes, leaving a signature in STM images: CO and H, oxi-
dation processes create holes in the surface layer adjacent to Pt clusters, whereas island
growth next to the clusters is observed after annealing in O,. Hence the study of active
small clusters of archetypal catalytic metals such as Pt or Rh at the Fe304(001) surface
presents an interesting alternative pathway to single-atom catalysis research at this sur-
face.

The detailed understanding of the metal adsorption properties at this surface provides
a good basis for testing the trends predicted in the DFT+U adsorption study of CO and
O, using for example temperature programmed desorption (TPD) or XPS at variable tem-
peratures. An extensive TPD study would also enhance the knowledge of the effects of
the different incorporated metals, as well as provide information about potential reactivity
involving the Fe304(001) substrate by monitoring additional molecular masses. Regard-
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ing the pathway to single-atom catalysis at the Fe;04(001) surface, the research could be
raised to the next level by targeting specific reaction processes, which are known to occur
on sub-nano particles of selected metals. In particular the highly stable adatom species
such as Ag and Cu are ideal for studies in surface chemistry setups, where in-situ imaging
techniques are not available. Moreover, the study of single atoms in realistic environments
will present another essential step from a model system to a potential single-atom cata-
lyst. There are several promising reaction processes, which carry potential for the activity
of single atoms. In the case of Cu, for example, water-gas-shift activity is reported at tem-
peratures above 620K over CuFe,O, and Cu/Fe3z0,4'8%. A study on single Ag adatoms
could for example investigate if the high propylene epoxidation activity reported over size-
selected Ags clusters 13! is transferable to single atoms. In particular in the context of the
support effects observed in the oxidation reactions with Pt, the study of propylene adsorp-
tion using temperature programmed desorption, XPS, and STM appears to be a promising
pathway. Via the deposition of different coverages and subsequent annealing, the size dis-
tribution of the Ag particles can be adjusted, ranging from a low coverage of single-phase
Ag adatoms to mixed phases with adatoms and small clusters up to large clusters created
when annealing to temperatures in excess of 700 K. For proof-of-principle experiments,
the selection of metals for specific reactions guided by catalytic processes in the literature
is a promising approach, which is also likely to improve the metal efficiency via minimizing
the particle size in the active phase. Finally, the even more exciting future perspective of
a single-atom catalyst model system such as Fe304(001) is the potential to combine two
types of metal adatoms, each one excellent at performing its specific task, to create a
customized catalyst for a certain reaction pathway based on spillover to enable interaction
of the reaction intermediates.
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B Further experimental details

B.1 Fe;04(001) single crystals

The experiments in the present thesis have been performed on a broad selection of crys-
tals. The highly stoichiometric synthetic single crystals have been employed preferentially,
but commercially available natural crystals have proven equally well-suited for studying
the single-atom adsorption properties of magnetite. Each crystal is cleaned and tested for
contaminants using XPS and STM before any experiments are performed.

Crystal # | Type Size Description

356 1 synthetic | 3x8 mm broken: 2 usable pieces, stoichiometric, freq. used

356 2 synthetic | ~3x6 mm blue tinge, very steppy

357 synthetic | ~6 mm diam. broken: 2 similar pieces, stoichiometric,
frequently used, 1 piece: screw dislocations

365 natural ~4x7mm3 used at Maxlab and RTSTM

377 natural 10x10x1.5mm? | used for SXRD and in RTSTM

385 natural | 5x5x1mm? used in RTSTM for Cu

Table B.1: Listing of magnetite single crystals used in the course of the present PhD thesis.
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C Additional Figures
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Figure C.1: Low-energy ion scattering spectra of Pt clusters after annealing in UHV (a) and
5x 107" mbar Oy at ~600K, leading to the formation of Fe304(001) islands adjacent to all
clusters. The presence of a strong Pt peak after annealing in O, demonstrates that the Pt
clusters are not encapsulated. The small decrease in intensity is attributed to further coarsening.
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