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Abstract

The term “strong metal-support interaction” (SMSI) was introduced by S.J.
Tauster in late 1970’s to describe drastic changes in the chemisorption properties of
metal particles supported on reducible oxides. Although there may be different
explanations for SMSI effect, in the great majority of cases, it manifests itself via
encapsulation of the supported metal particles by a thin oxide layer stemming from
the support. To shed more light on the encapsulation mechanism and atomic structure
as well as on the role of the encapsulating layer on structure-activity relationships, in
this work we made use of planar model systems based on well-ordered iron oxide thin
films grown on metal single crystal substrates. The studies were carried out under
controlled Ultra-High Vacuum (UHV) and exposure conditions primarily using
Scanning Tunneling Microscopy (STM) in combination with other surface science
techniques such as LEED, AES and TPD.

In the first system, metal (Pt, Pd) nanoparticles were deposited onto magnetite
Fe;04(001) surface. Nucleation, growth and thermal stability in vacuum were studied.
The results provided strong evidence that Pt nanoparticles on Fe3;04(001) are
encapsulated by an FeO(111) layer upon UHV annealing at elevated temperatures, i.e.
in the same manner as for the Pt/Fe;O4(111) system previously studied in the group.
Therefore, the results show that the encapsulation takes place irrespective of the
surface structure of the oxide.

Similarly, SMSI driven encapsulation was observed upon vacuum annealing of
Pd/Fe;04(001). Although, for both Pt and Pd, the annealed metal particles exhibited a
cuboid shape, considerably larger particles are ultimately formed for Pd than for Pt (~
20 vs ~ 5 nm). This finding is rationalized in terms of the encapsulation blocking
metal sintering (presumably via Ostwald ripening), both processes occurring
simultaneously at elevated temperatures. Since Pt shows (on the basis of theoretical
calculations) a considerably higher adsorption energy as compared to Pd, much
smaller Pt particles are forming before the encapsulation sets in and hence blocks
sintering.

As the second model system, we addressed ultrathin FeO(111) films grown on
Pt(111), which, to some extent, mimic the surface of encapsulated Pt particles. In an
attempt to elucidate the reaction mechanism and the role of the metal support in this
reaction, we also studied FeO(111) films grown on Au(111), for comparison. Both Au
and Pt supported films show promotional effect in the CO oxidation reaction.
Structural transformations were monitored by STM in vacuum, in oxygen and CO
ambient on the films as a function of oxide coverage and exposure conditions. The
results show that oxygen desorption on O-riched FeO,. islands starts at the edges and
propagates towards interior parts. Also reaction with CO, that reduces FeO, to FeO,
first occurs at the FeO,/Pt interface and then propagates inside the island. Based on
these findings reaction mechanisms were proposed.
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In general, the results show that reactivity of encapsulated metal particles is
intimately linked to the structure and reactivity of ultrathin films and their interfaces,
and thus provide further useful information towards rational design of metal catalysts
based on ultrathin oxide films.



Zusammenfassung

Der Begriff “Starke Metall-Substrat-Wechselwirkung”  (engl.:  strong
metal-support interaction, SMSI) wurde von S. J. Tauster in den spaten 1970er Jahren
eingefiihrt, um die drastischen Anderungen in den Chemisorptionseigenschaften von
Metalpartikeln, getrdgert auf reduzierbaren Oxiden, zu beschreiben.. Obwohl es viele
Erklarungen fir SMSI Effekte geben mag, manifestieren sie sich, in der groBen
Mehrzahl der Fille, iiber Einkapselung der getrdgerten Metallpartikel durch eine
diinne Oxidschicht, die von der Unterlage stammt. Um mehr Licht auf den
Einkapselungsmechanismus und atomare Struktur, sowie auf die Rolle der
Einkapselungsschicht auf Struktur-Reaktivitits-Beziehungen zu werfen, machen wir
in dieser Arbeit Gebrauch von ebenen Modellsystemen basierend auf wohlgeordneten
Eisenoxid  Diinnfilmen, die auf Metall Einkristallen gewachsen sind. Die
Untersuchungen wurden unter kontrollierten Ultrahochvakuum-(UHV) und
Expositionsbedingungen primir mittels Rastertunnelmikroskopie (Engl.: scanning
tunneling microscopy, STM) in Kombination mit anderen Techniken der
Oberflachenforschung wie LEED, AES und TPD durchgefiihrt.

Im ersten System, wurden Metallnanopartikel (Pt, Pd) auf Magnetit Fe;04(001)
Oberflachen deponiert. Keimbildung, Wachstum und thermische Stabilitdt im Vakuum
wurden untersucht. Die Ergebnisse zeigen starke Belege fiir eine Einkapselung von Pt
Nanopartikeln auf Fe;04(001) durch eine FeO(111) Schicht nach tempern im UHV
bei erhohten Temperaturen, d.h. in der gleichen Weise wie fiir das Pt/ Fe;O4(111)
System, welches zuvor in dieser Gruppe untersucht wurde. Daher zeigen die
Ergebnisse, dass die Einkapselung unabhédngig von der Oberflichenstruktur des Oxids
stattfindet.

In &hnlicher Weise wurde SMSI getriebene Einkapselung beobachtet nach
Vakuumtempern von Pd/Fe;O4(001). Obwohl sowohl fiir Pt als auch fiir Pd die
getemperten Metallpartikel eine Quaderform aufwiesen, wurden bei Pd im Endeffekt
deutlich grofere Partikel gebildet, als fiir Pt (~ 20 versus ~ 5 nm). Dieser Befund wird
erklart durch ein Blockieren des Sinterprozesses (vermutlich via Ostwald Reifung)
durch die Einkapselung, da beide Prozesse bei erhdhten Temperaturen gleichzeitig
ablaufen. Da Pt im Vergleich zu Pd (auf der Basis theoretischer Berechnungen) eine
deutlich groBere Adsorptionsenergie aufweist, bilden sich viel kleinere Partikel bevor
die Einkapselung einsetzt und daher das Sintern blockiert.

Als zweites Modellsystem behandeln wir ultradiinne FeO(111) Filme gewachsen
auf Pt(111), die, in gewissem Umfang, die Oberfliche eingekapselter Pt Partikel
imitieren. In einem Versuch den Reaktionsmechanismus und die Rolle der
Metallunterlage in dieser Reaktion zu erhellen, haben wir zum Vergleich auch
FeO(111) Filme gewachsen auf Au(111) untersucht. Sowohl Au, als auch Pt getrigerte
Filme zeigten Verbesserungseffekte in der CO Oxidationsreaktion. Strukturelle
Transformationen an den Filmen wurden mittels STM im Vakuum, in Sauerstoff und
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CO Umgebung verfolgt in  Abhéngigkeit von Oxidbedeckung und
Expositionsbedingungen. Die Ergebnisse zeigten, dass Sauerstoffdesorption auf
O-reichen FeO, Inseln an deren Kanten beginnt und sich zum inneren Teil fortsetzt.
Auch die Reaktion mit CO, das FeO, zu FeO reduziert, tritt zuerst an der FeO,/Pt
Grenzfliche auf und wandert dann ins Innere der Insel. Basierend auf diesen
Befunden wurden Reaktionsmechanismen vorgeschlagen.

Im Allgemeinen zeigen die Resultate, dass die Reaktivitit von eingekapselten
Metallpartikeln eng mit der Struktur und Reaktivitit ultradiinner Filme und deren
Grenzfliche verkniipft ist und bieten deshalb weitere niitzliche Informationen in
Richtung rationaler Gestaltung von Metallkatalysatoren basierend auf ultradiinnen
Oxidfilmen.
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Introduction

Introduction

The definition of catalyst in my middle school chemistry textbook is “A
substance able to increase the rate of a chemical reaction without itself being
consumed or changed by the reacting chemicals is called a catalyst.” In the
corresponding demonstration experiment of hydrogen peroxide (H,0»)
decomposition catalyzed by manganese dioxide (MnO;), a powerful reaction of
strong effervescence combined with the formation of fog even though just a tiny
amount of MnO, was added to a H,O, solution deeply impressed me. In modern
chemical industry, catalysts are the workhorses of chemical transformations and
approximately 85 - 90 % of the products of chemical industry are made in catalytic
processes'. Many commonly concerned issues in modern society such as sustainable
energy, pharmaceuticals and environment protection rely on the development of
catalysts.

If the reactant and catalyst interact in different phases, i.e. the above mentioned
MnO; as solid powder and H,O, as liquid, the catalyst is called heterogeneous
catalyst. About 85% of all catalytic processes are heterogeneously catalyzed with the
major advantage of easy separation of reactants, products and catalysts'. The
heterogeneous catalyst is usually deposited on a support material, in most of the cases
a metal particle on an oxide support. The support itself and the interaction with the
catalyst may affect the catalyst’s performance.

For the case of a metal supported on a reducible oxide, i.e. titania, ceria, etc.,
strong metal-support interaction (SMSI) greatly alters the microstructure and catalytic
properties of the system, hence is of great importance in heterogeneous catalysis since
this term was introduced in 1978% Besides the typical support effect like charge
transferring and affecting metal particle size and shape, one of the mostly discussed
SMSI characteristics is the occurrence of the encapsulation of the metal particles by
the oxide thin layers. To some extent, the encapsulation can be rationalized on
thermodynamic grounds using surface energy considerations. Generally speaking,
surface energy of metal is comparatively higher than corresponding metal oxide **,
thus the oxide layer encapsulation would decrease the surface energy of the whole
system. However, atomic details of how a metal particle undergoes this encapsulation
by an oxide has not been fully understood, which is very important not just
scientifically, but also for industrial application of this kind of catalysts.

Over the past several decades, an atomic-level understanding of catalysis has
greatly advanced through the combination of ultra-high-vacuum (UHV) techniques
and model catalyst research on well-defined samples. The subject of my doctoral
work is the study of strong metal support interaction on iron oxide based model
catalysts by means of scanning tunneling microscopy and other surface science
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techniques in UHV system.

The Thesis is organized as follows:

1)

2)

3)

4)

5)

Chapter 1 provides a short overview of research progress of SMSI in past 5
years as well as an introduction to the concept of planar model catalysts, in
particular of iron oxides.

In Chapter 2, the basics of UHV system, experimental setup,
characterization techniques and their theoretical backgrounds are described.

Chapter 3 presents results of Fe;04(001) film preparation, thermal stability
of Pt and Pd, related to the strong metal support interaction effects of Pt and
Pd supported on Fe;04(001).

Chapter 4 addresses the preparation, oxidation and reduction of ultra-thin
FeO supported on Pt(111) and Au(111). The support effect on the structure
and reactivity of FeO (111) thin films is highlighted.

The Thesis ends with Summary.




Chapter 1. Literature survey and background knowledge

Chapter 1.

Literature survey and background knowledge

1.1. Strong Metal Support Interaction (SMSI)

As a ubiquitous phenomenon in heterogeneous catalysis, the interaction between
metal particles and support has been noticed and discussed as early as 1930s by G. M.
Schwab’. But until 1978, the term “strong metal support interaction” (SMSI) was
firstly introduced by Tauster to describe the passivation of group VIII metals
supported on TiO;, via drastic chemisorption decrease (almost to zero) of hydrogen
and carbon monoxide uptake after high temperature reductive treatment. Since then a
similar phenomenon was observed on noble metals supported on reducible oxides like
CeO; ", Fe304 2%, TiO, > 2%, V,05 ¥ and Nb,Os ** *"*. Non-reducible

oxides like Al1,0O3; and SiO, show no SMSI effect after similar treatment 53, 66,70

More and more evidences indicate that most cases of SMSI effect present as the
partially reduced oxide patch decoration or thin layer encapsulation to the supported
metal particles. These oxide species migrate from the support and block or partially
block the chemisorption active sites on metal particles. Early explanation to SMSI
includes Tauster’s explanation as formation of intermetallic compounds™ "' and the
latter electronic transferring effects, namely the electron transfer from metal oxide
support to the metallic component, thus resulting in significant change in
chemisorption behavior of the active metals™ **>7". Although these explanations to
the term of SMSI may not be suitable, with the broader concept that the words “strong
metal support interactions” themselves implying, these processes as mentioned above
should be included.

Generally, SMSI effects are thought to suppress catalytic activity and be more
detrimental for the surface structure sensitive reactions as compared to the structure

. .. 21
msensitive ones 37, 66,78

when the encapsulating layer is inert in the reaction and
remains unchanged. This structure-reactivity relationship was directly demonstrated
by STM imaging and the CO oxidation catalytic activity measurements on Pt/
TiO,(110) system®’. Sample annealing at 1100 K results in encapsulation of Pt
particles by reduced titania suboxide thin layer and suppresses the activity for CO
oxidation, in contrast, subsequent removing of the encapsulating layer by mild

sputtering recovers the activity.

In the view of the significant influence to catalyst activity and common existence
in heterogeneous oxide supported metal catalysts, SMSI effects have been subject of

numerous studies for the last 30 years. Thanks to the development in real-spaces

53, 79-80

imaging microscopy techniques , certain progress has been made concerning
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- - 24,41, 49, 52, 54, 81-83 -
the formation and the structure of encapsulation layers™ ™™~ """ non-classical

SMSI systems " **2, tuning of SMSI'> % 3 37, 39, 46,5658 9396 " Next I simply

summarize the research progresses of SMSI in the past 5 years.

1.1.1. Details of encapsulating process and the atomic structure of
encapsulating layer

The oxide layer encapsulation on metal particle can be rationalized on
thermodynamic grounds using surface energy considerations, namely that the surface

energy of metal oxide is lower than the corresponding metal’™, thus the oxide layer
encapsulation would decrease the surface energy of the whole system. However, the

detailed mechanism of the encapsulating process is still unclear.

Previous studies on Pd/TiO,’’ indicated that the encapsulation proceeds through
mass transport along the surface rather than through the bulk diffusion Recently,
Zhang and coworkers™ presented the dynamic process of the encapsulating overlayers
formation in this system by using TEM. They found that at low temperatures, an
amorphous reduced titania layer was formed, which then crystallizes into either

2

mono- or bilayer structures in reaction environment, together with dramatic reshaping
of the metallic surface facets. Jang et al. >*observed the oxygen vacancy formation,
migration and agglomeration in Pt/TiO,/Pt junction by TEM during reductive
treatment, which results in conduction of the junction. The O vacancy behavior can be
an important observation point for the SMSI process. Similarly, Pt-CeO,/C system
was examined by Ou et al.'* by STM and EELS. They found that after reductive
treatment the Pt nanoparticles embeded in the ceria support and ceria patches decorate
the Pt surface at low Pt loading. Increasing the Pt loading, the formation of a thin
layer decoration with lattice imaging was observed and the ceria thin layer was partly
reduced. The EELS (Electron energy loss spectroscopy) study demonstrated that
SMSI is strongly related to the redox reaction between Pt and ceria, and closely
correlated with the formation of O vacancy on the support surface.

Kovtunov and coworkers monitored the SMSI process by parahydrogen-induced
polarization (PHIP) technique®. High-temperature annealing dramatically decreases
the activity of the Pd/TiO, catalyst in terms of the pairwise addition of hydrogen. This
process is accompanied with the formation of TiO, sub-oxide on Pd as the indicator
of SMSIL, which is closely associated with the formation of the Pd°" state as a result of
charge transfer between Pd particles and TiO; support.

Based on current literature known, we suggest that there are some common
“clues” for the encapsulating process to consider:

1) Reductive treatment at elevated temperatures creates O vacancies and reduced
cation on the surface of the support'*>* *’;
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2) Electron transfer between support and metal® ;

3) Charged metal and support may facilitate the formation of sub-oxide layer*’;

4) Elevated temperature activates the migration of an oxide layer to the metal
surface, this is also energetically favorable and causes the geometrical
blocking effect for adsorbates;

5) Higher temperature’s treatment would activate the crystallization of the
encapsulation layer’’;

6) Negative charged metal particles would affect the adsorption and the

. 46, 98 99
subsequent reaction process

The atomic structure and composition of the encapsulating layer vary in different
systems and affect the activity of the system in different manners. Below are two
examples to illustrate. The first one is Cu/ZnO, which is an industrial catalyst for
methanol synthesis * ', It was shown that the ZnO support stabilizes the Cu
nanoparticle due to SMSI and the synergistic effect between ZnOy overlayer and Cu
enhanced activity of the catalyst. Schott et al.* identified metastable graphitic-like
ZnOy overlayers on the surface of oxidized CuZn alloy by using a series of surface
science methods. Partially reduced ZnO patches decorate on top of the metal particles
under a strongly reducing condition, which is a typical manifestation of SMSI.
Lunkenbein and coworkers® confirmed the formation of the encapsulating
graphite-like ZnOy layers in Cu/ZnO catalyst after being reduced in H, atmosphere
through AC-HRTEM (aberration-corrected high-resolution TEM). They found that the
graphitic-like ZnOy encapsulation layer transforms from rocksalt to a wurtzite
structure under continuous electron beam irradiation. This SMSI-induced graphitic
ZnO overlayer has paved ways for revealing its rich surface concerns as a virtual
playground from the essential surface features to the dynamic behaviours as well as
possible interactions between surfaces and gases. This study facilitates elucidating the
details of synergy effects between Cu and the ZnOy encapsulation layer on the
catalyst employed in industry.

Another example is the Pt/Fe;04(111) system. Pt nanoparticles were found to be
encapsulated by a thin FeO(111) layer film after UHV annealing up to 850K by 20,25
Atomic resolution STM images showed that the top facets of Pt particles exhibit the
same structure as a FeO(111) monolayer film on Pt(111) 101-102. Single layer FeO(111)
encapsulation on Pt particles in the Pt/Fe;O4(111) system was further confirmed by
Willinger et al.** by using AC-HRTEM and EELS. It was thought that the SMSI effect
in this system renders it practically inactive in vacuum because the oxide thin layer
suppresses adsorption of molecules otherwise readily adsorbing on the metal surface.
However, Pt/Fe;O4(111) shows high CO oxidation activity in mbar range due to the
transformation of the bilayer Fe-O encapsulating film into a trilayer O-Fe-O film that
catalyzes CO oxidation®”. Revealing of the thin FeO(111) encapsulating layer on Pt

5



Chapter 1. Literature survey and background knowledge

particles opens up a new perspective to study the structure and reactivity of ultra-thin
FeO(111) film on Pt(111) surface.

1.1.2. “Non-classical” SMSI systems

Zhang’s group®™ reported the SMSI effect between metal and nonoxide supports,
that is, Au supported on hydroxyapatite(HAP). TEM and in-situ DRIFT (Diffuse
reflectance infrared Fourier transform) spectra clearly indicate that this system
involves two reversible processes under gas treatments: The encapsulation of Au by
HAP-like species layer after oxidative treatment and the following retreat from Au
surface after reductive treatment. This is very different to “classical” SMSI in
metal/reducible oxide systems in which encapsulation usually occurs after reductive
treatment and layer retreat in oxidative treatment. The encapsulation of Au enhanced
its sintering resistance during high temperature calcination and reusability in
liquid-phase catalysis. However, the full encapsulation of the Au particles reduces
activity because of the blocking to active sites. Based on this result, the same group
tried to control the encapsulation degree between Au and HAP by localizing the Au
nanoparticles at the interfacial regions between the TiO, and HAP*’. After oxidative
treatment, HAP-like species partially covers the Au particles directly contacting with
TiO, and provides enhanced activity as in Au/TiO, system. In this configuration, the
catalyst possesses both high catalytic activity and good sintering-resistance. In
principle, this rational design could also be applied to other metal/oxide systems to
some extent.

Also, Liu et al.* reported Au particles encapsulated by ZnO overlayers after O,
treatment in Au/ ZnO nano-rod systems. Subsequent hydrogen treatment resulted in
encapsulation layer retreat and AuZn alloy formation as well as embedding of gold
into the support to some extent. This finding is even more interesting compared to
Au/TiO; and Cu/ZnO system, in which the encapsulation occurs only after reductive
treatment, as in“ classical” SMSI systems. Further comparative research on these three
systems would be helpful to reveal the driving force for encapsulation under different
(reducing/oxidizing) atmosphere.

In turn, the “classical” reductive SMSI also depends on the details of reductive
treatment. Rui et al.* demonstrated the SMSI process of Pt/TiO, induced by mild
HCHO and NaBH4 solution reduction. Compared to traditional treatment in H,, the
SMSI degree was higher as indicated by CO chemisorption. As a result, a better
toluene oxidation activity was achieved. Although they explained this process by a
charge transfer process, this unusual treatment confirmed the SMSI after reductive
treatment, which is worth applying to other systems. A similar idea was realized by
reductive molecule adsorption. Matsubu and coworkers®’ found that high coverage of
adsorbates (HCOy) on the TiO, and Nb,Os support induces the formation of
oxygen-vacancies, which further drives the migration of HCOx-functionalized oxide

6



Chapter 1. Literature survey and background knowledge

form the support to Rh. The overlayer is amorphous and permeable for reactants. This
adsorbate-mediated encapsulating layer is stable under re-oxidation by H,O and
modifies the reactivity of all the remaining exposed Rh sites.

1.1.3. Tuning the SMSI effects

After the introduction of SMSI effects, Tauster suggested to use the SMSI state
to tune catalyst performance via controlling the degree of encapsulation'®”. As known,
in most cases of SMSI, the oxide overlayer blocks at least partially the metal surface
active sites, and passivates the metal surface. Therefore SMSI tuning via support
doping and promoter addition, support phase selection as well as encapsulation layer
post-processing etc. is employed to adjust the composition of the overlayer and the
degree of SMSI to improve the reactivity and selectivity of the supported metal
catalysts.

For example, Chen et al. °® obtained high-performance supported Pd

nanoparticles for nitrobenzene hydrogenation catalysis by doping the TiO, support
with nitrogen. They found N-doping strengthens the binding between the N-TiO,
support and Pd particles with predominant presence of sub-2 nm in size which is
stable under the applied hydrogenation conditions. Additionally, XPS and CO
DRIFTS revealed the formation of strongly coupled Pd-N pecies, which restricted the
TiOy overlayer’s migration. These high-dispersed Pd-N particles supply more active
sites and favor the dissociative adsorption of the test reactant NB as well as they
facilitate the desorption of the product aniline. Naldoni and coworkers™ tested the
formic acid plasmonic photo-degradation on Au supported on stoichiometric TiO»,
N-doped TiO, and black TiO,. They found that N doping enhances the SMSI between
Au and N-TiO; and increases the plasmon enhancement.

Schumann et al.”

examined the promoting effect of Al, Ga and Mg doping in
Cu/ZnO system as methanol synthesis catalyst. They found trivalent promoters Al**
and Ga® improve conductivity and increase the defect level of the ZnO support, while
the Mg®" performs inversely. For activity, AI’" and Ga’" doping lowers the activation
energy and facilitates the H, activation but Mg®" has no beneficial influence. AI’* and
Ga’* promotion was explained by their enhancement to the SMSI, i.e. the formation
of a more extended ZnO overlayer, which has a synergy effect with Cu as mention

above.

Alkali metals are widely used as promoters of catalysts for many reactions'**'°.

Zhu et al. linked the Na promotion effect with SMSI on Pt-Na/TiO, for high
water-gas shift activity.”> Deposition of 2-4 layers of NaOy resulted in partial covering
of the Pt surface, and the strong binding between Pt and NaOy through Pt-O-Na is
induced by Pt electron donation to O in NaOyx. NaOy covering and strong binding
with Pt hinder the migration of TiOy from the support to the Pt surface and prevent
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the Pt particles from sintering. In addition, periphery of the Pt-NaOy interface
provides highly active sites for the reaction. This configuration of alkali metals-O
binding could be utilized in other metal/oxide systems.

Li et al.”® !

titania supported Pt catalyst by EPR using CO as probe molecules. They discovered
that H, reduction at low temperature resulted in SMSI on anatase titania support but
not on rutile titania support. A similar trend was found for the high temperature H,
reduced Pt/TiO, catalysts.

made a comparative investigation on SMSI for anatase and rutile

Bonanni et al.”’ found that slightly reductive treatment enhances catalytic
activity of the Pt/TiO,(110) system for CO oxidation reaction but strongly reductive
treatment quenches the reaction. In following work®’ they ascribed the catalytic
passivity to SMSI: the encapsulation of the Pt clusters by a thin, reduced titania layer.
Subsequent mild sputtering and high temperature UHV annealing removes the
encapsulation layer and renders system active and thermally stable.

Our group examined the SMSI in Pt/Fe;O4(111) system and found that the
hemispherical Pt island was encapsulated by FeO(111) thin layer after 850K UHV
annealing and the CO uptake is suppressed™” **. After oxidizing the sample in mbar
range O, at 450K, the inert FeO(111) layer oxidized to a FeO, layer which renders
the system highly active for low temperature CO oxidation reaction®'**. This method
may be valid in all systems with metal encapsulated by a FeO layer which exerts
activity after mbar oxidation in the corresponding FeO/metal invers model

catalyst ''*11°,

1.1.4. Other SMSI effects

In addition to metal surface encapsulation there are other effects caused by
interaction of metal and support. The strong bonding between support surface and
metal defiantly affects the particle’s final shape and size by hindering metal migration
and growth through Ostwald ripening. This beneficial effect has been evoked

deliberately in the so-called “clectrical” catalyst '+ 33 4% 93 116

117-118

and single atom
catalyst . Pedenand colleages®™ ' demonstrated strong interaction between
ternary oxide spinel MgAl,O4 and noble metals including Pt, Rh and Ir. They found
that well-defined (111) facets of cuboctahedral MgAl,O4 support is capable of
stabilizing Pt particles of 1-3 nm in size during extremely severe aging at 800 °C for 1
week. The deactivation is quite slower than the one of a conventional Pt/y-Al,O3
catalyst under methanol steam reforming condition. Similar examination applied to
Rh and Ir on MgAl,04 shows the stable dispersion of 2 nm for Rh and 1 nm for Ir
even at 1123 K in the presence of methane steam. Density functional theory (DFT)
calculations suggest that these supported small metal particles have a lower work

function than larger ones, which enables a small particle to activate both water and
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methane more effectively than a larger one, and have a minimal influence on the
relative stability of coke precursors.

Electron transfer between the metal and oxide occurs at the interface as the result
of different work functions and electron affinity. The resulted charge states of metal
and support are key factors for some catalytic reactions. Rodriguez and colleagues'
showed that small Pt clusters are subjected to a large electronic perturbation when in
contact with ceria, which strongly enhances their ability to dissociate water. For
Ni/CeO, system'®, they attributed the high O-H bond cleavage activity to the
stabilization of Ni ad-atoms on CeO;(111) and found that the origin of this support
effect is the ability of ceria to stabilize oxidized Ni*" species by accommodating
electrons in localized f-states of ceria.

Apart from the intrinsic factor, charge transfer between the metal and oxide can
be also affected by ambient atmosphere. McEntee and coworkers” found that the
charge transfer direction (to or from Au) in the Au nanoparticle/TiO, system is
determined by the nature of applied molecules. Adsorbed donor (reductive) molecules
contribute electrons to TiO, and cause further electron transfer to Au particles. In
contrast, adsorbed acceptor (oxidative) molecule withdraws electrons from TiO; thus
resulting in electron transfer from Au to TiO,. The resulted charge state of Au
nanoparticles on TiO, can be measured by the shift of vibrational spectrum of the
chemisorbed CO on Au particles and TiO; support in accordance with the well-known
Stark effect.

As the result of charge transfer, the charge state of the metal is closely related to
the catalytic activity of the system. For O, dissociation on the Pt/TiO, system for

46- 98 " electron transfer from TiO, support to the Pt particles, and the

example
negatively charged Pt further transfers the electrons to the chemisorbed oxygen.
Meanwhile, the chemisorbed oxygen is activated during charge transfer. Reductive
treatment can enhance this process, which accounts for the high activity for catalytic
oxidation of toluene over the reduced samples with SMSI in comparison with the

unreduced sample.

1.2. Model catalysts: A “surface-science” approach

1.2.1. Model catalysts

Modern heterogeneous catalysts are complex and their composition and
microstructure are precisely controlled to optimize the reaction rate and selectivity.
This optimization and new catalyst development are based on the understanding of
the reaction mechanisms. On one hand, the complexity of the catalysts must be
simplified to facilitate the research for catalysis mechanism, on the other hand, it’s
rather clear that the catalytic reactions take place on the surface of a catalytic

9
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material and are not much influenced by the bulk. With the development of
ultra-high vacuum (UHV) and surface analytical techniques, the concept of model
catalysts was introduced in the late 1960s'2%'%".

The model catalyst is a well-defined system and typically employs metal single
crystal, metallic thin film, thin oxide film and supported metal particles prepared in
UHV system to mimic the reaction proceeding on active site/surface in industrial
catalysts. Good correlation between the catalytic behavior of model and industrial
catalysts in a number of reaction systems has been demonstrated '*'"'*%. This
well-defined material and an UHV system facilitate the utilization of surface
analytical techniques to understand the structure-reactivity relationship. Especially
scanning tunneling microscopy (STM) and related techniques are well suited for these
model systems and, in principle, allow in-situ observations of catalytic reactions on

123-124

the atomic scale Reduced complexity and surface analytical techniques’

compatibility render the model catalyst a nice methodology for catalysis research.
Metal single crystals

In the early days of the surface-science approach, model catalysts were almost
exclusively metallic single crystals. The kinetics and surface chemistry of several
catalytic reactions have demonstrated the direct relevance of single-crystal studies for
modeling the behavior of high-surface-area supported catalysts. Typical examples
include the Ammonia synthesis on Fe!20-121.125 , CO oxidation (CO + O,—~CO;) on Rh,
Pd, and Pt'** %127 CO methanation (CO + H,—~CHy) on Ni and Ru'?*13% alkane
hydrogenolysis on Ni and Rh'*'"'*2, and ethylene hydrogenation on Pt'?"'*¥13* These
works demonstrated that the activity of a particular site can be examined and the
effects of surface structure can be explored in atomic detail.

Oxide thin films on metal single crystal substrates

Oxide is the most commonly used support in modern heterogeneous catalysts.
However, in most cases, oxide single crystals are insulators, thus the possibility of
sample charging puts serious constraints on the application of electron- and ion-based
characterization techniques. This problem becomes less critical when corresponding
oxide thin films grow on conductive single crystal substrates. The specific surface
exposed and morphology features like defects, low-coordination surface sites can be
controlled during epitaxial growth of such films. Thus, the growth of Al,O3, SiO»,
MgO, CaO, TiO,, V,0s3, Cr,03, Fe;03, Fe;04, FeO, CO, NiO, MO3 and CeO; on
metal substrates has been extensively studied'*’. In these systems, the oxide film
behaves either like a planar support for the dispersion of the metal or it is used to
study surface chemistry and the catalytic processes over oxides. It has turned out that
supported oxide thin films exhibit unique physical and chemical properties. Their
135 and charge state are affected by metal support underneath *' '*°.
For example, CeOy ultrathin film supported on single metal surface shows high

surface structure

10
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catalytic performance in the water-gas shift, CO, hydrogenation, and methane and
alcohol reforming'’. MgO and doped CaO show activity in CO, or O, reduction due
to the electron transfer effect '**'**'*! It was again our group which found the high
CO oxidation activity on ultra-thin FeO supported on Pt(111)?!, series studies on
ultra-thin films include ZnO, MnO, RuO; reveal an inverse relationship between

bonding energy of enriched O and CO oxidation catalytic activity'**.

Metal particles supported on oxide thin films

This is the most commonly used model system. Single metal crystal surfaces
cannot fully represent the complexity of highly dispersed metal catalysts; especially
the particle size and interaction with support cannot be ignored. Therefore, metal
particles supported on planar oxide surfaces performs better as model system to
mimic the real metal-oxide catalyst. Main method to prepare planar oxide supports is
the growth of oxide thin films on single metal crystal substrates as mentioned before.
Another way is to cleave the bulk oxide single crystals, especially the ones that can be
made sufficiently conductive after vacuum treatment, like F6304143 and Ti02144. The
metal particles can be deposited by physical evaporation, or chemical vapor
deposition, which resembles more closely the preparation in industrial catalysts, as in
the case of decomposition of metal-organic precursors or wet chemistry impregnation.
In such model systems, the particles’ size and density, and hence surface area can be
tuned in a well controllable way. The metal-support interaction certainly affects the
properties like morphology, charge state and surface coverage.

Figure 1-1. Model systems with increasing level of complexity: (a) single metal crystal, (b) oxide

film on metal surface; (c) oxide film supported metal particles

1.2.1. Model catalyst preparation in UHV system

Generally speaking, oxide thin film epitaxial growth on single metal crystal can

be divided into two categories: 1) directly oxidize the metal substrate to grow a native
“passivated” oxide layer; 2) oxidize the deposited foreign metal in oxidative
atmosphere. The first one is adopted in some limited examples in ultra-thin films like
NiO(001) growth on Ni(001)'*, Al,03(0001) on NiAl(110)"*®, MoO, on Mo'*", some
noble metal oxides, RuO, (110) on Ru (0001)"**'* PtO, on Pt'*°, IrO, on Ir"' etc.
Growth of these films is usually self-limited and the film thickness is hard to control.

11
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Most widely used method to prepare the supported oxide thin films is the deposition
of metals under oxidative atmospheres or metals’ deposition followed by
post-oxidation in higher temperature.

The preparation of well-ordered oxide films by deposition-oxidation method is
often a trial-and-error process. The parameters including the substrate temperature
during deposition, oxygen pressure, post-annealing temperature, are often difficult to
optimize. In addition, lattice constants mismatch between the support and the oxide
film is important to minimize the strain energy and form a well-ordered film. In terms
of thermodynamics, the surface energy difference (A v ) after oxide film growth on
metal surfaces determines the growth process and the final film morphology, which
can be described by equation:

AY = Yoxide T+ Yinterface — Vmetal

v is the surface(interface) energy which is derived from the energy excess due
to disruption of surface bonds at the surface. There are three different oxide film
growth modes as shown in Figure 1-2 depended on the values of A vy :

1) Ay>0: Volmer-Weber (VW) mode

Stronger binding in between oxide than oxide film-metal substrate, leads to the
formation of three-dimensional clusters from the onset. Further deposition will cause
highly corrugated films.

2) Ay<0: Frank-van der Merwe (FM) mode

Stronger oxide film-metal substrate interaction leads to two-dimensional,
layer-by-layer growth. Oxide attaches preferentially to metal surface resulting in
atomically smooth, dense films. This is the most common growth mode for oxide film
growth on metal.

3) Stranski—Krastanov (SK) mode

This is like an “intermediate” growth regime, which is characterized by 3D
island growth after the first layer(s) wetting the surface. Transition from the
layer-by-layer to island-based growth occurs at a critical layer thickness which is
dependent of the chemical and physical properties, such as surface energies and lattice
parameters of the metal substrate and oxide film.

Y
A A A A A A A A A A A A A
N Sy Sy Sy Sy Sy Sy iy

Figure 1-2. Cross-section views of the three primary modes of thin-film growth on metal

12
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substrate including: (a) Volmer-Weber (VW: island formation), (b) Frank-van der Merwe (FM:
layer-by-layer), and (c) Stranski-Krastanov (SK: layer-plus-island).

For metal supported on an oxide substrate, deposited metal particles can nucleate
randomly or on specific oxide surface sites such as step edges, point defects or other
energetically favorable sites. In general, the growth of metal on oxide follows the
Volmer-Weber mode as mentioned above because of the comparative higher surface
energy of metal than oxide. During deposition the metal can coalesce to bigger
particles. Post-annealing could activate the sintering process by Ostwald ripening. The
final morphology of the particle is strongly affected by the interaction with oxide
substrate.

1.2.2. Surface reaction mechanisms

The main target for model catalyst research is to shed light on where and how the
reaction proceeds in a real catalyst. The process includes the adsorption and
desorption of gas molecules at a catalytically active surface, and interaction of these
molecules with each other on this surface, as well as with the surface itself, may
follow various reaction mechanisms.

Langmuir-Hinshelwood mechanism

The vast majority of catalytic reactions follow this mechanism, in which both
reactants adsorb onto the surface of catalyst as the first step for reaction. The
following surface diffusion facilitates interaction between adsorbed molecules. At last
the reaction product desorbs from the surface. The reaction at the surface is often the
rate limiting step. In this type of mechanism, the reactivity is highest when a
stoichiometric amount of reactant is adsorbed on the single surface, and both reactants
are fully intermixed on the catalyst’s surface (Figurel-3a). However, the reactants
may adsorb on different surfaces (components) of the catalyst, and the reaction can
only happen at the interface (Figure 1-3b).

The CO oxidation reaction (2CO+0O, —2CO;) on Pt catalyst follow the
Langmuir - Hinshelwood mechanism. It includes co-adsorption of O, and CO on Pt
surface, dissociation of O, and the last formation and desorption of CO; to the gas
phase.

13
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Figure 1-3. Langmuir-Hinshelwood mechanism: (a) single component catalysis; (b)

multicomponent catalysis
Eley-Rideal mechanism

In this case, only one of the reactants adsorbs onto the catalyst surface, after
which the other reactant interacts with the pre-adsorbed species directly from the gas
phase, followed by the desorption of the reaction product. Higher coverage of the
adsorbed species as well as a higher pressure of the other gas yields a higher reaction
rate. An example of a reaction following this mechanism is the hydrogenation of CO,
during formate (HCOO) synthesis, in which ambient CO, reacts with adsorbed
hydrogen(H*) on the surface of Cu catalyst to produce formate (HCOO*) which

152

desorbs subsequently °“. The schematic process is shoed in Figure 1-4.

o REYe

+* o e,
L. L} L)
.

. 4 .
tar . -(—‘ ]

* L) Io

Figure 1-4. Eley-Rideal mechanism
Mars-van Krevelen mechanism

In this mechanism, the oxide surface itself is an active component in the reaction:
firstly the reactant reacts with the catalyst surface, forming an oxidized product and
then desorbs. Thus, the reduced oxide surface is oxidized by molecular oxygen or
another oxidative gas in ambient to end the catalytic cycle. CO oxidation on the full
covered FeO,(111) film supported on Pt(111) surface follows the Mars-van Krevelen
mechanism that FeO, supplies weakly bound O to directly oxidize CO in ambient and
leaves O vacancy on the surface, which is then replenished by ambient O, to finish

113-114, 153-154

the catalytic cycle. The schematic process is shown in Figure 1-5.
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Figure 1-5. Mars-van Krevelen mechanism

1.3. Iron oxide: FeO and Fe304

Iron oxides are one of the abundant materials in the earth's crust. Because Fe can
exhibit +2 and +3 valence states, Fe and O can form crystal structures of different
stoichiometry, of which three types of oxides, Fe O3, Fe;04, FeO are stable at
ambient conditions. In addition to the traditional source materials for iron and steel
production, iron oxides are multi-functional materials and find applications in
technology at various levels. Cornell and Schwartzman'>> gave a comprehensive
review of the properties and applications of iron oxides and hydroxides. In model
catalyst research iron oxide single crystals or well-ordered iron oxide thin films grown
on metal single crystals by iron deposition and oxidation at high temperatures are
used. We employed Fe;04 and FeO thin films in this thesis.

1.3.1. FeO (Wiistite)

Bulk

Wiistite FeO has a rock-salt structure with lattice constant of 4.3 A.
O” anions form close-packed fcc sublattice and Fe?" cations octahedrally coordinated
to oxygen in the interstitial sites. The model structure of FeO is presented in Figure
1-6a and b. FeO is usually Fe-deficient, forming non-stoichiometric Fe,O, with x
ranging from 0.83 up to 0.95, which is caused by an oxidation of Fe*" jons to Fe’" in
order to maintain the electrical neutrality. Wiistite is unstable at temperatures below
843 K, it disproportionates into metallic Fe and Fe;O4. Therefore, this oxide can be

only prepared above 843 K and sequential quenching down to room temperature'>’,

15



Chapter 1. Literature survey and background knowledge

A AR R R
CRCIAT T T
9496 'No Beo
CRCWTR TR D)
© Qe N0 No Qo
0&0;&01&0»’1&0»’

0. Qe ' Ne Qo

[TT1]

Figure 1-6. Side view (a) and top view (b) of wustite FeO(111). STM images!5¢ (86 x 86 nm?2)of
0.5ML FeO(111) on Pt(111) with Moiré periodicity of ~25 A (c) and FeO(111) on Au(111) with
Moiré periodicity of ~35 A (d). Insets in (c, d) are atomic resolution images and the

corresponding scanning profiles along the lines.

Thin films on Pt(111) and Au(111)

In this thesis, FeO(111) thin films are studied supported on Pt(111) and Au(111).
FeO/Pt(111) consists of one atomic layer of iron on top and one atomic layer of
oxygen at the bottom. Both O and Fe planes have an atomic periodicity of 3.11 A
(3.04 A in the bulk). ~12 % mismatch between FeO(111) and Pt(111) (2.77 A at the
surface) makes the film exhibit a Moiré pattern which has a periodicity of ~25 A as
shown in Figure 1-6b. As the result of surface polar relaxation, the height of 1 ML
FeO(111) / Pt(111) is ~2.5 A and the Pt-Fe and Fe-O interlayer distances are 1.89 A
and 0.62 A, correspondingly, the Fe-O distance in bulk FeO is 1.25 A. The film is O
terminated which determines its inertness. FeO(111) thin film can grow layer-by-layer
on Pt(111) only up to ~2.5 ML, then a three-dimensional growth (Volmer-Weber

mode) of Fe304(111) islands becomes favorable'*.

FeO(111) grown on Au(111) behaves slightly differently. Because of the larger
lattice constant of Au(111) (2.88 A at the surface), FeO/Au(111)’s atomic periodicity
of 3.3 A is also larger than the one on FeO/Pt(111). Correspondingly, the Moiré
pattern periodicity increases to ~30 A as shown in Figure 1-6d. Fe-Au binding is
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much weaker than Fe-Pt, the termination of Fe-O bilayer on Au(111) is still unclear.
Theoretical calculations presented the Fe-terminated surface to be more stable than
the O-terminated surface at low pressures, but this conclusion is still not proven by

experiments'”’.

1.3.2. Fe;0,4 (magnetite)

Bulk

Fe3;O4 has an inverse spinel structure. The cubic unit cell includes eight formula
units (Fe3+)tet(Fez+Fe3+)0ct02'4 with a lattice constant of 8.396 A. As shown in Figure
1-3, on the [001] direction, the structure can be viewed as alternating stacking of Fe
layers (A layers) and Fe, O, layers (B layers), rotated by 90° and shifted by 1/4 of a
lattice constant after each double-layer. The tetrahedral sites are exclusively occupied
by Fe’" cations, while Fe*" and Fe’" coexist on sites with octahedral coordination.
This arrangement of iron is energetically preferable regarding the crystal field energy
of Fe2+, which favors the octahedral coordination site. The conductivity of Fe;Oy4
facilitates the STM observation when it’s employed as single crystal or thick film
grown on metal single crystal. With temperature increasing, the distinction between
Fe*" and Fe’" sites breaks down as a consequence of the conductivity of magnetite
along the rows of Fe,. The conduction behavior is described as a mixture of band
conduction and small-polar-on hopping, with increasing importance of polar on

hopping at elevated temperatures .

In surface science the low-index surfaces of Fe;04 have been intensively studied
and the (111) and (001) surfaces are the most stable low-index magnetite surfaces.
The Fe304 (111) surface has a hexagonal lattice with a periodicity of 5.94 A, and the
nearest distance in oxygen sublattices is 2.97 A. The step height is 4.85 A which
corresponds to a distance between equivalent (111) terminations. However, the exact
surface terminations of Fe;O4(111) are still a matter of discussion. LEED studies
performed on Fe;O4(111) thin films grown on Pt(111) and STM results suggested a
termination with a 1/4 monolayer of tetrahedrally coordinated Fe’* ions over a
close-packed oxygen layer (Few)' > '®°. A surface stability diagram based on density

functional theory (DFT) calculations 161-162

also suggested the Fe-terminated surface
to be most stable at experimentally relevant pressures and temperatures. However,
study of CO adsorption and recent water interaction with Fe;O4(111) were both
rationalized in terms of a surface terminated by octahedrally coordinated iron ions.
Combined TPD, IRAS (Infrared Reflection Absorption Spectroscopy) and DFT
calculation for CO adsorption on Fe;04(111), latest study confirmed the reasonability

of Fe¢-termination 163,
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bulk Fe,O, A-termination  B-termination

Figure 1-7. The inverse spinel structure of magnetite together with a top view of the two bulk

truncations of Fe304(001) with an A and a B layer, respectively.

In the [001] direction, the layers of tetrahedral iron atoms are denoted as A-layers
(Fe’" ) and the mixed octahedrally coordinated iron and oxygen layers are termed B
layers (Fe*'oFe’ 0eO4) as shown in Figure 1-7. It is well established that the
Fe304(001) surface exhibits a (V2 x 2 )R45° reconstruction'®'®. The first
atomically resolved STM images of the Fe;04(001) showed undulating rows of Fe
atoms along the (110) directions, suggesting a B-layer termination which consists of a
layer of octahedrally coordinated iron and tetrahedrally coordinated oxygen, along
with one oxygen vacancy per unit cell'®'®”. The surface phase diagram constructed
in the framework of ab initio thermodynamics revealed that a modified B-layer is
stabilized over a broad range of oxygen pressures. Instead of an order of surface
defects in previously proposed models, In 2005, Pentcheva et al'®®. proposed a
structural model for the B-layer termination based on a relaxed Jahn-Teller distortion
of a bulk-terminated surface unit cell, that is, a wavelike displacement of Fe and O
atoms in the top B layer, whereby the (v2 x v/2)R45° superstructure is formed. It has
been broadly accepted as the correct surface structure, explaining the experimental
observations including quantitative structural analyses using surface X-ray
diffraction'®® and LEED'®. Recently a new structural model based on an ordered
array of subsurface Fe vacancies was suggested by Bliem et al'’’. The characteristic
Fe cation rearrangement of this structure model creates a strong preference for metal
adsorption in one specific site per unit cell. Thus these adatoms are found to be

thermally highly stable up to an annealing temperature of 700 K'"".

Another termination with (v/2 x v2) R45° symmetry is also possible under
excess-Fe conditions. It typically presents Fe(A) dimers on the surface and is
equivalent to a polarity-compensated half-filled A-layer termination or a “dimer”
termination. It’s firstly predicted by molecular dynamics simulations'’?. This
termination can be obtained by iron deposition on an initially B-terminated

surface 7.
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Fe304(001) thin films

The preparation of Fe;O4(001) thin films usually employs MgO(001) as a
substrate due to the low lattice mismatch'’*'”’. Diebold and coworkers ' prepared
Imm-thick Fe;04 (001) thin films with (v/2 x +/2) R45° reconstruction but the high
temperature annealing caused segregation of substrate Mg to the surface. Korecki and
coworkers deposited ~20nm Fe(001) film prior to the preparation as a buffer layer to
prevent Mg atoms’ migration but the Fe segregation resulted in the “dimer”
termination above mentioned. The distance between the dimer centers is 12 A,
whereas the atoms in a dimer are spaced by 4.9 A, as compared to the 5.96 A distance
between the tetrahedral Fe’* ions in the bulk A-layer. Fonin et al.'”® prepared clean
B-terminated Fe;O4 (001) thin films on MgO(001) with moderate substrate
temperatures of about 300°C to prevent magnesium diffusion in maintained O,
pressure. The average step height of the film was found to be ~ 2.1A, corresponding
to the distance between adjacent A-A or B-B planes of the bulk Fe;O4 structure. The
rows run along the [011] direction in a “wavelike” where the distance between two
rows is about 6A. All these features are in coincidence with the (001) surface of single
crystal Fe;O4 as shown in Figure 1-8.

& 2 10x10 nm?
- -

r 4

Figure 1-8. (a, b) STM images of the (001) surface of single crystal Fe304.180 (b) is the
high-resolution STM image of the area contained within the square in panel. (c, d) STM images of
Fe304(001) film grown on Mg0O(001). 175
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Chapter 2.
Experimental Methods

2.1. Ultra-high Vacuum (UHV)

UHYV means a pressure lower than 10” mbar. Vacuum conditions are necessary to
provide mean free path of electrons/ions large enough to permit the use of low energy
electron and ion-based experimental techniques without undue interference from gas
phase scattering. In addition, adsorption from the residual gases present in the
chamber which modifies the surface under study must be minimized during the time
of experiment which needs UHV conditions.

According to the kinetic theory of gases, the number of gas molecules impinging
on the surface is:

dN I 2.635 x 10%2P
R=—= = mbar em-2s~1

dt  2mmkT VMT

Where m is the molecular mass in kg and M is the molecular mass in units of the
atomic mass constant. For a pressure of 10~ mbar and a temperature of 300K, the
main kinds of residual gas in the chamber present as follows:

Molecule H, H,0 co 0, CO,
M 2 18 28 32 44
R(em?s™?) | 1.1x10"* | 3.6x10" 2.9x10" | 2.7x10™ | 2.3x10"

With the precision of one order of magnitude a surface has 1015 atoms per
square centimeter. This means that if every gas molecule at the above conditions
adsorb on the surface (the sticking coefficient is unity) the surface remains clean for
about one hour which is sufficient to perform an experiment.

Another parameter to describe vacuum is the mean free path of the molecules at
a given pressure, which is the mean distance before collision with another molecule

1= KT
\V2nE2ZP
Where & is the molecular diameter. For typical UHV pressures the mean free
path of the molecules is several meters.

In order to achieve UHV conditions, two steps of pumping are needed for the
chamber in general. A rough pump is used to pump the system down to the 10 > mbar
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range. The pump of choice for the second stage is a turbo-molecular pump. The gas
molecules collide with the fast-moving rotor of turbo-pump and thereby attain an
impulse in the direction of the rough pump. In order to achieve efficient pumping, the
speed of the rotor has to achieve up to 90 krpm (1500Hz).

Once a low pressure range has been reached, the ion pump can be used to
maintain it. The residual gas in ion pump is ionized by a plasma discharge due to the
high voltage between anode and cathode. The ionization probability is increased by
the presence of the magnetic field which makes the electrons travel on spiral
trajectories. When the ions hit the titanium cathode they can be buried in it or react
with it. The ion pump does not remove the residual gas from the system. Typically, an
ion pump is operated at pressures below 10-8 mbar.

In addition, the Titanium sublimation pump is employed, in particular for
hydrogen. It consists of a titanium filament through which a high current (typically
around 50 Amps) is applied, which causes the filament to reach the sublimation
temperature of titanium, and hence the surrounding chamber walls become coated
with a Ti film, residual gases in the chamber are likely to react and to form a stable,
solid product. In order to reach UHV conditions, it is necessary to bake out the
chamber at 150-200°C for 12-24h.

Experimental setup

The experiments of this thesis were performed in an Omicron Ultra-High
Vacuum (UHV) system “MULTI PROBE COMPACT” as shown in Figure 2.1. It
consists of three parts: a “main chamber” , a “STM chamber” and a home-built
high-pressure cell ( “HP cell” ), all separated by gate valves. Two manipulators were
cross-mounted to move the sample between the chambers. The main manipulator
positions the sample in main chamber and moves the sample to STM chamber in
combined with a wobble stick. The magnetic transfer rod slides between the main
chamber and the high-pressure cell. The whole system was placed on an electronic
vibration isolation system (Herzan) in order to reduce the influence of mechanical
noise on STM measurements. The whole system can be baked to maximum
temperature up to 170 °C to recover the UHV as before the chamber is opened.

The main chamber was equipped with sample cleaning, preparation and surface
science characterization instruments. The sample can be heated up to 1300 K and
cooled down to ~100K on the main manipulator. Gas inlets supply gases in the
pressure range of 10°-10"°mbar monitored by gauges. The HP cell was constructed
for sample treatment in reaction conditions. The sample stage can be heated up to
~500K in the pressure range of 10®-20mbar typically. The STM chamber was
equipped with Omicron GmbH MICRO H high-pressure STM. In-situ scanning is
possible in pressure up to several mbar at room temperature. The detailed equipment
configuration is listed in the table below.
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Figure 2-1. The UHV system, the indicating numbers correspond to table in below.

Category Component

Rough pump (BOC Edwards) [1,2]
Turbo (Pfeiffer) [3,4]

lon pump (Varian) [5]

TSP (Varian) [6]

UHV system Gate valve

Leak valve

lon gauge (Omicron) [7]

Gauge MKS Baratron® gauge8

Pump

cold cathode gauges (Varian) [9,10]
Sample

Processing Magnetic transfer rod (Omicron) [12]
and Cleaning Sputtering gun (lon Source IQE 11/35, SPECS) [13]

Prepa ration Deposition Evaporator (EFM3, Omicron) [14]

Positioning and Transfer I ERETAEiEey Bt

Homemade W-Th filament
150W halogen lamp (OSRAM)
STM MICRO H high-pressure STM (OMICRON)

Analysis LEED/AES ErLEED (SPECS) [15]
ams Hidden HAL7 gas analyzer [16]

Annealing

2.2. Surface Analytical Techniques

2.2.1. 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,
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conductive surfaces with atomic resolution. STM was invented by Gerd Binnig and
Heinrich Rohrer at IBM Ziirich in 1981'®'. The discovery was awarded the Nobel
Prize in Physics in 1986. The microscope is a member of Scanning Probe Microscopy
(SPM) family in which a physical probe scans the surface in an ordered manner,
recording the probe-surface interactions (for example the tunneling current in case of
STM and atomic forces in case of Atomic Force Microscope (AFM), thus creating an
image (topography, current map, etc.) of the surface.

Theory of STM

The microscope is based on the quantum tunneling effect. Tunneling is a concept
that arises from quantum mechanics. In classical mechanics an electron moving in a
potential U can be described by equation:

P?%,
Im +U) =E

Where Py is the electron’s momentum, m is the electron’s mass, U(d) is the
potential value at position d and E is the electron’s energy. The equation is true only
for E > U(d) because only then the electron has a non-zero momentum. It means that
in classical theory the electron cannot move to a region where E < U(d). However, in
quantum mechanics any particle, such as the electron, has wave-like characteristics.
The state of the particle is described by a wave function y(d). Assuming the
I-dimensional case in the presence of a potential U(d), the energy levels y(d) of the
electron are given by solutions to Schrodinger’s equation:

h? 9%y(d)
2m add->

+ U(d)P(d) = Eg(d)

Where h is the reduced Planck’s constant. In the classically allowed region the
solutions are:

P(d) = P(0)er*?
Where y(0) is the wave function of the surface state of the sample at d=0 and
V2m(E - U)
h

is the wave vector. In the classically forbidden region quantum mechanics
predicts an exponential decaying solution for the electron wave function.

For a rectangular barrier, it has a form:
P(d) = P(0)e**4
Where

J2m(U — E)

h
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is the decay constant. In special cases the electron can penetrate through the
barrier in a process referred to as tunneling. This can take place in case of a very small
barrier width, when a bias between two sides of the barrier is applied. The probability
P of the electron appearing at distance d is proportional to the wave function squared:

P o (,,(0))”e~2%d

Where ¥, is a wave function of an electron with energy E, Experimentally, the
tunneling effect can be observed between conductors separated by a very small width
of isolator when a bias V is applied between the conductors. In STM the effect occurs
between the scanning tip and the conducting sample. The tip is a sharp metallic needle.
The separating potential barrier is typically a space of vacuum. A schematic drawing
of a one-dimensional metal-vacuum-metal tunneling junction on these an example of
STM is shown in Figure2-2.

Vacuum level

Figure 2-2.The principle of tunneling between the surface and the metal tip (minus sample bias)

In the context of electron distribution on different energy states, tunneling
current can be evaluated by summing over all the relevant states including the number
of electrons on sample surface and the number among them which have
corresponding free states to tunnel into on the tip. At any finite temperature, the
electrons in both sides (sample and tip) follow the Fermi distribution. With a bias
voltage (—V) on sample, the total tunneling current is:

_Ame [®

I= Y [f(Er — eV + &) — f(Er + )] X psa(Er — eV + &)p(Ep + €) [M|*de

— 00

Where f(E) is the Fermi distribution function, and pg,(E) and p,(E) are the
density of states (DOS) of the sample and tip at energy E. M is the tunneling matrix
element, which is constant on a certain (sample-tip) system.

If kT is smaller than the energy resolution required in the measurement, then the
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Fermi distribution function can be approximated by a step function. In this case, the
tunneling current is

Ame (¢ X
I= T psa(Er — eV + &)p(Ep + €) |M|* de
0

In real STM experiment, the tip scans over the sample surface. During a scan, the
condition of the tip usually does not vary. The electrons coming to the tip surface have
a constant velocity to flow into the tip, thus the tunneling current is directly
proportional to the number of states on the sample surface within the energy interval
eV near the energy Er, which are mainly responsible for the tunneling current at
measuring temperature. The number of states depends on the local nature of the
sample surface. For metals, it is finite. For semiconductors and insulators, the number
is very small or zero. For semimetals, it is in between. By including all the sample

stales in the energy interval eV, the tunneling current'**:

Ep

I o z W (0)|2e2xd
En=Erp—eV

If V is small enough that the density of electronic states not vary significantly
within it. Combining upward two equations, the current can conveniently be written in
terms of the local density of states at the Fermi level as:

I o¢ Vpg,a (0, Ex)e 2% =~ Vp, (0, EF)e—1.025\/5d

Where the barrier height ¢ is in [eV] and d in [A], V is the bias voltage. With
5eV as typical value for a work function value, a change of 1A in distance causes a
change of nearly one order of magnitude in current. This facilitates the high vertical
resolution of STM.

The microscope

A schematic drawing of the scanning tunneling microscope (STM) is shown in
Figure 2-3. The working procedure is as follows: the metallic tip, usually made of W
or Pt-Ir alloy wire (usually cut or electrochemically etched), is being approached to
the sample until a distance of 0.5-1 nm and then a voltage bia, typically of few mV up
to few V typically, is applied between them. Because of the very small distance and
the applied potential difference, the electrons can tunnel from the tip to the sample (or
vice versa, depending on the bia’s polarity), which results in a flow of tunneling
current. The tip is attached to a scanner made of piezoelectric elements (ferroelectrics
with perovskite structure ABOj, for example PbTiOj3). The specificity of these
materials is that the length of the element changes, if voltage is applied to its walls
(due to polarization of the dipoles inside the material).

26



Chapter 2: Experimental Methods

Control voltages for piezotube

10\

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

Tunneling
voltage

*

Data processing
and display

Figure 2-3. Schematic representation of a scanning tunneling microscope (Figure from
Michael Schmid, TU Wien183)

In our system, the microscope (Figure 2-4) is Omicron MICRO H high pressure
STM working in constant current mode under the operation of SCALA Pro 5.0
software. The tip was Pt-Ir (LOT-Oriel GmbH). The sample was inserted upside-down
into the STM and the tip was approaching the sample from the bottom. The sample
stage was placed on three ball-bearing piezo carriers which allowed the stage/sample
movement in x and y direction. A tube geometry piezoelement was responsible for the
precise adjustment of the tip position in z-direction and for the tip scanning in
x/y-direction. This kind of tip position control results in a very high lateral resolution
of 0.1nm.

Figure 2-4. Omicron MICRO H STM head
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During measurement, the tip moves across the surface of the sample in the x-y
plane. The changes in surface height (corresponding to tip-sample distance), as well
as the changes in the density of electron states in different regions of the sample,
finally result in changes in the tunneling current. Scanning tunneling microscopes
typically operate in two modes:

)

2)

Constant current mode: By using a feedback loop the tip is vertically
adjusted in such a way that the current always stays constant. As the current
is proportional to the local density of states, the changes in the z and the
deviations of the tunneling current are being recorded by a computer. In this
way, a topographic image of the surface, as well as the corresponding current
map, are created as the tip follows a contour of a constant density of states
during scanning. For all STM experiments presented in this work, the
constant current mode is used.

Constant height mode: In this mode the vertical position of the tip is not
changed, equivalent to a slow or disabled feedback. The current as a function
of lateral position represents the surface image. This mode is only
appropriate for atomically flat surfaces as otherwise the high surface
corrugation would cause tip crash. One of its advantages is that it can be used
at high scanning frequencies (up to 10 kHz). In comparison, the scanning
frequency in the constant current mode is about 1 image per second or even
per several minutes.

Figure 2-5.Graphical user interface of SCALA Pro 5.0 (lift) and WSxM 5.0 develop 8.4(right).

The Data acquiring are performed on computer with SCALA Pro 5.0 as shown in
Figure 2-5a. The image is created in a line-by-line manner, with a scanning direction
up or down, from left to right or from right to left. Tunneling parameters are very
important to get high quality images and they are controlled by the user. The gap
voltage (V; in [V]) sets the voltage bias which is applied between the tip and the
sample and gives possibility to define the direction of the tunneling current flow
(negative vs. positive voltage values). The tunneling current feedback setpoint (I; in
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[nA]) allows the definition of the tunneling current setpoint for the feedback loop. The
scan area, which is in a form of a square, can be defined in[nm]. During scanning, the
tip can be modified by applying single spot pulses or intentional striking to get a
better tip state for imaging.

The acquired data is saved in the form of a raster image with a typical resolution
of 256> or 512° pixels (measurement points). The acquired STM images can be
processed and analyzed using the software WSxM, for example applying image noise
filters, measuring the distances and height profiles, performing roughness and
coverage statistical analyses, Fast Fourier Transform (FFT) and so on.

2.2.2. Low Energy Electron Diffraction (LEED)

Low Energy Electron Diffraction (LEED) is an experimental technique based on
wave-like nature of low energy electrons (20-200eV) at the surface of crystalline
materials. It allows distinguishing different surface crystal structures by monitoring
the angular dependence of the electrons which are backscattered from the atoms at the
crystal surface. LEED is the principal technique for the determination of the ordered
structures on the surface.

The theory of wave-like nature of all particles was first introduced by Louis de
Broglie in his PhD thesis in 1924. This means that the particles, including electrons,
undergo the effects associated with waves, such as diffraction or interference. This
hypothesis, based on Albert Einstein’s and Max Planck’s works, was awarded the
Nobel Prize in Physics in 1929. De Broglie’s theoretical work initiated a series of
experiments on particles diffraction and interference. In 1927 Davisson and
Germer '*discovered that a monochromatic beam of low energy electrons shot onto a
crystalline nickel target surface is elastically backscattered on the high electron
density regions, namely the surface atoms, and the intensity of the backscattered
electrons have an angular dependence, forming a diffraction pattern. The theoretical
explanation for the formation of diffraction patterns from crystal structures is as
follows: Coming from de Broglie’s equation for the electron’s wavelength, the
wavelength’s dependence on the electron’s kinetic energy (determined by the electron
beam energy) can be derived:

h _ h
J2mE, 2meV

A=
= 5=

Where A is the wavelength, h = 6.626x10*Js is the Planck’s constant, p is the
electron’s momentum, Ey is the electron’s kinetic energy, m = 9.11x10* kg is the
electron mass, e = 1.6022x10™" C is the electron charge and V is the beam energy
(20-200V). This means that a beam of low energy electrons results in a small
wavelength A in the range of 2.7 A-0.87 A, this is of a size of interatomic distances in a
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crystal lattice (< 3 A), which is why interaction of such electrons with ordered
surfaces should result in diffraction.
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Figure 2-6. (a) Schematic drawing of electron scattering at the crystal surface; (b) The Ewald

construction for the low energy electron’s surface scattering.

The process and principle of low energy electron diffraction at the crystal surface
is schematically shown in Figure 2-6. The electrons scattered from a surface give an
interference pattern with constructive interference in the directions for which the
different path lengths of the electrons are integral multiples of the electron wavelength.
In reciprocal space, the diffraction condition is graphically represented by the
construction of the Ewald sphere as shown in Figure 2-6b. For an incident electron
with wave vector:

] = 2T
ol = 27
and a scattered wave vector:
E _ 21
i =2

Diffraction takes place when the sphere with radius of 2p/A, ray intercepts a
node of the reciprocal lattice of the crystal. The diffraction pattern obtained then
makes it possible to visualize the reciprocal space of the studied surface.

The basic reason for the high surface sensitivity of LEED is that for low-energy
electrons the interaction between the solid and electrons is especially strong. Upon
penetrating the crystal, primary electrons will lose kinetic energy due to inelastic
scattering processes such as plasmon- and phonon excitations as well as
electron-electron interactions. The inelastic processes are commonly treated by
assuming an exponential decay of the primary electron beam intensity (Iy), thus it’s
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intensity in the direction of propagation is:
I1(d) = I, x e~ 4/AE)

Where d is the penetration depth and A(E) denotes the inelastic mean free path,
defined as the distance an electron can travel before its intensity has decreased by the
factor 1/e. In this case the mean free path turns out to be in the rage of 5-10 A with the
energy range of low-energy electrons (20-200 eV). This effective attenuation means
that only a few atomic layers are sampled by the electron beam and as a consequence
the contribution of deeper atoms to the diffraction progressively decreases.

A schematic drawing of low energy electron diffractometer (LEED) set up is
shown in Figure2-7a. The standard LEED apparatus comprises a hemispherical
fluorescent screen and an electron gun aligned along the central axis of the screen.
The sample is placed in front of the electron gun. Electrons of low energy below 300
eV are emitted from the filament with low work functions (LaBs, W or Ir), which then
follow paths along the central axis and finally hit the sample at earth potential in order
to prevent charging. The electron beam used has typically a beam diameter of around
1 mm®. The instruments transfer width (which is essentially the coherence length of
the electrons) is of approximately 5-10 nm in modern instruments. Naturally only
structures with the extent of at least (100 x 100) A can produce Bragg reflexes.
Structure domains with a smaller diameter than the coherence width will not
constructively add to the diffraction pattern but add diffuse background intensity.

The incident electrons are scattered by the surface atoms and the back-scattered
electrons are then accelerated sharply onto the screen which is biased to 3-6 kV. The
grids in front of the screen provide accurate energy selection to screen out the
inelastically scattered electrons. Then a clear diffraction pattern is formed which can
be observed directly (by eye) or recorded with a camera.'™®

The LEED patterns are shown in a form of bright diffraction spots on a dark
background. The positions and distances between the spots are characteristic for a
specific crystallographic structure and the intensities of the spots and the background
reflect the quality of the structure. It’s convenient to denote by Ewald sphere as shown
in Figure2-7b.

The sphere has a radius |kT,| and the upper half of the sphere can be considered
as the hemispherical fluorescent screen of the LEED apparatus. By default, the
incident wave vector k, lies parallel to electron incidence and the reverse direction
diffraction is the reason for the central spot which is marked as [00] spot. The
diffraction wave vectors coincide with the Laue condition and form diffraction spots
on the fluorescent LEED screen. These spots are numbered by their 4k value and are
named in a matrix notation (spots [01], [10], [11], etc). Note that only the elastically
scattered electrons contribute to the pattern. In order to eliminate the inelastically
scattered electrons only contributing to the background, a system of grids with
regarding potential is positioned on the electrons way to the screen so that only the
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electrons with a given energy can pass through the grids.
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Figure 2-7. (a) Schematic drawing of a Low Energy Electron Diffractometer; image from!8¢; (b)
labeling of LEED spots in Ewald construction for LEED.

2.2.3. Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is a surface-sensitive spectroscopic
technique based on the so-called Auger effect. The technique allows to determination
of chemical composition at the surface of sample by investigating the energies of the
Auger electrons emitted from the sample upon electron bombardment.

The Auger effect is a process by which electrons with specific energies are
ejected from atoms in response to a downward transition by another electron in the
atom. In Auger electron spectroscopy, the vacancy is produced by bombardment with
high energy electrons, but the Auger effect can occur if the vacancy is produced by
other interactions. It was discovered by Lise Meitner and Pierre Auger independently
as one of the methods of electron rearrangement after electron capture into the

1
nucleus'’.

If an inner shell electron is removed from an atom, an electron from a higher
level will quickly make the transition downward to fill the vacancy. Sometimes this
transition will be accompanied by an emitted photon whose quantum energy matches
the energy gap between the upper and lower level. Since for heavy atoms this
quantum energy will be in the x-ray region, it is commonly called x-ray fluorescence.
This emission process for lighter atoms and outer electrons gives rise to line spectra.
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Figure 2-8.Graphical illustration of the Auger effect, image from HyperPhysics site 188,

In other cases, the energy released by the downward transition is given to one of
the outer electrons instead of to a photon, and this electron is then ejected from the
atom with an energy equal to the energy lost by the electron which made the
downward transition minus the binding energy of the electron that is ejected from the
atom. Though more involved in interpretation than optical spectra, the analysis of the
energy spectrum of these emitted electrons does give information about the atomic
energy levels. The Auger effect bears some resemblance to internal conversion of the
nucleus, which also ejects an electron. Graphical illustration of the Auger effect is
shown in Figure2-8.

In the latter case, the kinetic energy of the Auger electron is given by equation:

Ek = Ecore - Elst—outer - Ean—outer

Where E.qr is the bonding energy of the electron removed from the core shell,
E istouter 18 the energy of the electron which fills the hole and Eng —outer 1S the bonding
energy of the emitted Auger electron. The energies of the Auger electrons are in the
range of 50 to 3keV and are characteristic for atoms of a specific element due to
unique orbital energies. This allows spectroscopic investigation of the material which
is in the basis of the AES. UHV conditions are necessary in order to avoid scattering
of the electrons by the gas phase molecules and to be prevented by their adsorption on
the sample’s surface. That is why, similarly to LEED, AES became popular in 1960s
with a development of vacuum surface science.
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Figure 2-9. A typical AES spectrum of an FeO film on Au(111).

To measure Auger spectra, the same four-grid optics as in LEED is used, as
shown in Figure2-7a. The electron gun is placed in front of the sample and current is
applied to the filament. Emitted electrons hit the sample initiating the Auger process.
A set of grids with a retarding potential allows only the Auger electrons with a given
energy to pass to the detector. The potential (energy) increases in steps, which allows
collecting all the electrons with energies in a given range. The multiplier strengthens
the signal which is then recorded by a computer in a form of energy vs. Auger
electron intensity plot (derivative). The energies of the Auger electrons emitted from
different elements are unique so the chemical composition of the surface can be
determined from the acquired spectrum. The technique is surface sensitive due to low
energy of the electrons as introduced in (short mean free path). A typical AES curve of
ultra-thin layer FeO grown on Au(111) is shown in Figure2-9, the fingerprint peaks of
Au, O and Fe are highlighted.

2.2.4. Temperature Programmed Desorption (TPD)

Temperature Programmed Desorption (TPD), also called Thermal Desorption
Spectroscopy (TDS), is an experimental technique based on mass spectrometry that
allows analysis of atoms and molecules which desorb from the surface upon linear
temperature increase. It provides qualitative and quantitative information on the
adsorbats, such as their atomic masses, bonding energies and the amount. To some
extent, the technique also allows the analysis of chemical composition of the thin
films and coatings, by measuring the masses during thermal decomposition.

Mass Spectrometry
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Figure 2-10.A schematic drawing of Quadrupole Mass Spectrometer. Image from Chemical
Instrumentation Facility of lowa State University18?

Every atom has an atomic mass which is given in atomic mass units (amu).
Similarly, every molecule has an atomic mass which is the sum of the atomic masses
of atoms which form the molecule. The instrument which is able to detect the atomic
masses of gas phase / vaporized atoms and molecules is called Mass Spectrometer (J.
J. Thompson, 1911). The working principle is based on the ionization of atoms by
electrons emitted from the cathode in the ionizer, separation of ions by mass-to-charge
(m/e) ratio in electric and magnetic fields and detection of ions in the detector. The
signal is recorded by a computer in the form of intensity vs. mass-to-charge ratio
spectrum. The analysis provides qualitative (chemical composition), as well as
quantitative (amount of a given chemical compound, ratio between different
compounds) information. There are different types of Mass Spectrometers. One of the
most commonly used is the Quadrupole Mass Spectrometer (QMS), where the ion
separation system consists of four parallel metal rods. The rods are connected in pairs
and voltages (+) and (-) are applied to these pairs. Because of the applied voltages, an
electric field is formed between the rods and, depending on the voltages, only ions
with certain mass-to-charge ratio will be able to pass the rods and reach the detector.
A schematic drawing of Quadrupole Mass Spectrometer is given in Figure2-10.

Adsorption / desorption processes and TPD analysis

Atoms and molecules can adsorb on the surface from the gas phase when
attractive forces exist at a short distance between them. There are two principle modes
of adsorption on surfaces: physisorption and chemisorption. The basis of distinction is
the nature of the bonding between adsorbates and surfaces. Generally, physisorption is
caused by weak van der Waals interaction and chemisorption occurs when chemical
bonds are formed. The molecule can adsorb on the surface directly (first-order process)
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or the adsorption can be accompanied by molecule’s dissociation (second-order).
Adsorption strength is represented as adsorption energy (E,) and it can be measured
by the reverse process, namely, desorption, which is defined as the release of
adsorbates from the solid surface induced by heating or any other energy injection
process. Because the interaction depends both on the nature of the adsorbate and the
surface, different adsorbates desorb from different surfaces at different temperatures.
In addition, the position within the substrate where the molecule adsorbs (terrace, step
edge, defect, etc.) plays an important role.

The energy necessary to desorb the molecule is called the activation energy of
desorption E4 and equals the energy of adsorption (or adsorption + dissociation in).
Again, a molecule can desorb from the surface directly (first-order process), or two
atoms or molecules from neighboring sites may form a molecule and desorb together
(second-order).

The energetics and kinetics of adsorption is obtained by analyzing the desorption
rate up on heating, defined as the number of molecules desorbing in time, is given by
the Polanyi-Wigner equation'*’:

deo —Eq
r=———=v0"eRT
dt

Where R is the gas constant, T is the temperature, t is the time and 0 is the
coverage (0<<0=<.1) and v is the pre-exponential Arrhenius factor. Qualitative data
analysis is performed on the basis of the so called Redhead formalism'”’. In TPD
experiment, the temperature of the sample has to be linearly increased in time. For a
constant heating rate the temperature of the sample during heating is given by
equation:

Where T, is the starting temperature and B is the heating rate. With these

assumptions, the Polanyi-Wigner equation will have the form:
r=-— ﬁ 7 B"e_ITETd
dt p

Initially the increasing of the temperature results in an exponential rise of the
desorption rate. At the same time coverage of the surface decreases. Three different
desorption systems, corresponding to zero-, first-, and second-order kinetics, are
shown in Figure 2-11. Zero-order desorption is the case that the desorption rate is
independent of the coverage (0 = 0). The TPD curves show the same leading edge,
and the peak maximum shifts to higher temperature with increasing coverage. For the
first order desorption, peaks are asymmetric, but the peak maximum is independent of
the initial coverage. Second order desorption process is observed in many dissociative
adsorption reactions. The peak positions shift with increasing coverages to lower
temperatures, and the peak is symmetric.
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Simplified analyses can be established based on the peak maximum temperature
observed in a thermal desorption spectrum, which is so-call Redhead’s analysis '*°,

The maximum in the desorption rate occurs when

drmax

ac Y

In the case of first order desorption (n=1), The relation between E4 and T, can
be shown as:

vT
Ey = RT,,,, [ln ;‘“" —3.64

Calculation of activation energy using this method is generally valid for
first-order desorption. A reliable pre-exponential frequency factor v is typically set to
10" s

i a zero order b first order c second order

Mass signal, (arb. units)

Temperature (K) Temperature (K) Temperature (K)

Figure 2-11. Typical sets of zero- (a), first- (b) and second-order desorption (c) curves for

different initial coverages.

In a typical TPD experiment, the sample is positioned in front of a differentially
pumped QMS and heated with a constant heating rate (typically of 1-5 K/s). At certain
temperatures certain adsobates desorb to the gas phase. The desorbing species are
monitored by QMS. The computer records the spectrum of a given atomic mass as a
function of sample’s temperature. Several different masses can be monitored
simultaneously. In case of probe molecule desorption studies, the sample is positioned
in front of the directional gas doser and exposed to the probe gas before positioning in
front of the MS. A typical TPD spectrum of CO adsorbed on Pt(001) and Pt(111) is
shown in Figure2-12.

Each peak on TPD curve corresponds to various desorbing species. The area
under a peak is proportional to the amount of adsorbed species. The position of the
peak (the peak temperature) is related to the enthalpy of adsorption. TPD provides
information on the strength of the bond between adsorbate and substrate.
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Figure 2-12. TPD spectra of CO adsorbed on Pt(001) and Pt(111). The heating rate is 2K/s
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Chapter 3.
Strong metal-support interaction of Pt and Pd
on Fe;04(001)

3.3. Introduction

As introduced in Section 1.1, the strong metal-support interaction (SMSI) is
mostly discussed in terms of the encapsulation of the metal by the oxide layer. In this
context, the encapsulation process can intimately be related to the surface structure of
oxide support. Indeed, the interaction depends primarily on the adhesion energy
between the metal and the oxide, which is envisioned to depend on the interface
structure.

Nucleation, growth and thermal stability of Au''"'*?, Pd'*?, Pt**#> 2 supported

on Fe;04(111) thin films have been studied in detail during past years. It was shown
that all above mentioned metals form hemispherical nanoparticles that expose (111)
top facets. No indication of SMSI between the support and Au was reported. For Pd,
an interface oxide layer forms between the particles and the oxide support upon
oxidation at 500-550K'**. Studies at the higher temperatures have not been performed
yet. Pt was found to exhibit the typical SMSI effect through encapsulation by a
monolayer FeO(111) film** > %%,

In this Chapter, we show results of preparation of the flat Fe304(001) thin film
on Pt(001) with the thickness of several nanometers. Then we addressed the
nucleation, growth, and thermal stability of Pt particles on the film and compare the
results with those obtained previously in our laboratories for the Pt/Fe;O4(111)
system in order to elucidate the surface structure effect to the SMSI. In addition, we
also studied the case of Pd and compare it with Pt to demonstrate the metal effect to
SMSI.

3.4. Preparation of the Fe304(001) films!

Following epitaxial relationships between Pt and Fe;0,4 "', we made use of
Pt(001) as a support to grow (001) films. The thin Fe3;04(001) film was prepared on
Pt(001) single crystal. Pt(001) single crystal was cleaned by repeated Ar’ ions
sputtering and vacuum annealing cycles. The sputtering was performed with energy of

1keV and the sputtering current of 22.5 pA for 1 hour at 530K. After sputtering the

! This part of the work was done together with Earl Davis, a PhD student in the group

39



Chapter 3: Strong metal-support interaction of Pt and Pd on Fe304(001)

sample was annealed at 1200 K for 3 min in UHV. In this way, extended flat Pt(001)
terraces were obtained in STM images (Figure 3-1b) and the characteristic
“hex”-reconstruction was observed in LEED (Figure 3-1a). In addition, the crystal
was oxidized at 900 K in 1 x 10 mbar oxygen between sputtering cycles to remove
traces of carbon and subsequently flashed to 1000-1100 K. Some precautions had also
to be taken to remove iron species which may diffuse into the crystal after preparation
of numerous thin film samples '*°. The cleanness of the crystal was checked by AES
and STM with no residual carbon species contamination on the surface. (Figure 3-1c)

100 200 300 400 500 600 700 800
Energy/ eV

Figure 3-1. Clean Pt(001)-hex reconstructed surface: (a)LEED pattern (at energy 50ev); (b) STM
image with profile line showing monatomic steps of 0.2nm(Tunneling conditions: bias -1.9 V,
current -0.3 nA); (c) Auger spectra by energy 1keV, the peak(s) position of Pt, C(at 273eV), O(at
505eV) are indicated.

The Fe;04(001) film was grown on a Pt(001) substrate as follow: Prior to
deposition, the crystal was flashed to 600K to desorb adsorbates. Firstly, an iron
buffer layer was deposited onto the clean Pt(001) surface in UHV, which leads to
lifting of the Pt(001) ‘“hex”-reconstruction, the remaining (1x1) diffraction spots
(Figure 3-2a) could be assigned to the epitaxial grown Fe(001) layer, as it has only a
small mismatch with Pt(001). According to the present literature, initial growth of Fe
on Pt(001) is fcc, with a transformation to bce structure as the Fe layer grows to a
thickness of 0.8-2.2nm'**"’. General morphology as shown by STM images (Figure
3-2d, g) keeps unchanged compared with Pt(001) except some roughening, and the
monoatomic steps still can be seen. Iron protrusions on the surface are 1-2ML in
height and occasionally manifest as big particles.

Subsequent reactive deposition of 3nm iron at 300 K in 5x10° mbar of O,
resulted in a diffused diffraction LEED pattern (Figure 3-2b), however, STM images
(Figure 3-2e, h) revealed the appearance of irregular rectangular monolayer oxide
island on terraces and continuous belt attached to step edges. This indicates the
epitaxial growth of oxide layer on the Pt(001) substrate. In addition, there are many
ad-species on the surface which can be assigned to hydroxyl groups formed by the
reaction with residual gases in our ultra-high vacuum chamber. After the final
annealing at 1000K in UHV for 10min, LEED pattern transformed into the one
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well-documented for a Fe;04(001)-(v/2 x v/2)R45° 64169198199 yeconstructed surface
(Figure 3-2¢). STM images revealed wide terraces with few screw dislocations. The
terraces show atomic rows in the [110] direction and anti-phase domain boundaries,
all typical of the B termination. '* '™ High-resolution images also revealed the
reduced existence of residual hydroxyls on surface, some of which aggregated at the
grain boundaries as indicated in image. In addition, the depressions could tentatively
be attributed to Fe vacancies in the topmost layer. (Figure 3-2i)

100nm
T

Figure 3-2. LEED patterns and STM images of the Fe304(001) preparation steps on Pt(001). (a, d,
g) Fe buffer layer was deposited; (b, e, h) after Fe reactive deposition in 5x10-°mbar oxygen
ambient at 300 K; (c, f, i) after final annealing in UHV at 1000K for 10min. Tunneling conditions
(bias and current): (d,g) -3V, 0.26 nA; e, f) -2.5V, 0.25 nA; (f, i) 1.5V, 4 nA; LEED energy: (a) 50
eV; (b,c) 95eV

The preparation was fully reproducible. Note that in this recipe, the following
factors are of particular importance: Firstly, as the existence of Fe buffer layer plays a
key role, sample temperature during iron reactive deposition should be relatively low
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(RT in this case), otherwise the metallic Fe layer can, at least partly, be oxidized.
Reactive deposition at 550 K on top of the 3 nm-thick buffer layer led to the mixture
of (001) and (111) surfaces. Secondly, increased oxygen pressure (in the range of 10~
mbar) sometimes caused formation of small areas characteristic of FeO(111)/Pt(001)
as judged by LEED. STM inspection of such samples showed deep depressed areas in
the film like holes, showing STM images characteristic of FeO(111)-(2x10)** on
Pt(001) structure.

3.5. Nucleation and growth of Pt on Fe304(001)

Pt was deposited onto Fe;04(001) at RT. Note that a retarding potential was
applied to the samples during depositions using electron beam assisted evaporators
(Focus EMT3). The samples were annealed to different temperatures and
characterized by LEED, AES and STM. The deposition rate of Pt, as well as the
height of monatomic Pt layer, were calibrated by Pt deposition onto a clean Pt(001)
single crystal and following analysis of STM images. Pt formed 1 ML thick islands on
Pt(001) single crystal which makes an accurate calibration possible.

CO TPD experiments were performed by exposing the samples to CO using a
directional gas doser placed in a distance of ~1 mm to the sample and subsequent
heating in front of the QMS having a cone which is positioned ~ 0.5 mm away from

the sample to minimize parasitic signals from the sample holder. The heating rate was
2 K/s.

We studied adsorption, nucleation and growth of Pt on Fe3;04(001). Samples
with 0.15, 0.7, 1.0, 1.5 ML Pt were selected for this study after room temperature
deposition. The STM images are displayed in Figure 3-3.

At the lowest Pt coverage of 0.15 ML (Figure 3-3(b), three different kinds of
protrusions are observed as indicated. The first kind protrusions sit on top of the iron
rows and can be assigned to hydroxyls as seen on the clean Fe;04(001) (Figure 3-2 i,
3-3a). Accounting for the majority, the second kind protrusions were ~3 A in height
(Figure 3-2 a), which is quite similar to the atomic diameter of Pt of 3.54 A. Most of
this kind protrusion locate between the Fe rows and can be assigned to single Pt atoms.
Registry analysis in Figure 3-3 ¢ reveals that the Pt atoms occupy the so-called
“narrow” sites on the (V2 x v2)R45°-reconstructed Fe;04(001) surface as indicated
on the clean Fe304(001) (Figure 3-3 b) which is in the same manner for Pd*"', Au'”",
and Ag202 adsorbed on Fe;04(001).

The third kind protrusions of 6-9 A in height and 15-20 A in lateral size are quite
rare, which can be assigned to Pt clusters. The Pt adatoms and clusters are distributed
randomly on the entire oxide surface and show no preferential anchoring on step
edges and screw dislocations in large scale images (not shown here). Majority
existence as single atom for Pt implies the relatively strong interaction of the Pt atoms
with the (v2 x v2)R45° Fe304(001) surface that results in limited surface diffusion
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that, in turn, prevents Pt agglomeration into the larger clusters. The rare formation of
Pt clusters in our experiments may also result from the adsorption of residual gases
(such as CO) as previously reported for Pd adatoms.*’

8.0nm
REET

Figure 3-3. STM images of (a) a clean Fe304(001) film, wide (W) and narrow (N) adsorption sites
within the (V2 X V2)R45°-Fe304(001) unit cell are indicated; (b) 0.15ML Pt; (c) zoom-in of the
selected region of b; d-f) 0.7, 1.0, 1.5 ML Pt at 300 K. In panel c, the grid lines join the wide sites,
therefore, the Pt adatoms occupy the narrow sites. (Tunneling conditions: (a) bias -1V, current
0.5 nA; (b) -1V, 0.7 nA; (d,e) -1.5 V, 1 nA; (f) -2V, 0.4 nA).

Basically, such a nucleation-and-growth mode remains at increasing Pt coverage
up to 1 ML, upon which the surfaces are mostly covered by Pt adatoms (Figure
3-3d,e). Similar behavior was reported previously for Ag adatoms on Fe;04(001).2
A considerably higher density of Pt clusters observed here for Pt compared to Ag
may be explained by the stronger interaction of Pt adatoms with residual gas
molecules (CO), which, in turn, weakens the Pt bonds to the support and facilitates
the diffusion of Pt to form aggregates™'. Indeed, Au adatoms, as presumably more
weakly bound species, showed sintering at considerably lower coverages.'”' Further
coverage increase to 1.5 ML triggers three dimensional growth mode, and large Pt
particle appears (Figure 3-3f).

3.6. Thermal stability of Pt/Fe304(001): Encapsulation

Two-dimensional growth of Pt on Fe;04(001) indicates high adhesion energy
between the metal and the support. However, because this finding was observed on
the “as deposited” samples at room temperature, we need to see what extent this
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adhesion can resist the thermal activation which change the particles’ size and shape.
To examine thermal stability, the samples were annealed stepwise to 500, 700, 850
and 1000 K for 10 min each.

L ' :
20nm
T g

Figure 3-4. STM images of 1 ML Pt/Fe304(001) annealed stepwise at (a) 500 K, (b) 700 K, (c) 850
K, and (d) 1000 K. (Tunneling conditions: (a, b)bias -2 V, current 0.7 nA; (c,d) -2V, 1 nA).

A series of STM images obtained for 1 ML Pt/Fe;04(001) are shown in Figure
3-4. Compared to the “as-deposited” sample (Figure 3-3¢), UHV annealing at 500 K
for 10 min does not cause considerable morphological changes (Figure 3-4a), except
the density of clusters increases a little bit. Metal sintering becomes substantial after
annealing at 700 K (Figure 3-4b). The Pt nanoparticles can clearly be recognized and
they grow both laterally and in height at the expense of monoatomic species. Further
sintering, presumably by Ostwald ripening, proceeds upon heating to 850 K (Figure
3-4¢). Ultimately, after annealing at 1000 K, Pt nanoparticles with a cuboid shape
dominate the surface (Figure 3-4d).

Only small morphology change upon 500K UHV annealing indicates that the
metal-support interaction is strong enough to pertain two-dimensional metal
configuration to 500K at least. STM images for comparison in different coverages
after 700K annealing are presented in Figure 3-5. Profile lines show selected particles’
heights. For the lowest studied coverage of 0.15 ML(Figure 3-5a), clusters of 2 layers
in height are dominant and the lateral size does not increase in obvious. This is the
indication of the three-dimensional growth mode. At the coverage of 0.7 ML (Figure
3-5b), the particles with 3 layers’ height appear and the maximum height of particles
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grows further to 6 layers at the coverages of 1 and 1.5ML (Figure 3-5¢,d). The
particles exhibit round like shapes with some preferential orientation of the edges. As
we have seen in Figure 3-4, reshaping of the particles are finished after final 1000K
annealing and the details of the cuboid shape particles are presented following.

Height(nm)
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Figure 3-5. STM images of Pt / Fe304(001) at different coverages annealed at 700 K for 10 min: (a)
0.15 ML, ((b) 0.7 ML, (c) 1.0 ML and (d) 1.5 ML; profile lines show particles height; (Tunneling
conditions: (a)bias -1V, current 0.5 nA; (b) -2V, 0.7 nA; (c¢) -2V, 0.5nA; (d) -1.0 V, 0.4 nA)

Similar annealing experiments performed on 4 ML Pt sample reveal essentially
the same behavior for annealing at around 700 K (not shown here). However, the
roundish shape is not the final state. For comparison, the morphologies of
high-coverage samples annealed to 1000 K are shown in Figure 3-6. Again, all
annealed particles ultimately showed the cuboid shape. The annealing time needed to
reach such a shape is relatively long, that is, around 30 min. The annealing of 1.5 ML
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Pt sample for 10 min resulted in a mixture of hexagonal and rectangular top facets
(Figure 3-6 b). The latter dominate the surface only after further annealing for 30 min
(Figure 3-6 c). For the highest Pt coverage studied here(4 ML), some template effects
can be seen in the image shown in Figure 3-6 d, as the cuboid Pt particles form quasi
ordered arrays along the crystallographic directions of the support. Interestingly, with
increasing Pt coverage, the lateral size of the annealed particles, on average, remains
the same, and only the particle density and heights increase (we will try to rationalize
this finding below).

A= i
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Figure 3-6. STM images and corresponding profile lines of the Pt/Fe304(001)samples, all
annealed at 1000 K. (a) Pt coverage is 1ML, and the annealing time is 30 min; (b)1.5 ML, 10 min;

(c)1.5 ML, 40 min; (d)4ML, 30 min. All image sizes are 100 nm x 100 nm. (Tunneling conditions:
(a) Bias -2V, current 1nA; (b-d) -1.5V, 1nA.)

The high-resolution STM image in Figure 3-7a reveals that the edges of the Pt
particles are oriented along the Fe rows on the surrounding ( V2 X
V2)R45°-reconstructed surface of Fe304(001). Solely based on these STM images,
one can envision that Pt grows in the (001) orientation parallel to the (001) plane of
Fe30,, similar to the epitaxial relationships reported in Ref.'”*, although these were
observed on 2-5 nm thick Pt films grown on Fe3;04(001) at high temperatures. Our
previous LEED results for the growth of Fe;O4(001) films on a Pt(001) substrate
showed that lattice vectors of Pt(001) are oriented along the lattice vectors of
Fe304(001)-(vV2 x v2). It is, therefore, plausible that the same mutual orientation
holds true for the inverse interface, that is, Pt on an Fe;04(001) substrate. This
suggests that the atomic rows on Pt(001) facets run along the Fe rows on the (V2 x
V2)R45°%reconstructed Fe304(001) surface.

The 3D view shape of the cluster is shown in (Figure 3-7b). Combined with the
contour plot, which shows a 7 layers’ particle with truncated top surface (Figure
3-7a), the particle shape can be modeled as truncated square pyramid like. This
truncated square pyramid shape could be rationalized by the so-called Wulff
construction of the supported metal particle. When the interface energy is lower than
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the substrate surface energy, the lower interface energy, the bigger metal-support
interface area®”. A schematic image is given in Figure 3-7c.

C

(001)

>

Figure 3-7. (a) STM image of 1 ML Pt/Fe304(001) annealed at 1000 K. The atomic rows of the

support are highlighted in the circle to show the orientation of the particles with respect to the

Fe;0,(001)

support; top right is the contour plot of the particle at bottom right; (b) 3-dimonsional rendering
of (a); (c) Schematic representation of the truncated square pyramid Pt particles. (Tunneling bias
-1.5V, and current 1 nA)

The most straightforward observation of SMSI is the suppression of CO or H,
uptake. For this, we performed TPD experiments using CO to titrate the Pt surface as
the iron oxide support does not adsorb CO at temperatures above 200 K ***. CO-TPD
plots obtained on the 1.5 ML Pt/Fe;04(001) surface annealed stepwise at the
specified temperatures are shown in Figure 3-8a. Structural characterization after
each annealing step was performed by STM and LEED.

The “as-deposited” Pt/Fe;04(001) surface showed a broad desorption signal
between 300 and 520 K with a maximum at 450 K, which falls into the range
observed for single-crystal Pt surfaces™”. However, CO-induced sintering of the Pt
adatoms, as observed previously for Pd/Fe;04(001)*"', might also affect the first TPD
plot. Annealing at 600 K slightly (by=~15 %) reduces the CO uptake, and several
desorption features at 360, 420, and 450 K can be resolved. These features remain
after annealing at 700 K, which further reduces the CO uptake. The latter decreases to
almost zero upon annealing to 850 K, although Pt particles did not show considerable
sintering, thus providing direct evidence that the Pt particles exhibit the SMSI effect
at elevated temperatures most likely through encapsulation. Indeed, the formation of
Pt-Fe alloys as another option to explain the decreased CO uptake would manifest
itself as a prominent desorption signal at around 300 K**, which is not the case here.
Ultimately, annealing at 1000 K suppresses CO adsorption totally and it is
accompanied by the reshaping of the Pt particles.
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Figure 3-8. (a) TPD spectra of 20 L CO adsorbed at 300 K on 1.5 ML Pt/Fe304(001) as deposited
at 300 K and then UHV-annealed to the indicated temperature. The heating rate is 2 K/s. LEED
patterns (at 95 eV) of (b) the pristine ( v 2x ¥ 2)R45°-Fe304(001) surface, (c) after deposition 1.5
ML of Pt at 300 K, and d) after subsequent UHV-annealing to 850 K for 10 min and (e) 1000 K for
30 min, respectively. The additional spots are developed, which are assigned to the
FeO(111)/Pt(001)-c(2x10) structure as marked in panel e.

LEED patterns of the same Pt/Fe;04(001) surfaces recorded before the TPD runs
are shown in Figure 3-8 b-d. Additional diffraction spots (marked in Figure 3-8 e)
appear upon annealing that were absent on the pristine Fe;04(001) film annealed at
the same temperature (1000 K) before Pt deposition. These spots first develop upon
heating to 850 K and become more intense and sharper by annealing at 1000 K. The
corresponding surface structure is virtually identical to that observed for an ultrathin
iron oxide film grown on a Pt(001) single crystal and assigned to an
FeO(111)/Pt(001)-c(2x10) (and/or -(2x9)) coincidence structure®®). Bearing in mind
the cuboid morphology of the annealed Pt nanoparticles, which preferentially expose
the top (001) facets, the LEED observation of the FeO(111)/Pt(001) interface can
readily be explained by the encapsulation of the Pt particles by an FeO(111) layer.
One could argue, however, that the new ordered structure arises from the interface
underneath rather than on top of a Pt particle, although the spots seem to be too bright
to make the former assignment.

To shed more light on this issue, we performed experiments as follows. The 1.5
ML Pt sample annealed to 1000 K was subjected to a mild Ar'-ion bombardment (500
eV, 1 pA cm 2, 45° incidence, for 10 s) at room temperature. Certainly, this treatment
caused some surface roughening as judged by STM (Figure 3-9 a). However, the
atomic rows of the (V2 x v2) R45°-reconstructed Fe;04(001) between the particles
are still visible (Figure 3-9c¢), thus indicating that ion bombardment under our
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conditions does not cause severe sputtering but creates surface defects. However, the
FeO(111)/Pt(001) diffraction spots fully disappear (inset in Figure 3-9 a). Moreover,
CO starts to adsorb on the sputtered surface as observed by TPD (Figure 3-9e),
which indicates that the ion sputtering removed the encapsulating layer and exposed
the Pt surface.
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after sputtering, 1-st
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Figure 3-9. (a-d): STM images and corresponding LEED patterns (at 95 eV in insets) of 1.5 ML
Pt/Fe304(001) annealed at 1000 K for 30 min and then (a, c) Ar* ion sputtered at 300 K and (b, d)
reannealed at 1000 K for 10 min. (Tunneling conditions for all images are bias -1.5 V, and current
1 nA). (e) TPD plot of 20 L. CO adsorbed at 300 K on the same samples as indicated. The heating
rate is 2 Ks-1. The plot of the clean, hex-reconstructed Pt(001) surface, measured before growth

of the Fe304(001) film is shown as a dashed line for comparison.

Interestingly, the first CO-TPD plot revealed a prominent peak at ~500 K,
which shows similarities to the plot measured on the clean hex-Pt(001) surface. It is
tempting to assign this feature to the top (001) facets of the Pt particles opened upon
ion sputtering of the encapsulated layer. However, such a TPD profile can also be
associated with highly stepped Pt surfaces’™ and, more generally, to the
low-coordinate Pt atoms formed on the Pt particles upon sputtering of the Pt surface
beyond the encapsulating layer. Indeed, the second CO-TPD run already showed a
broad signal similar to that measured on “as-prepared” Pt particles (Figure 3-8 a).
Reannealing of the sample at 1000 K for 10 min, in essence, recovers the initial
characteristics of the sample before treatment: the FeO(111)/Pt(001) diffraction spots
reappear and the CO uptake decreases back to zero. These presented LEED, STM,
and TPD results provide strong evidence that Pt nanoparticles undergo the SMSI
effect by encapsulation by an iron oxide layer, which is an FeO(111) monolayer in
nature. Unfortunately, atomic resolution of the Pt particles could not be achieved with
our microscope (basically, because of their small size), which would otherwise allow
us to determine the atomic structure of the Pt top facets more precisely.
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3.7. Pt/Fe304(001) versus Pt/Fe304(111)

In order to understand support effect on SMSI, we compare Pt/Fe;04(001) and
previously studied Pt/Fe;O4(111) systemszo’ 222 0On both the (001) and (111)
magnetite surfaces, Pt shows no preferential nucleation on defects and appears to be
dispersed uniformly across the entire surface. Pt on the (V2 x v2) R45°-Fe;04(001)
surface adsorbs monoatomically, even at 300 K, and occupies the “narrow” sites. On
Fe3O4(111), the adsorption sites for Pt could not be determined as STM imaging at
low Pt coverages is obscured by the presence of poorly defined adsorbate-like
species.””?"” As DFT predicts the strong adsorption of Pt on Fe304(111) (i.e. ~2.2 eV
on the Fe-terminated surface),””® one could envision monoatomic Pt adsorption on
Fe;04(111) as well. Indeed, STM images of Pt/Fe;O4(111) at sub-monolayer
coverages revealed a high density of small islands, which are only ~2 A in height and
correspond to a single Pt layer.”> At increasing coverages, the monolayer islands
coalesce and form an extended, irregularly shaped network, and only a few Pt
particles two layers in height are observed at 300 K. Therefore, for both Fe;04(001)
and (111) surfaces, Pt interacts strongly with magnetite, which leads, in essence, to Pt
wetting of the oxide surface at room temperature.

For both systems, high-temperature annealing in UHV causes Pt sintering and
the subsequent formation of well-faceted 3 D nanoparticles with their edge at the
interface running along the crystallographic direction of the oxide surface. These
particles exhibit an octahedral shape on Fe;O4(111) but a cuboid shape on
Fe;04(001), following the epitaxial relationships between Pt and Fe;Oy, that is,
Pt(111)[110]//Fe304(111)[110] and Pt(001)[001]//Fe304(001)[001], and thus
resulting in particles that expose Pt(111) and Pt(001) top facets on Fe;O4(111) and
Fe;04(001), respectively.

A notable difference is, however, that the Pt particles on Fe;O4(111) sinter
remarkably and form extended Pt islands, when Pt coverage increased from 1.8ML to
4AML. Meanwhile, Pt on Fe;04(001) forms small particles ~5 nm in lateral size, at
most, and kept almost constant with Pt coverage increasing from 1.5ML to 4ML.
Apparently, this finding may be indicative of the difference in adhesion energy causes
by the lattice mismatch at two interfaces. On the other hand, our high-resolution
electron microscopy studies of encapsulated Pt/Fe;O4(111) particles show Fe
enrichment of the interface between a Pt particle and an underlying support that
results in more Pt-Fe bonds. As the Fe;04(001) surface is initially terminated both by
Fe and O atoms, it may well be that limited lateral growth of the Pt particles on
Fe;04(001) along the interface may be linked to the interface structure, but it cannot
be addressed with tools employed in the present study.
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Figure 3-10. STM images of 1.5 ML((a) and (c) 4ML Pt/Fe304(001) annealed at 1000 K for 30 min;
1.8ML((b) and 4ML(d) Pt/Fe304(111) at 1000 K for 1 min. (Tunneling conditions: (a, c) -1.5V,
1nA; (b) 1.4V, 0.7 nA; (d) 0.5V, 0.6 n(A). Images (b,d) are provided by Mikotaj Lewandowski, PhD
thesis, TU Berlin (2011)

Nonetheless, we may rationalize these results in terms of two processes
occurring simultaneously: sintering and encapsulation. Along with the encapsulation,
metal decoration with oxide layer would suppress further attachment of metal atoms
during Ostwald-type ripening. In addition, metal sintering involves diffusion of the
metal ad-atoms which, in turn, depends on the adsorption energy of metal atom on
oxide surface. The temperature at which sintering sets in can be estimated from STM
images obtained during stepwise annealing. The degree of encapsulation, on the other
hand, could be directly estimated by the formation of encapsulating layer on particles’
surface, which remains challenging, in particular for Pt particles on Fe;04(001) which
are too small to obtain atomic resolution. However, one could use the CO uptake
changes as a measure of encapsulation process that after annealing at the
encapsulating temperature CO uptake suddenly drops to almost zero. The results are
collected in the Table below.

Adsorption energy | Sintering sets | Encapsulation Average particle
from DFT (eV) in at T (K) temperature (K) | size (nm)
Pt/Fe;04(001 | -3.89*” 700 850 ~5 (cuboid)
)
Pt/Fe;0,(111) | —2.24*"° 600 850 ~20 (hexagonal)

NOTE: Adsorption energy of Pt on Fe304(111) is based on the iron-terminated surface; Final
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particle size data was taken from the samples of 4 ML Pt on Fe304 (001) and (111) after UHV
annealing at 1000K for 30min and 5min.

As seen from the Table, a higher adsorption energy of Pt on Fe;O4(001) of
-3.89¢V compared with that on Fe;04(111) of -2.24eV is consistent with a higher
sintering temperature observed for Pt on Fe;04(001) than on Fe;O04(111). Therefore,
Pt has more space for growing up on Fe304(111) than on Fe304(001), which induces
the larger final particle size of Pt on Fe3;O4(111). Further growth is suppressed by
encapsulation which blocks atoms attachment. Also for the same reason, in case the
encapsulation happens of Pt on Fe304(001), Pt particles stop growing and keep final
particle size constant as ~5Snm when Pt coverage increases from 1 ML to 4ML

3.8. Pd/Fe304 (001) versus Pt/Fez04(001)

We examined the thermal stability of Pd depsoits on Fe;04(001) films in the
same manner as for Pt/Fe;04(001) system. As previously reported by Parkinson’s
group™', low coverage deposition of Pd onto the Fe;04(001) surface at room
temperature results in single Pd adatoms occupying the preferred “narrow” site in the
reconstructed unit cell and 2 dimensional growth similar to the previous observations
for Pt. We examined the thermal stability in this system at two higher coverages of

1.5ML and 4ML.

Figure 3-11. STM images of 1.5 ML Pd/Fe304(001) (a) as deposited, annealed stepwise at (b) 600
K, (c) 700 K, and (d) 850 K, insert as high resolution image. (Tunneling conditions: (a, b) bias -1.5
V, current 0.5 nA; (c,d) -1.5V, 0.3 nA.
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STM images of the samples as deposited and after annealing at Pd coverage of
1.5ML are presented in Figure 3-11. For the as deposited sample, majority the oxide
surface was covered with 1 ML high particles together with additional particles of 2-3
ML height randomly distributed (Figure 3-11a). Apparently, no preferential Pd
nucleation is observed on step edges of Fe;04(001). Annealing at 600K changed the
morphology completely (Figure 3-11b). Amount of 3D particles of irregular shape
increased and formed quasi-ordered arrays along the crystallographic directions of the
support as observed in 4ML Pt on Fe;04(001) after annealing at 1000K in Figure
3-6d. Following 700K annealing the particles grow both laterally and in height
(Figure 3-11c). After further annealing at 850 K, Pd nanoparticles showed cuboid
shape with particle size of ~ 4-5nm (Figure 3-11d). High-resolution STM image in
insert of Figure 3-11d reveals that the edges of the Pd particles run along the Fe rows
on the surrounding Fe;04(001) (V2 x v/2)R45°-reconstructed surface. Similar to the
observation on Pt/ Fe;04(001) in Figure 3-7, Pd also grew in the (001) orientation
parallel to the (001) plane of Fe;O4. Annealing at 1000K resulted in a much less
number of Pd particles on oxide surface and showed irregular shape(not shown here),
which may be indicative of Pd diffusion into Fe;O4 bulk.

Figure 3-12 . STM images of 4ML Pd/Fe304(001) (a) as deposited, annealed stepwise at (b) 600 K,
(c) 700 K, and (d) 850 K. (Tunneling conditions: (a, b) bias -1.5 V, current 1 n4; (c,d) -1.5V, 0.5
nA)

When Pd coverage increased to 4ML, Pd exhibited large particles of 7-9 nm
immediately after RT deposition on Fe;04(001) as shown in Figure 3-12a. This
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means that the coalescence of Pd even occurs at room temperature. Compared to the
sample of 4ML Pt on Fe;04(001) (Figure 3-6d), bigger particle lateral size of Pd
after high temperature annealing (Figure 3-12¢,d) indicates the lower adsorption
energy of Pd on Fe;04(001) than Pt, which is in agreement with the values reported
by DFT (Pd: -2.20 eV, Pt: -3.89 V).

Annealing at 600 K boosted the sintering and the particles grew up to 15-20 nm
in lateral size. After further annealing at 700K, it seems that the particles’ lateral size
stopped increasing, but some particles might grew further. The final 850 K annealing
reshaped the particles to cuboid and decreased the small particle’s density which may
be caused by the Ostwald repining. Edges of the Pd particles are oriented along one
direction which has been observed in Pt/Fe;04(001) and 1.5ML Pd on Fe;04(001).
Concomitantly, we performed CO adsorption studies by TPD.

- as deposited
—— 600K

- | —— 700K
- | —— 850K
- | —— 1000K

e

I . I . 1 . 1 .
350 400 450 500 550

Annealing tempreature/K

Figure 3-13.TPD spectra of CO adsorbed at 300 K on 4ML Pd/Fe304(001) during stepwise
annealing in UHV. The heating rate is 2 K/s.

On clean Pd particles, CO desorption occurs between 300 and 550 K peaked at
~475 K as shown in Figure 3-13. 600 K annealing just deceased the intensity of the
CO uptake, but the profile maintains the original shape. However, 700 K annealing
suppressed the CO uptake almost to zero which clearly indicates the encapsulation of
Pd on Fe;04(001). Simultaneous drop of the CO uptake and stop of Pd lateral size
increasing after 700 K UHV annealing, both suggest that these findings are related in
the way discussed above for Pt. However, as the Pd sintering on Fe;04(001) occurs at
a lower temperature due to a lower binding energy as compared to Pt, the size of Pd
particles (~20nm, 4ML, 850 K annealing) is much larger than that of Pt (~5 nm, 4 ML,
1000 K annealing).

Above mentioned qualitive relationship of final particle size and temperature
interval between sintering temperature and encapsulating temperature facilitates the
controlling of particle size in model system to mimic the real catalyst with
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different-size particle. Bigger particles can be obtained by long annealing between
sintering temperature and encapsulating temperature; otherwise annealing at
temperature higher than encapsulating temperature results in smaller particle.
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Chapter 4.
Support effects on structure and reactivity of
ultrathin FeO(111) films

4.1. Introduction

Since our group found that an ultra-thin FeO(111) film grown on Pt(111) may
show higher CO oxidation rate than the clean Pt(111) surface ', extensive research
have been conducted on FeO(111)/Pt(111) system in many groups worldwide. Both
experiment and density functional theory (DFT) calculations showed that*' ''*!*
133134, 204, 211 " yltra-thin FeO(111) on Pt(111) transforms into an “O rich” FeO,.
structure, which can be described as an O-Fe-O trilayer structure, in pure O, or under
O;-rich reaction conditions. This oxygen enrichment is clearly observed in TPD
spectra showing additional O desorption peak at lower temperature, which is absent in
pristine FeO sample. STM study and DFT calculation suggested that the reaction
follows the Mars-van-Krevelen mechanism, that is, the topmost weakly bound oxygen
(WBO) atom in the O—Fe-O trilayer reacts with CO and forms CO, that desorbs
leaving an oxygen vacancy behind, which can be replenished by the reaction with
molecular oxygen to end the catalytic cycle. The inverse correlation between reaction
rate and oxygen bonding energy suggested the oxygen binding energy as a good
descriptor for oxidation reactions over ultrathin oxide films.

In addition, considerable rate enhancement at sub-monolayer oxide coverages
suggests the important role of CO adsorption on Pt surrounding FeO, islands. The
increased residence time of CO on Pt in vicinity to the FeO, islands increases the
probability to react with weakly bonded oxygen at the islands’ edge. This effect has
been evidenced by the fact that CO oxidation rate on ZnO(0001) films increased
considerably at sub-monolayer coverages when grown on Pt(111), but not on Ag(111).
The latter is well known only weakly to adsorb CO. Therefore, CO adsorption on a
metal substrate may serve as another descriptor for oxidation reactions over
sub-monolayer films.

However, this story has another edition from Prof. Bao and co-workers. Their
first paper on this subject in 2010*'* and following study’" reported a linear
relationship obtained between the CO oxidation activity and the perimeter length
measured on the 0.25 ML FeO(111)/Pt(111) sample which underwent gradual oxide
sintering upon stepwise annealing. The high CO oxidation activity on FeO/Pt(111)
was attributed to the coordinatively unsaturated Fe cations at the edge of FeO;
islands which are oxygen deficient. Explanation from DFT calculations *'**'* showed
these edge-site coordinatively unsaturated Fe cations are highly active for O,
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adsorption and dissociation. The dissociated oxygen that binds to Pt at the FeO/Pt
interface is responsible for the facile CO oxidation. The first direct evidence for such
scenario came later from Wendt and co-workers>"” by time-lapsed STM imaging on
FeO/Pt(111), which showed the appearance of O protrusions at reduced Fe-edges in
O, and the following consumption in CO exposure, both in UHV-compatible pressure
range.

Later, Bao’s group also confirmed the formation of FeO; trilayer islands upon
oxidation of the pristine FeO/Pt(111) films at sub-monolayer coverages>. They
demonstrated the reversible transformation of FeO to FeO, by applying oxidation (5 %
107 mbar O,, 573K) and UHV annealing at 573 K. Using XPS results as indicators of
both phases, they claimed that the formation of oxidized phase (FeO,) leads to the
decreased reactivity, favoring FeO as the most active phase *'>*'°. This statement
seems contradictory to results from our group. Pan et al. *' studied CO oxidation on
FeO/Pt(1 1 1) films at sub-monolayer oxide coverages at ultrahigh vacuum using TPD
and near-atmospheric pressure conditions using gas chromatography. The authors
found that the FeO(1 1 1) bilayer islands are inert towards CO, formation, whereas
the FeO, trilayer structure shows substantial CO, production that reaches a
maximum at ~0.4ML at both pressure conditions.

Apart from the difference in the film preparation recipes and reaction conditions
and methods by which the reactivity was measured, the key controversy is about the
activity of FeO, phase. Series of studies from our group revealed: 1) FeO(111)/Pt(111)
full is active in the low temperature CO oxidation reaction in the mbar pressure range
due to the transformation of bilayer FeO to trilayer FeO; under the reaction conditions;
2) The activity of FeO, is closely related with the desorption energy of the weakly
bound O; 3) CO oxidation reaction on fully covered FeO, films seems to proceed via
the Mars-van-Krevelen mechanism. 4) The enhanced reaction rate at sub-monolayer
coverages must be attributed to the FeO/Pt interface. However, Bao’s group claims
the much lower activity of FeO, /Pt by comparing with FeO/Pt in CO and O, mixture.

In this Chapter, we present studies on the preparation and thermal stability of
FeO(111) films on Pt(111) in vacuum and CO, and CO+O,. In addition, we studied
the ultra-thin FeO(111) on Au(111), in order to understand the support effect on the
structure, oxidation and reactivity of FeO/Au(111) by comparison with FeO/Pt(111)
system.

4.2. FeO films on Au(111): preparation, oxidation and

reactivity

Comprehensive studies of various metal-supported ultrathin films (FeO/Pt(111),
RuO;(110)/Ru(0001), MnO/Pt(111), ZnO/Pt(111)) CO oxidation revealed a strong
correlation between the activity and the desorption energy of the most weakly bound
oxygen species present on these films under net oxidizing conditions at
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near-atmospheric pressures. Therefor the oxygen binding energy can serve as a good
descriptor for this reaction on thin oxide films.

In the scenario of sub-monolayer coverages of oxide thin films, CO adsorption
on metal substrate becomes crucial as well. Previews study of ZnO(0001) films
revealed that CO oxidation rate increased considerably at sub-monolayer coverages
when grown on Pt(111), but not on Ag(lll)zlg'zlg. The effect was reasonably
explained by a much stronger CO adsorption on Pt(111) as compared to Ag(111)
which, in turn, increases the residence time for adsorbed CO to react with WBO
supplied by ZnO. Therefore, the CO adsorption energy on metal substrate can be
considered as another descriptor for the reaction, which may even dominate at
sub-monolayer oxide coverages. Higher reactivity was also observed on sumonolayer
FeO(111) grown on Pt(111) as compared with full film *'". However, accompanied by
the decreasing of oxygen binding energy at sub-monolayer FeO(111) indicated by the
lower WBO desorption temperature, the reactivity increasing cannot be simply
attributed to either descriptors above.

To shed more light on the reactivity of metal supported ultrathin films and
elucidate the role of a metal support, in this section we show our results of FeO(111)
thin films preparation, oxidation and reactivity supported on Au(111) in different
coverages as a reference system with previously studied FeO(111)/Pt(111) system. In
principle, different to Pt, Au is the most inert noble metal with respect to both CO and
02, and therefore, one can readily assign the observed reactivity (if any) to the iron
oxide phase.

4.2.1. Preparation and oxidation of FeO on Au(111)

The Au(l111) crystal was cleaned by repeated cycles of Ar' sputtering and
annealing in UHV at 700 K until a typical Au(111) herringbone reconstruction was
observed in STM as shown in Figure 4.2a. The step height of clean Au(111) in our
study was found to be ~2.47 A, comparable to 2.35-2.5 A reported in the
literature™ "%,

We followed the recipe reported by Khan and co-workers to prepare the
single-layer FeO(111) film on Au(11 ' Firstly, Fe was deposited on Au(111)
substrate in UHV at RT, then the Fe was oxidized in 3 x 10”7 mbar O, at 323 K for 8
min, finally the oxide film was smoothed by UHV annealing at 700 K for 10 min.

STM images after Fe deposition on Au(111) at different coverages are shown in
Figure 4-1. Clean Au(111) surface is shown in Figure 4-1 a, the typical
herringbone-like reconstruction is shown in the insert. After Fe deposition at room
temperature, the large-scale images (Figure 4-1 b,d) show that Fe grows in an
ordered array and does not accumulate at step edges. This ordered nucleation of Fe on
Au(111) derives from the preferential Fe attachment on the elbow sites of the
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herringbone reconstruction (Figure 4-1 c¢), where the surface dislocations bring
unsaturated Au atoms™” ***. At all coverages, the particles are very uniform and
mostly appeared triangular like or round with some sharp edges as present in smaller
scale images (Figure 4-1c,e,f). At 0.2ML, the particles are approximately 2-5 nm in
lateral size, they grew up to 5-7 nm and started coalescence at 0.8ML, further
coverage increasing to 1.2ML renders Fe to coalesce to continue lines. Notably, at
0.2ML the second layer has started to nucleate on the first layer of particles. The
thickness of single layer island is approximately 2.5 A which is slightly smaller than
the Fe atomic diameter of 2.8 A.

Figure 4-1. STM images of (a) clean Au(111) surface, the typical herringbone-like reconstruction
is shown in the insert. (b-f) after deposition of Fe in different coverage: (b,c) 0.2ML; (d,e) 0.8ML;
(f)1.2ML. STM Tunneling conditions: (a)0.6 V, 0.1 nA, insert 0.6V, 0.05n4; (b)0.5 V, 0.1 nA; (c) -1.0
V, 0.5 nA; (d) -0.5V, 0.08 nA; (e) -0.5V, 0.1 nA; (f) -1V, 0.1 nA

After following low temperature oxidation and final annealing, the FeO(111)
films are present in Figure 4-2. Estimation of total amounts of FeO in all three
samples reveals that the final surface Fe coverage decreases by 40%-50% as
compared with the initial amount Fe deposited. The equivalent FeO coverage is
~0.1IML, 0.45ML and 0.8ML apparently. This may mainly derive from the Fe
diffusion into subsurface region after low temperature annealing, which was also
observed by Khan et al. '’ by LEIS. For the ~0.IML FeO sample (Figure 4-2a), the
particles appear blurry and coalesced to larger entities compared with the Fe islands.
Surprisingly, most particles were embedded in the terrace or attached to the terrace
edge, together with triangular pits distributing on the terraces. Similar images were
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also reported by Khan et al. The pits should relate with the embedded iron oxide
particles in Au(111) steps, but the detailed formation process is not well-understood.

Figure 4-2. STM images of as prepared FeO(111) supported on Au(111) at different coverages: (a)
0.1ML; (b,c,d) 0.45ML; (e,f) 0.8ML. The distorted herringbone reconstruction are indicated by
dashed black lines in (a, c, €). The grayscale image inserts in (a, c) with a high contrast show the
distorted herringbone reconstruction. Insert in (f) presents the schematic diagram of side
sectional view of the film and the thickness profile as indicated by the black line. STM Tunneling
conditions: (a) -0.1V, 0.1nA; (b)-0.06 V, 0.1 nA (c) -0.7 V, 0.15 n4; (d)-0.07 V, 0.14 nA; (e,f) -1.0 V,
1.2 nA.
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For the sample of 0.45 ML FeO(111) coverage, large-scale image (Figure 4-2b)
shows that FeO particles lost the ordered arrangement of Fe island but still distributed
uniformly. In high-resolution images (Figure 4-2¢,d), the reconstruction corrugation
lines appear to move around the particles in contrast to the Fe metal particles which
grow on the elbows of the reconstruction. FeO(111) islands are readily identified by
the Moiré structure with a ~30 A periodicity (Figure 4-2¢,d). The apparent height of
the islands is about 0.8 A (depending on the tunneling conditions, though). Note also,
that under certain tunneling conditions the island edges look much higher than the
interior region, thus indicating very different electronic structure of the step edges.

As shown in Figure 4-2e,f are STM images of the sample which was prepared
by deposition of 1.2 ML Fe to form a continuous FeO(111) film with equivalent film
coverage of 0.8ML. The Au and oxide surfaces in the film displayed in Figure 4-2e
can clearly be distinguished by the “herring-bone” (on Au) and Moiré (on FeO)
patterns. In contrast to the low coverage regime, Au(111) ad-islands are surrounded by
the FeO(111) surface. This formation of Au islands on the Au(111) surface has also
been observed after lifting the reconstruction by high exposures to CO**. These
islands are most likely resulted from ~4 % excess of the Au atoms accommodated in
the top layer *****’. Profile analysis indicates that two layers’ thick iron oxide islands
may also be formed as shown in in the insert of Figure 4-2f.
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Figure 4-3. STM images of oxidized FeO/Au(111): (a,b) 0.45ML; (c,d) 0.8ML. The distorted
herringbone reconstruction is indicated by dashed black lines in (b). The grayscale image inserts
in (b) with a high contrast show the distorted herringbone reconstruction. STM Tunneling
conditions (a)-1.0 V, 0.14 nA ; (b) -0.9 V, 0.08 nA; (c)-1.0 V, 1.2 nA; (d) -2.1 V, 0.5 nA.

To directly link to reactivity measured in the mbar range, we oxidized the as
prepared film in 10 mbar of O, at 470 K. STM images of the 0.45ML sample are
displayed in Figure 4-3a. Basically, the film morphology remains the same: The
lateral size and shape of oxide islands are not changed, and the “herringbone” Au(111)
surface between islands can still be resolved. However, the Moiré periodicity on the
islands increased from ~30 to ~45 A. This finding well agrees with the LEED results
we got in another chamber showing that the lattice constant considerably decreases
upon high-pressure oxidation.'"” Indeed, a shortening of the FeO(111) lattice constant
reduces the mismatch with the Au(111) surface and hence increases the periodicity of
the coincidence structure, which can be described as 14xaFeO,=15xaAu(111)=43.2 A,
using a(FeO,)=3.08 A '"°. In addition, the islands height increased from initial 0.8 to
1.5 A, albeit both affected by the tip conditions and tunneling parameters.

In contrast to the 0.45ML sample, oxidation of the 0.8ML sample, showing
extended FeO(111) patches, resulted in substantial surface reconstruction as shown in
Figure 4-3b,c. The terraces now expose such a rough surface that oxide and metal
phases can hardly be differentiated. Although the structure of the film underwent
substantial reconstruction, oxygen enrichment of this sample seems consistent with
the low coverage sample, which is confirmed by the following TPD and AES
measurements.

As shown in Figure 4-4, the O/Au intensity ratio comparison indicates that the
films became enriched in oxygen and approached the formal stoichiometry FeO i
(x~0.27 at 0.45ML and ~0.38 at 0.80ML) upon exposure to 10 mbar O, at 470 K as
measured by AES. However, in the case of FeO(111)/Pt(111), same treatment gave the
x as 0.8-0.9 due to the transformation from Fe-O bilayer to an O-rich O-Fe-O trilayer
structure. Less O enrichment in Au(111) supported films than in Pt(111) supported
ones manifests formation of another O-rich phase on Au(111).

The oxygen enrichment is also evidenced by TPD. In order to avoid the risk of
damaging the Au crystal because of the low melting point, heating was stopped at 850
K, which is not sufficient to decompose the FeO overayer, usually occurring at around
1150 K. Only negligible amounts of oxygen desorption was detected from O-rich FeO
/Au(111) samples at both coverages. The peak area basically scales with the film
coverage increasing from 0.45ML to 0.8ML.

The TPD experiments were also conducted in another set up for both FeO/Pt(111)
and FeO/Au(111) systems '°. Again, the results shows that desorbed O, on
FeO,.x/Au(111) surface is much smaller than that on FeO,/Pt(111) and constitutes
only ~5% of that on 1 ML FeO,/Pt(111) surface. Since dissociative adsorption of O,
on Au single crystal is not energetically favorable ***, it appears that this is essential to
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facilitate the oxidation of FeO into FeO, when supported on Pt(111). As a result, less
oxidized iron oxide phase is observed on Au(111).

Limited resolution of the STM images cannot provide direct evidence for atomic
structure of the O-enriched phase. However, there is a certain effect of high pressure
oxygen treatment on FeO(111) islands, ultimately causing changes in the surface
lattice parameter and island height as measured by STM. On one hand, such a
“thickening” would be consistent with the formation of additional O-layer in the
structure. On the other hand, the amount of WBO measured by TPD is equivalent to
about 8 additional oxygen atoms that have to be distributed in the entire Moiré
supercell, which in turn consists of 80 FeO(111) unit cells. In principle, a shortening
of the surface lattice constant could readily increase the surface rumpling and hence
the apparent height”’. The interpretation to the detailed structure of the O-enriched
phase needs further DFT calculations.
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Figure 4-4. AES spectra of the 0.45ML and 0.8ML FeO/Au(111) films before and after oxidation in
10 mbar O; at 470 K. Insert: 32 amu (02) signal in TPD spectra of oxidized films. The heating rate
is 2 K/s.(see text)

4.2.2. CO oxidation on FeO/Au(111)

CO oxidation reaction on FeO/Au(111) was tested in another setup which was
not equipped with STM to directly measure the FeO(111) coverage. Therefore, we
first address coverage calibration. Film thicknesses estimated from XPS and/or AES
measurements using tabulated values for fitting parameters (such as a mean free path
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of electrons and across section) which are commonly derived from experiments
performed on few nanometers thick films becomes rather inaccurate in the case of

ultrathin, e.g. monolayer films>.

In our previous study, the coverage of sub-monolayer FeO(111) films supported
on Pt(111) could be determined by CO titration of the bare Pt surface with TPD since
FeO(111) does not adsorb CO*'”. However, in the case of Au(111) as a substrate, the
metal surface could hardly be titrated by CO and other probe molecules because all
desorption signals on Au(111) at temperatures above 90 K accessible with our setup
are commonly associated with the surface defects. Nevertheless we can calibrate the
coverage of ultra-thin FeO/Au(111) by taking FeO/Pt(111) as a reference and linking
two systems via AES. The rationalities of this approach is based on certain
prerequisites:

1) Precise morphology of the islands does not affect the CO uptake results as
the DFT calculations showed only small changes of the CO adsorption
energy for the Pt sites close to FeO(1 1 1) islands as compared to the regular
sites.

2) Au and Pt, being neighbors in the Periodic Table, exhibit similar fingerprints
in AES (and XPS). A very small kinetic energy difference of Auger electrons
in Au and Pt (239 and 237 eV, respectively) implies the same mean free

path.

3) Measurements on both systems were carried out with the same spectrometer
and the same parameters (e.g. excitation energy, oscillation voltage,

acquisition time, etc.) all apparatus effects are self-cancelled.
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Figure 4-5. (a) The relationship between the Auger 0(512 eV)/Pt(237 eV) signal ratio and film
coverage obtained for FeO(111)/Pt(111) films and measured by CO titration.(NB: The sample at
1.1 ML showed no CO uptake and the coverage was determined by extrapolation using the Fe
deposition time). (b) The relation-ship between the Auger Fe(653 eV)/Au(239 eV)signal ratio
obtained after Fe deposition on Au(111)and the O(512 eV)/Au(239 eV) signal ratio measured

after oxidation step. The opened and filled symbols show data for the samples used for reactivity
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studies and structural characterization upon high pressure oxygen treatment, respectively. (The

results in (a) are provided by Dr. Pan)

The intensity ratio of the O (at 512 eV) and Pt (at 237 eV) Auger electrons is
linearly proportional to the FeO coverage measured by CO uptake as shown in Figure
4-5a. Because the elemental sensitivity of the corresponding Auger line in Au is about
5% higher than in Pt.>° the FeO(111) coverage on Au(l11) can fairly well be
determined by measuring the intensity (I) of the O(512 eV) and Au(241 eV) signals
and taking into account a 5 % higher elemental sensitivity of Au as compared to Pt.
This finally results in the FeO(111) coverage (0re0, in ML) on Au(111) as:

I 1
o@512eV o@512eV
epeo/Au = I /1 05 S = 095 X —I
Au@239eV/ +- FeO/Pt Au@239eV
Where Sgcosp: is the slope of the curve in Figure 4-5a.
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Figure 4-6.(a) Kinetics of CO; production in the circulating mixture of 10 mbar of CO and 50 mbar
of 0, (He balance to 1 bar) on the pristine and FeO(111) covered Au(111) surfaces at 480 K. (b)
The initial rate as a function of the FeO coverage.(measured by Dr.Weng 115)

The reactivity was performed in the circulating mixture of 10 mbar of CO and 50
mbar of O, (He balance to 1 bar) at 480 K. The reaction was performed in excess of
oxygen in order to avoid film dewetting occurred in stoichiometric or CO-rich

conditions in FeO/Pt(111) system' .

Figure 4-6 presents a comparison between the CO; production on FeO/Au(111)
and Au(111) single crystal. As expected, the clean Au(111) surface is inert in this
reaction. (Some CO; production can be attributed to reactions on the sample holder
and heating wires). We focus solely on the initial reaction rate measured within the
first 10-15 minutes. The rate strongly depends on the FeO(111) coverage and shows a
maximum at about 1 ML (Figure 4-6b). Data scatter at high coverages where iron
oxide phases other than monolayer FeO(111) can readily be formed'*’".

Such a volcano-type curve has previously been observed in our experiments on
FeO/Pt(111)*" but the highest rate was got at the 0.4 ML. So the active sites at
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oxide-metal interface were invoked for explanation. Apparently, maximum rate
obtained at about 1 ML in FeO/Au(111)system, the reaction is related to the total
surface area of the FeO(111) phase rather than the interface premier. These results
suggest that: 1)the reaction primarily occurs on oxide surface rather than at
oxide/metal interfacial sites; 2)at nominal film thickness above 1 ML, other
structures start to form which are inactive in this reaction, but dominate at high film
thicknesses. Both conclusions are quite different with the scenario of sub-monolayer
FeO/Pt(111). Indeed, CO very weakly adsorbs on the Au(111) surface in contrast to
Pt(111), and hence the reaction on Au supported islands does not benefit from having
the oxide/metal interface. With increasing nominal film thickness above one
monolayer, FeO(111) may transform into another phase such as Fe;O4(111) which

112
shows no rate enhancement” “.

4.3. FeO(111) films on Pt(111) at sub-monolayer coverage

4.3.1. Preparation

Structure and preparation of ultrathin FeO(111) film supported on Pt(111) has
been extensively studied since early 1990s>'*. Generally, these two-steps
preparation recipes can be divided to two categories: 1) Fe deposition in UHV
followed by high temperature postoxidation®' %> which is adopted by our group,
denoted as Recipe I; 2) Fe deposition in O, followed by UHV annealing®'**'* ***,
which is adopted by Bao’s group, denoted as Recipe II. Both kinds of recipes can
give a well-ordered FeO(111) film and the annealing temperature is crucial for the
morphology at sub-monolayer FeO coverage. Previously, our group used oxidation in
the pressures of mbar range, while Bao’s group found that that sub-monolayer FeO on
Pt(111) can be transformed into FeO, upon oxidation in 5.0 X 10°% mbar O,, and the
FeO to FeO, transformation on closed FeO film occurs at the O, partial pressure
above 1.0 x 10 mbar. In order to compare and see the difference, if any, we
examined both recipes in one setup. In the first part of this section, we will address
morphology evolution of 0.7ML FeO(111) with different temperature post-annealing
and their transformation to FeO,. In the second part we studied 0.5ML FeO(111)
oxidized in mbar range and ~5x10" mbar 0O,.

The cleanness of Pt(111) surface was first checked by AES and STM to ensure
the complete consumption of C contamination as shown in Figure4-7a. 0.7 ML
FeO(111) was prepared by Recipe I: 0.7 ML of Fe was deposited onto Pt(111) single
crystal at room temperature followed by oxidation in 1 x 10 mbar O, at 900 K for 2
min, STM images are shown in Figure4-7b,c. FeO(111) shows as almost continuous
film with some uncovered hexagonal-like “holes” and exhibits the well-known Moiré
pattern with periodicity of ~2.5 nm and a corrugation amplitude of ~0.1 A'%%. In
addition, some second-layer islands attach at the edge of the holes.
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Figure 4-7. STM images of (a) Clean Pt(111) single crystal surface; (b, c¢) 0.7ML FeO(111).
Tunneling conditions: (a)1.0V, 0.3n4; (b, ¢)-0.7, 0.09nA.

Then we prepared FeO(111) following Recipe II. 0.7ML Fe was reactively
deposited in 1x10"mbar O, at room temperature, and then annealed in UHV at
different temperatures. Corresponding STM images are shown in Figure 4-8.
Applying 570K post-annealing, most islands are highly dispersed and worm-like with
width of ~7 nm (Figure 4-8a). Increasing the annealing temperature to 673K results
in aggregation of the FeO nano-islands with more regular shape, and they are still
highly dispersed(Figure 4-8b); further temperature increasing renders FeO to form
continuous film with uncovered holes (Figure 4-8c¢) just like what we observed for
Recipe I in Figure 4-7b. High resolution images show the same Moiré¢ pattern
periodicity with the film prepared by Recipe I too, which indicates the films prepared
by both recipes are all FeO(111), except the final morphology depending on
annealing temperature.

Figure 4-8. STM images of 0.5ML FeO(111) with elevated post-annealing temperatures: (a) 570K;
(b)670K; (c) 770K. Inserts are higher resolution images. Tunneling conditions: (a) 2.0V, 0.1n4; (b)
3.0V, 0.05nA4; (c) 2V, 0.1nA.

Next step, we oxidized the sub-monolayer FeO(111) prepared by Recipe II in 10
mbar O, at 470K and 5x10°mbar O, at 570K respectively, which is in accordance
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with the FeO, preparation recipes reported by both groups. Corresponding STM
images are shown in Figure 4-9. Both samples show similar morphology: compared
with the pristine FeO(111), the Moiré periodicity of the both oxidized samples have
been kept but the surface corrugation become larger, all typical FeO, features
reported. However, there are more surface contaminations on FeO, oxidized at 10
mbar O, (Figure 4-9a,c), which could, in principle, be attributed to hydroxyl species
derived from reaction of the FeO, surface with traces of water at such high

211
pressures .

The conclusion that sub-monolayer FeO structure can be oxidized to the FeO,
trilayer structure under high vacuum and mbar range oxidative conditions is in
consistent with Bao’s group™°®. With respect to the necessity of O, partial pressure
above 1.0X 107> mbar range for full coverage sample oxidation, the ease oxidation in
~10° mbar for sub-monolayer sample may be due to the presence of opened Pt
surface, which facilitates the O, dissociation and O intercalation at the FeO/Pt

interface >¢.

30nm .4

Figure 4-9. STM images of FeO(111) oxidized (a,c) in 10mbar O; at 470K and (b,d) 5x10-°mbar O
at 570K. Tunneling conditions: (a,c) -1.5V, 0.1n4; (b,d) 2.0V, 0.1nA.
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4.3.2. Thermal reduction of sub-monolayer FeO,/Pt(111)

Our group’s study of various metal-supported ultrathin films (ZnO, FeO, RuO,
and MnO) in CO oxidation reveals that the reaction rate is inversely proportional to
the binding energy of the most weakly bound oxygen,'** at least for fully covered
films. For FeO/Pt(111) system, coverage decreasing to 0.6ML gives rise to a lower O,
desorption temperature >'’, which can be used as a qualitative measure of the WBO
binding energy. Apparently, the WBO binding energy is dependent of the film
structure changes brought by the sub-monolayer coverage, which is in agreement with
the recent results of ref **’. In order to shed more light on this issue, we examined
thermal reduction of sub-monolayer FeO,/Pt(111) by STM, TPD and AES.

The experiment was performed on a 0.5ML FeO/Pt(111) sample. After oxidative
treatment at 10mbar O, and 470K, the obtained FeO, was firstly flashed to 870K to
get a full desorption curve of WBO. Then the sample was re-oxidized and stepwise
flashed to 630K and 700K in front of the QMS to record the O, desorption. Followed
every flash, AES and STM measurements were conducted to measure composition
and morphology changes. Subsequently, 900K UHV annealing was applied to
completely reduce the FeO, to FeO. At last, we re-oxidized the sample again.

Fe(Q?2
— First flash to 630K
3 Second flash to 700K

32 amu O, signal

T ' | ' T T T T T T T
500 600 700 800 200

Temperature/K

! !
300 400

Figure 4-10. O; (32 amu) TPD spectra of 0.5ML FeO,/Pt(111). Heating rate is 2K/s. (see the text)

Figure 4-10 shows O, TPD spectra. Continuous heating to 870K gave rise to a
desorption peak that starts at ~600K and reaches the maximum at 702K. This peak is
at considerably lower temperature than previously observed for the closed films, i.e.
at ~850 K. The first flash only to 630K basically coincides with the previous spectrum.
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The second flash to 700K starts, however, at the final temperature of the previous
TPD run, i.e. at 630K. STM images after every heating are presented in Figure 4-11.

40nm

__40nm
- T |

L 20nm
T =T

Figure 4-11. STM images of as prepared FeO(111) (a,d), oxidized to FeO(b,e), flash to 630K(c,f);
further flash to 700K(g,j); following annealing at 900K for 1min(hk); re-oxidized to FeO:(il).
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Dashed profile line in (f) represents the border of undesorbed top layer O; dashed broken line in
(i) represents the interface between FeO island and the Pt terrace. Tunneling conditions: (a,)
-2.4V, 1.6n4; (d)-2.0V, 1.6n4; (b,e)-1.8V, 0.5n4; (c,f)-1.8V, 1.1n4; (g) -1.8V, 0.7n4; (j) -1.7V, 1.0n4;
(h, k) -2.2V, 1.0n4; (j) -1.7V, 1.0nA; (i) -1.8V, 1.0nA4; (j) -2.0V, 1.0nA;

STM images of the “as deposited” FeO(111) (Figure 4-11a, d), which shows
individual islands with Moiré structure on top as presented in last section. After
oxidative treatment at 450K in 10mbar O,, AES shows a ~2 times enhancement of O
signal at 510eV (Figure 4-12 red). General morphology of the obtained FeO, phase
remains the same, except larger surface corrugation of the Moiré structure and more
surface contaminations both on the support and oxide islands (Figure 4-11b, e).
Interesting phenomena appears after 630K flash: The Moiré spots like domains
related to FeO, structure disappears but not randomly. Those are mostly missing at the
edge of the islands, thus forming FeO, - free “belt” with width of ~3.5nm alongside
the edge as highlighted by the dashed line in Figure 4-11f. Although desorption may
also happened in the inner part of islands, the preferential desorption at the edge is
obvious, which indicates the weaker bonding of oxygen at the edge of the islands.
Thus the continuity of desorption in the second TPD run that starts at 630K become
reasonable; the onset desorption temperature of the oxygen left at the rim of WBO
region of the FeOx island is 630K. The amount of FeO, features becomes less after
700K flash. (Figure 4-11g, j) This may suggest the movement of top layer O is
activated in between 630-700K. The FeO,-free area shows virtually identical Moiré
structure as of pristine FeO(111). Also O signal intensity gradually decreases
compared to the oxidized FeO, phase in AES spectra (Figure 4-12 blue, pink). Final
UHV annealing to 900 K completely decomposes the FeO, leaving a FeO/Pt(111)
behind (Figure 4-11h, k), also confirmed by the Fe:O ratio in AES (Figure 4-12
green). In addition, the islands’ coalescence was also observed and the islands shape
became irregular. After following reoxidation, the FeO, structure is recovered as
shown in Figure 4-11i, 1 and the corresponding AES signal (Figure 4-12 deep blue)
is equivalent to that of original FeO,(Figure 4-12 red).

The desorption temperature can be used as a qualitative measure of the WBO
binding energy. Lower desorption temperature of top layer O at the edge compared
with at interior of the islands is in consistent with the DFT+U results of Giordano et
al.>® Their model is composed of regions of bare and FeO(111)-covered Pt(111)
surfaces that coexist with regions of embedded FeO, trilayer islands. They found that
the easiest to reduce are the edge sites of the FeO; islands, with the desorption energy
as low as 0.71 eV. O desorption (vacancy formation) is accompanied by a substantial
electron transfer towards the Pt substrate, and the structural relaxation enables a local
recovery of the quasiplanar FeO structure. The second easiest desorption site locates
at FeO,/FeO boundary with desorption energy of 1.38eV. This configuration
completely supports the ordered desorption of top layer O from the edge towards the
center of the island as shown above.

In the next step, we monitored reaction of FeO, islands with CO.
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FeO (Figure 4-5 a,d)
FeO, (Figure4-5 b,e)

630K flash (Figure 4-5 ¢,f)
700K flash (Figure 4-5 g,j)
900K annealing (Figure 4-5 h,k)

Reoxidized FeO, (Figure4-5i,l)

400 450 500 550 600 650 700
Energy/eV

Figure 4-12. AES of FeO(111) corresponding to STM images in Figure 4-11.

4.3.3. CO reaction with FeO,/Pt at sub-monolayer coverage

Mars-van-Krevelen process for CO oxidation on full oxide film surfaces includes
CO oxidation by the oxide lattice oxygen and O vacancy replenishment by gas phase
oxygen. Our group’s work provided solid evidence that the full coverage FeO(111) is
inert to CO oxidation, but the O-enriched FeO, phase formed in mbar rage oxygen or
oxygen-rich mixture gas is quite active. Experiment and DFT calculation suggest the

. . 113-114, 153154
reaction process follows Mars-van-Krevelen mechanism ’ :

1) Ambient CO binds strongly at the C end to one lattice O in the top layer
of FeO,, with formation of a CO, molecule that desorbs leaving an
oxygen vacancy.

2) Oxygen vacancy is replenished by one O atom of the O, molecule and the
second O react with CO to produce another CO, molecule

Note that the above scenario was suggested on close, dense films. In the case of
the sub-monolayer coverage, the reaction rate is enhanced, which reaches a maximum
at approximately 0.4 ML.*'" It was suggested that CO adsorption on Pt at the
periphery of FeO, island increases the residence time to react with WBO supplied by
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the island edge through a Langmuir-Hinshelwood mechanism.
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Figure 4-13. STM images of top layer O change with CO exposure time: (a) as oxidized; (b-e):
elapsed time of 2min, 4min, 8min, 12min. inserts in d and e are the zoom in images to show the
left FeO-like surface underneath the top layer O; (f) shows the top layer O amount decreases with
CO exposure time with quadratic fit. The temperature is 450K. Tunneling conditions: (a, b)-3V,
0.1nA; (c, d)-3V, 0.07nA; (e)-3V, 0.06nA.

Based on the above O desorption results and previous results for CO oxidation,
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the following experiment was performed in ambient CO of pressure 1x10° mbar at
different temperatures to monitor the reaction of FeO, islands with CO. After certain
time’s exposure, the sample was observed by STM. Prior to the experiment, the
fully-oxidized samples were annealed at corresponding temperatures in UHV (without
CO) as blank experiment and no O desorption was observed in the temperature range
of 450-300K.

STM images of sample exposed to CO at 450K for the different times are shown
in Figure4-13. The first 2min reaction eliminates the Moiré spots-like FeO, domains
at the edge of islands. As exposure time increases, the reaction propagates from
islands’ edge to interior. The resulted FeO,-free region shows the structure virtually
identical of the pristine FeO/Pt(111) (inserts of Figure4-13d,e). The island was
completely reduced to FeO(111) after 13min exposure in total (not shown here). The
reduction kinetic determined by STM is shown in Figure4-13f. The decay is fitted
with an excellent parabolic fit for the left FeO, area percentage with exposure time:

FeO, percentage = 0.006t% — 0.153t + 1.000

Figure 4-14. High resolution STM images of partially reduced FeO;. islands. Tunneling conditions:
-3V, 0.05nA.

A closer examining on higher resolution images in Figure4-14 shows that O
Moir¢ spots-like domains’ shrink from the outer boundary of FeO,/FeO similarly to
that observed on closed films at mbar pressures by Lewandowski'>*. Although the
detailed mechanism is still not clear, it’s obviously that the reaction front velocity
depends on many parameters such as edge orientation and even island size. Although
precise relationships are difficult to establish, the kinetics of parabolic decay fit of
FeO; reduction in is characteristic for decay of two-dimensional islands involving
bond-breaking at the edge sites, as observed, for example, for graphene etching in
hydrogen atmosphere, and can be explained by the model of a detachment-limited
etching process following first-order kinetics: 2**2*°
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dr
— = constant
dt

With r is the radial length of top layer O area.

Ea=40 kJ/mol=0.42eV

22 24 26 28 30 32 34
1000/T(K™)

Figure 4-15. STM images of the first circle of Moiré like O domain at islands edge reacting in

1x10¢ mbar CO with temperatures and time of 425K,1min(a), 400K, 6min(b), 350K, 18min(c),

300K, 65min(d). (e) Arrhenius plot for the reaction rate(1/t) signal as a function of reaction

temperature. Tunneling conditions: (a-d) -3V, 0.1nA.

The experiments were performed at different temperatures between 300 and 450
K. The reaction slows down at low temperatures as demonstrated by STM image
Figure4-15(a-d): morphology after reaction for 1 min at 425 K (Figure4-15a) is
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equivalent to to that for 6 min at 400 K (Figure4-15b). Because the complete
transformation at low temperatures requires too much time, as a crude approximation,
we used the reacting time it takes to remove the Moiré spots like O domains at the
edges to estimate the reaction rate. The reaction at 450 K was found too fast to
determine the decay time precisely. Assuming that the CO reaction with O in oxide
follows an Arrhenius-type behavior, the plot shown in Figure4-15e yields ~40 kJ/mol
for the apparent activation energy. This value is substantially smaller than ~ 115
kJ/mol reported for CO oxidation on dense films in the mixture of 10 mbar CO and 20
mbar O, at 410-450 K, which indicates that it is likely the replenishment of oxygen
atoms reacted with CO that is the rate-limiting step in the CO oxidation reaction at
steady state.

We could not achieve high resolution with our apparatus to address the atomic
structure. However, the STM images displayed show that the Moiré spots like O
domains disappear not uniformly, but from the side that is closer to the island edge.
Apparently, the FeO, spots in the interior region remain unperturbed. This finding
indicates that, under low pressure conditions used, the reaction does not occur on the

“intrinsic” FeO/FeO, interface within the FeO, structure, which otherwise should
result in uniform and homogeneous shrinking of the FeO, spots throughout the entire
island surface. The results show that oxide reduction by CO primarily takes place at
the interface between the compact FeO, surface and the reduced FeO(111)-like
surface formed by reaction with CO, which is quite different with the “intrinsic” FeO
phase at the O domains’ interface.

Observation of Lewandowski et al °* on closed FeO, films at the mbar pressure

CO indicates the top layer O vacancy defects ignite the reduction process. Although
these defects are still poorly defined, corresponding enlarged holes undergoing
reaction with CO also present FeO-like phase on the bottom. In the case of partially
covered films, the reaction is definitely initiated at the island edges. It appears that
such sites ignite the reduction process in CO ambient, which then propagates across
the surface leaving the FeO-like surface behind. In principle, this would be consistent
with the DFT predictions®'’, which shows the lowest O vacancy formation energy
(1.31 eV) belong to the oxygen atoms at the FeO,/FeO interface, although the value
was calculated for the case of “intrinsic” FeO/FeO,. The respective energies for
interfacial oxygen atoms at FeO,/Pt are 1.58 and 1.53 eV, i.e. considerably lower than
for topmost oxygen in FeO, trilayer (1.67 eV), and all these are more weakly bound
than on the FeO/Pt interface (2.15 eV). This means that once the O vacancy is formed
on FeO, surface, the ambient CO will preferentially react with the surrounding O on
FeO,, which induced the expansion of this vacancy. However, oxygen extraction
characteristics are quite sensitive to the oxide coverage and the local structure of the
FeO,/Pt interface that, in turn, depends on the oxide/metal registry within the Moiré
cell. Nonetheless, our STM results clearly show that CO first reacts at FeO, /Pt
interface due to its strong adsorption on Pt(111) providing large residence time to
react.
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Based on results and analysis upwards, a proposed scenario is schematically
showed in Figure 4-16. For simplicity, the edge solely exposes FeO,/Pt. First, CO
adsorbed on Pt reacts with the O atom at the island edge (the binding energy 1.67 eV)
and the produced CO; desorbs immediately. The Fe atoms around the O vacancy
relax and strongly bind to Pt, thus forming locally a FeO-like bilayer structure.
Further CO reaction with this site is hardly possible as it requires about 2.15 eV to
extract oxygen from FeO/Pt, thus the reaction pathway involving CO on Pt is
self-terminated. However, CO can readily react with newly formed FeO/FeO,
interface created in the first step, as the oxygen extraction from the latter costs only
1.31 eV. In principle, CO may either react directly with this weakly bonded O atom
via Eley-Riedel type mechanism or adsorb on a neighboring low-coordinated Fe atom
via Langmuir-Hinshelwood mechanism. In any case, this process repeats itself and the
interface spatially shifts towards the O-rich phase in the interior region such that the
reaction propagates like a wave. In principle, the proposed scenario can be adopted
for other possible FeOy/Pt structures at the island edge in the oxidized films. Also, in
the initial stages the reaction may propagate along the island edge via the same
mechanism, ultimately consuming the O domains at the edges as observed by STM. It
is important to note, that although the O-depleted areas left behind the reaction front
showed STM fingerprints of well-ordered FeO(111), its atomic structure and hence
interface to the “compact” FeO, domains remaining in the interior region seems to
considerably differ in reactivity as compared to the “intrinsic” FeO/ FeO, interface
in the pristine FeO, films. Therefore, the interface between initially present “O-rich”
FeO; structure and “O-poor”  structure formed upon reduction may become highly
reactive towards CO oxidation.
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Figure 4-16. Proposed scenario of CO reaction with FeO,/Pt(111) island: @ initial state of the
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system with FeO; island and CO adsorbed on Pt; @ adsorbed CO reacts with O at the bottom of
the island edge ; ® Produced CO desorbs and the edge Fe atom relaxes down to bind with Pt
support and ® form the first FeO-like structure; ® O at FeO/Fe0; edge reacts with CO to produce
CO,, the left Fe-O pair relaxes and flips to form normal FeO/Pt(111) configuration; ®-®
Repeated ®-® process with ambient CO reacting with O at FeO/FeO; interface and Fe-O pair

flipping.

4.3.4. Reaction in the CO and O, mixture

To examine the above-mentioned possibility, we exposed FeO, samples to CO
and O, mixture with different ratios at 450K for 6min. The STM images are presented
in Figure 4-17.

Figure 4-17. STM images of (a): fully oxidized FeO, sample; (b): fully oxidized FeO, sample
exposed to 1x10-°mabr CO for 6min; (c): fully oxidized FeO, sample exposed to mixture of
5x107mabr O, and 1x10-°mabr CO for 6min; (d): sample(c) exposed to mixture of 5x10-¢mabr O,
and 1x10-°mabr CO for 6min; (e): fully oxidized FeO, sample exposed to mixture of 5x10-*mabr
02 and 1x10®mabr CO for 6min; (f): fully oxidized FeO, sample exposed to mixture of
9x%10-¢mabr O, and 1x10-°mabr CO for 6min. Numbers attached are the corresponding left top
layer oxygen percentage. (b-f) are current images. The tunneling conditions: (a) -2.3V, 1.9nA4;
(b-d)-2.1V, 1.9nA4; (e,f)-3.0V, 1.9nA;

As comparison, surface morphology before and after exposure to pure CO for 6
min is shown in Figure 4-17 a, b. After surface re-oxidation and exposure in the
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mixture with stoichiometric ratio (CO: O,=2:1), the sample (Figure 4-17 ¢) exhibits
virtually identical structure as in pure CO. Subsequent 6 min exposure to the O-rich
mixture (CO: O,=1:5) “freezes” the previous structure (Figure 4-17 d), which
otherwise would completely be reduced in pure CO. However, direct exposure of this
sample (after re-oxidation) to the O-rich mixture (CO: O,= 1:5 and 1:9) still cannot
stabilize the original structure close to the island edges, although the interior regions
remain essentially intact (Figure 4-17 e, f).

Similarity of Figure4-17b and c indicates that the chemical potential of ambient
O, is not high enough to replenish the top layer O on FeO,.x consumed by CO.
However, that oxygen suppresses oxide reduction by CO in the O-rich atmosphere,
it’s a rational interpretation that under high O chemical potential, the top layer O can
be replenished and finished the catalytic cycle to produce CO, without the further
consumption of top layer O on FeO,. island as shown in Figure 4-18 c.

(a) co + 0—0—0— — €O, + [0—0—
FeO, FeO-like 02

(b) co+ ~0—0— —cCO,+ r0—

FeO-like ©©2 FeO-like ' ©02
(C) Co+0, CO, (d) COLO:‘ co,
: O— O0—0—
4.|_ FeO —,_ FeO,
FeO-like 2 FeO-like

Figure 4-18. Schematic representation of the FeO; island in pure CO and CO+0; ambient.

Small consumption of top layer O at the edge of the islands after exposure in
O-rich mixtures confirms the stability of the top layer O at the island interior in O-rich
mixture as depicted in Figure 4-18d. Replenishment of top layer O in O-rich
atmosphere implies the FeO/FeO, boundary is active site where the CO oxidation
finishes the catalytic cycle. DFT calculation to oxygen trapping and extraction
characteristics at a large variety of sites in sub-monolayer FeO,y indicates that
moderate oxygen storage/release ability at FeO/FeO, boundary makes it possible to
act as active site”®. In contrast, the easiest to reduce at FeO,/Pt boundary also implies
it’s difficult to oxidize back as shown in Figure4-17e f.

4.3.5. Next step

There still many questions remain for the ultrathin FeO at the standing point,
such as: 1). Where’s the active site for CO oxidation? 2). What’s the mechanism of
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edge effect for CO oxidation on FeO/Pt(111)? 3). What’s the structure of FeO .
(oxidized FeO) on Au(111)? Therefore, the next studies may include:

1. To measure CO oxidation rate in 10° mbar range to combine with above
shown STM results.

2. Using probe molecules which do not adsorb on Pt surface at room
temperature to exclude the residence time factor of CO oxidation on
sub-monolayer FeO/Pt.

3. DFT studies may greatly contribute to elucidate the reaction mechanism, in
particular to shed light on the structure of oxidized FeO on Au(111)

4. Based on the preliminary STM result of partially reduced FeO,,/Au(111) as
shown in Figure 4-19, reduction of FeO,;/Au(111) shows an opposite
behavior: Oxygen desorption seems to start in the interior area leaving edge
sites O-rich. This, again, suggests an important role of a metal substrate in
the stabilization and reduction of iron oxide ultrathin layer.

Partially reduced FeO2 on Pt(111)

FeO(111) on Au(111) F

@ b

Partially reduced

Figure 4-19. Partially reduced FeO;/Pt(111) and FeO1.x/Au(111) (up). Schematic drawing of FeO
oxidation-reduction process on Pt(111) and Au(111) (bottom).
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Summary

In the first part of the Thesis, we studied SMSI effects for Pt and Pd deposited
onto Fe;O4 thin film supports. The main observations can be summarized as follows:

1.

At low and medium coverages, Pt and Pd preferentially adsorbs
monoatomically on the so-called “narrow” sites of Fe;04(001)-(v/2 x
V2)R45° surface. Vacuum annealing above 700 K leads to Pt sintering and
concomitantly to particle reshaping into cuboid Pt nanoparticles at about
1000 K with the edges oriented along the crystallographic directions of the
Fe;04(001) surface.

High-temperature UHV annealing suppresses CO uptake on Pt and Pd, thus
manifesting a SMSI effect via metal encapsulation by the support. For Pt/
Fe;04(001) system, the combined LEED, STM, and TPD results provide
strong evidence for the encapsulating overlayer to be identified as FeO(111).

The comparison of the Pt/Fe;04(001) and Pt/Fe;O4(111) systems suggests
that the SMSI effect is insensitive to the particular surface structure of the
oxide.

Apparently, encapsulation and metal sintering (presumably via Ostwald
ripening), both occurring at elevated temperatures, defines the particle’s size
and morphology, as encapsulation blocks metal ripening. Due to the
relatively weaker adsorption energy of Pd than of Pt on iron oxide, Pd
sintering takes place at lower temperature and thus results in larger particles
as compared to Pt.

In the second part of the Thesis, the structure and reactivity of ultra-thin FeO(111)
films supported by Pt(111) and Au(111) were studied. The results are summarized as

follows:

l.

Sub-monolayer FeO(111) on Au(111) transform into an O-rich phase FeO
in 10 mbar O, at 470K. However, the oxygen enrichment measured is
remarkably lower as compared to FeO,/Pt(111) system, although he lattice
constant of resultant FeO,./Au(111) decreases from 3.20 to 3.05 A,
Oxidation of the dense film causes severe reconstruction. Due to weak
interaction with underlying Au support, phase transformations on Au are
most likely determined by stability of iron oxide phase, whereas a Pt support
is deeply involved in stabilization mechanism.

Sub-monolayer FeO/Pt(111) can be oxidized to FeO, in 5x10°mbar O, at
570K.

TPD and STM results on O-rich FeO, islands show that oxygen thermal
desorption is accompanied by FeO, transformation into FeO that propagates

83



Summary

from the islands edge towards the interior part., This finding is indicative of
the lower binding energy of O at FeO,/Pt and also FeO,/FeO interface.

Similarly, FeO, to FeO transformation occurs in 10°® mbar CO ambient at
low temperatures, again from island edge to interior. Temperature
dependence of this reaction at 425-300K suggests the activation energy of
~40 kJ/mol.

STM study on FeO, island in CO/O, mixture suggests the FeO/FeO,
interface sites as the active site for CO oxidation.
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List of abbreviations

AC-HRTEM Aberration-corrected High-resolution Transmission Electron Microscopy
AES Auger Electron Spectroscopy

AFM Atomic Force Microscopy

DFT Density Function Theory

DOS Density of States

DRIFT Diffuse reflectance infrared Fourier transform
EELS Electron energy loss spectroscopy

FFT Fast Fourier Transform

HRTEM High-resolution Transmission Electron Microscopy
LDOS Local Density of States

LEED Low Energy Electron Diffraction

LT Low temperature

ML Monolayer

MS Mass Spectrometry / Mass Spectrometer

PVD Physical Vapor Deposition

QMS Quadrupole Mass Spectrometer

RGA Residual Gas Analysis

RT Room Temperature

SEM Scanning Electron Microscopy

SMSI Strong Metal-Support Interaction

SPM Scanning Probe Microscopy

STM Scanning Tunneling Microscopy

STS Scanning Tunneling Spectroscopy

TDS Thermal Desorption Spectroscopy

TEM Transmission Electron Microscopy

TPD Temperature Programmed Desorption

UHYV Ultra-High Vacuum

XPS X-ray Photoelectron Spectroscopy
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