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Abstract

The high global warming potential of CH; makes the catalytic conversion
of residual CH, in exhaust gases vital for applications such as CH; combus-
tion engines and turbines, power-to-gas or biomass plants. The most active
heterogeneous catalyst system for complete CH, oxidation at low temper-
atures (< 650K) in lean reaction gas mixtures (overstoichiometric oxygen
content) is the class of Pd-based catalysts supported by (mixed) metal oxide
supports. The activity of these catalysts is closely linked to PdO content at
low temperatures, as well as structure and morphology of the nanoparticles.
The catalytic conversion proceeds with the Mars-van-Krevelen mechanism
through numerous elementary steps which consumes lattice oxygen of PdO
and produces HoO. A persistent challenge in heterogeneous catalysis in gen-
eral is catalyst deactivation, which can occur through sintering or poisoning,
and these processes also affect Pd-based catalysts for CH, oxidation. Specif-
ically, the inhibition by H,O, deactivation by PdO reduction, and sintering
are three of the core causes for deactivation. Strategies to address these issues
are the use of oxide supports with different redox properties and the addi-
tion of other noble metals to the catalyst nanoparticles, most prominently
Pt, which can alter the redox properties of the catalyst, inhibit sintering, and
manage catalyst passivation by H,O.

This work aims to elucidate the structural and morphological properties of
Pd based catalysts under transient conditions during light-off. The objective
is to improve the understanding of the mechanisms behind the enhance-
ment of catalyst performance by nanoparticle support interactions and the
addition of Pt. Model catalysts that combine geometric simplicity and mor-
phological complexity were used to address these questions. This approach
enables direct correlation of structural and morphological properties on the
atomic scale to the catalyst’s activity. The experiments were carried out in
industrially relevant temperature and pressure regimes, thereby bridging the
pressure and material gap between single crystal studies and conventional
packed-bed or monolith reactor experiments.

a-Al;O3(0001) was selected as an inert representative and CeOs as a redox-
active support with high oxygen mobility. The CeO2(001) model catalyst
support surface was prepared by reactive physical vapor deposition of Ce in
atomic oxygen atmosphere on YSZ(001), as commercially available CeO,
substrates are unsuitable for grazing incidence X-ray scattering. The re-
sulting CeOs films were thoroughly characterized by a comprehensive set of
complementary techniques to ensure tight control over its properties. The
CeO, thin films used as catalyst supports exhibited a dislocation lattice at
the CeOy/YSZ interface which enabled full coverage of the film despite the
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considerable lattice mismatch. The bulk of the film was fully oxidized with
a bulk-like lattice, while the surface was fully hydroxylated and covered with
a molecular water level, even after annealing in ultra high vacuum under
oxygen atmosphere. Two aspects of the structure and morphology were
investigated: (i) the evolution under transient light-off conditions and (ii)
the temporal evolution after each increment in a step-wise heating experi-
ment. For both studies, epitaxial Pd and PdPt nanoparticles were grown by
physical vapor deposition, and catalytic testing was conducted in a custom,
X-ray compatible operando flow cell equipped with inline mass spectrometry.
The light-off experiments conducted with Pd/Al,O3 and Pd/CeOy showed
strong dependence of catalytic activity, structure and morphology from the
support material. Notably, the reaction intermediates CO and CH5O, asso-
ciated with the Mars-van-Krevelen mechanism on PdO(101), were observed
in the exhaust gas by mass spectrometry for the first time. These observa-
tions suggest that the migration and adsorption/desorption of surface species
such as OH and CH,O are slower than desorption of gas-phase intermedi-
ates. Consequently, complete oxidation under conventional conditions may
proceed through multiple adsorption—desorption cycles. Structural and mor-
phological data recorded in parallel by high-energy X-ray diffraction (75 keV)
revealed distinct oxidation mechanisms depending on the support. The com-
parative analysis showed that CeO, inhibited sintering and stabilized the
PdO phase more effectively than Al,O3. Furthermore, the detection of ther-
modynamically unstable phases under reaction conditions provided evidence
for strong variations in local chemical potential at the catalyst surface. The
CeO, thin films used in the light-off experiments contained a small amount
of rectangular holes, which are associated with oxygen vacancy condensation.
A statistical evaluation of SEM images revealed a pronounced size difference
between NPs located on the CeO, film and those located in the holes of the
film. These results provide evidence that Ostwald ripening is the dominant
sintering mechanism on CeO4(00 1) supports and that the holes act as dif-
fusion traps, locally enhancing sintering. In the kinetic investigation, the
influence of Pt on catalytic behavior was studied by comparing the activity,
structure, and morphological dynamics of Pd/Al,O3 and PdPt/Al,O3. For
the first time, HEGISAXS and HEGIXRD were combined to characterize
catalysts under operando conditions. Regardless of Pt content, the epitax-
ial relationship between Al,O3 and the nanoparticles significantly inhibited
their oxidation compared to the larger NPs studied in the light-off experi-
ments. Pronounced morphological changes upon initial HyO desorption were
observed only for Pd/Al,O3, accompanied by significant changes in the lat-
tice constant, ultimately leading to an overall relaxation of the lattice. In
contrast, the morphology of PdPt/Al,O3 remained largely unaffected by the
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initial HoO. HEGISAXS indicated significant vertical material transport in
Pd/Al,O3, pointing to strong reaction-induced reshaping which is consistent
with the trends seen in HEGIXRD. In contrast, this was not observed for
PdPt/Al,O3. Changes in the NP morphology in this system are instead at-
tributed to the formation of PdO bulk and surface phases and slow, thermally
driven sintering over the course of the experiment. While the correlation be-
tween PdO content and catalytic activity was weak, a clear relationship was
observed between activity and the strain state of the metal phase. The lattice
of Pd/Al;O3 gradually relaxed over the course of the experiment, coinciding
with declining activity, whereas PdPt/Al,O3 retained a highly strained lat-
tice, which correlated with improved performance.

In summary, these findings provide direct insight into the mechanisms of cat-
alyst deactivation and the effects of the nanoparticle-support interactions, Pt
alloying, and strain in enhancing resistance to HoO inhibition, PdO reduc-
tion, and sintering. The use of model catalysts, combinatory X-ray tech-
niques, and relevant pressure and temperature regimes established detailed
structure-activity correlations and highlighted the role of surface diffusion,
and desorption of products and intermediates of CH4 oxidation. Overall,
these results bridge the material, pressure, and complexity gap between ide-
alized single crystal investigations and reactor studies.



Zusammenfassung

Aufgrund des starken Treibhauseffekts von CHy ist die katalytische Kon-
version von CH, Restgas in den Abgasen von Anwendungen wie Turbinen,
Motoren, Power-to-Gas Anwendungen oder Biomasseanlagen essenziell. Fiir
die vollstandige katalytische Konversion sind vor allem Katalysatoren im Ein-
satz die Pd als aktive Phase und Metalloxide als Substrate verwenden. Bei
niedrigen Temperaturen ist die Aktivitdt solcher Katalysatoren durch den
PdO-Gehalt bestimmt, allerdings sind auch Struktur und Morphologie der
Nanopartikel relevant fuer Aktivitaet und Deaktivierungsprozesse. Die ka-
talytische Umwandlung verlduft iiber zahlreiche Elementarschritte mit dem
Mars-van-Krevelen-Mechanismus bei denen Sauerstoff aus dem Kristallgitter
von PdO verbraucht mit CHy reagiert und CO5 4+ H50O gebildet wird. Eine
der groessten Herausforderung in Katalysatorendesign ist die Deaktivierung
die durch Prozess wie Sintern oder Vergiftung. Fiir Katalysatoren auf Pd
Basis sind insbesondere Deaktivierung durch HoO, Reduktion des aktiven
PdO, und Sintern relevante Deaktivierungsprozesse. Strategien zur Losung
dieser Probleme sind der Einsatz von Metalloxiden mit unterschiedlichen
Redox-Eigenschaften als Substrat sowie die Zugabe von weiteren Edelmetal-
len, insbesondere Pt, zu den Katalysatornanopartikeln. Es ist das Ziel dieser
Arbeit strukturelle und morpholgoische Eigenschaften on Pd-basierten Ka-
talysatoren waehrend des Light-Offs zu untersuchen. Dabei sollen besonders
der Einfluss des Substrat, sowie die Zugabe von Pt zentrale Aspekte sein. Die
erlangten Erkenntnisse sollen das Verstédndnis der zugrundeliegenden Mecha-
nismen erweitern und verbessern. Zu diesem Zweck wurden Modellkataly-
satoren verwendet die sich durch eine reduzierte Geometrische Komplexitét
auszeichnen und so eine Korrelation von Struktur und Morphologie mit der
Aktivtéit ermoeglichen sollen. Die Experimente wurden in industriell relevan-
ten Temperatur- und Druckbereichen durchgefiithrt und iiberbriicken somit
die Liicke zwischen Einzelkristallstudien und konventionellen Reaktorexperi-
menten mit Schiittgut oder Monolithen.

Es wurde a-Al,O3(0001) als inertes und CeO, als redox-aktives Trager-
material mit hoher Sauerstoffmobilidt Tragermaterial gewihlt. CeO2(001)
als Trégermaterial wurde als Diinnfilm auf YSZ(001) realisiert, der durch
reaktive physikalische Gasphasenabscheidung von Ce in atomarer Sauerstof-
fatmosphére auf gewachsen, da CeOo-Substrate fiir Rontgenstreuung unter
streifendem Einfall ungeeignet sind. Die so hergestellten CeO,-Filme wur-
den umfassend mit verschiedenen komplementéren Techniken charakterisiert,
um ein tiefes Versténdnis der Tragereigenschaften zu gewéhrleisten. An der
Ce04/YSZ-Grenzfliche weissen die Diinnfilme ein Versetzungsgitter auf, wo-
durch der Film trotz der Gitterfehlanpassung das Substrat vollstdndig be-
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deckte. Der Film war vollstdndig oxidiert und relaxiert, wihrend die Ober-
flache vollstdndig hodroxyliert war und selbst nach Annealing im Ultrahoch-
vakuum in Sauerstoffatmosphére eine Wasserschicht aufwies.

In den Katalyseexperiemnten wurden zwei Aspekte der Struktur und Mor-
phologie: (i) die Entwicklung unter transienten Light-Off-Bedingungen und
(ii) die zeitliche Entwicklung nach jedem Inkrement in einem gestuften Heiz-
experiment. Fiir beide Studien wurden epitaktische Pd und PdPt Nanoparti-
kel durch physikalische Gasphasenabscheidung gewachsen. Die katalytischen
Tests erfolgten in einer speziell entwickelten, rontgenkompatiblen Operando-
Durchflusszelle mit Inline-Massenspektrometrie. Die Light-Off Experimente
mit Pd/Al,O3 und Pd/CeO, wiesen eine starke Abhéngigkeit der katalyti-
schen Aktivitdt von Struktur und Morphologie der Nanopartikel sowie des
Tragermaterials auf. Zum ersten Mal konnten mit dem beschriebenen Ex-
perimenten die Reaktionszwischenprodukte CO und CH;O des Mars-van-
Krevelen-Mechanismus auf PdO(101) anchgewiesen werden. Diese Beobach-
tungen legen nahe, dass die Migration sowie Desorption von Adsorbaten wie
OH und H,O langsamer erfolgen als die Desorption dieser Zwischenprodukte.
Folglich kann die vollsténdige Oxidation in konventionellen Reaktorgeoem-
trien iiber mehrere Adsorptions-Desorptions-Zyklen ablaufen. Parallel mit-
tels hochenergetischer Rontgenbeugung (75 keV) aufgezeichnete strukturelle
und morphologische Daten zeigten ausserdem unterschiedliche vom Substrat
abhéngige Oxidationsmechanismen. Die vergleichende Analyse ergab, dass
CeOs das Sintern hemmte und PdO effektiver stabilisierte als Al,O3. Zudem
lieferte der Nachweis thermodynamisch instabiler Phasen unter Reaktions-
bedingungen Hinweise auf starke lokale Schwankungen des chemischen Po-
tentials an der Katalysatoroberflache.

Die in den Light-Off-Experimenten verwendeten CeOo-Diinnfilme enthielten
eine geringe Anzahl rechteckiger Locher, die mit der Kondensation von Sau-
erstoffvakanzen assoziiert wurden. Eine statistische Auswertung von SEM-
Bildern zeigte einen deutlichen Gréssenunterschied zwischen Nanopartikeln
auf dem CeOs-Diinnfilm und Nanopartikeln die sich in den Lochern des Films
befanden. Diese Ergebnisse sind indikativ dafiir, dass Ostwald-Reifung der
dominierende Sintermechanismus auf CeO2(001) Oberflichen ist und die
Locher als Diffusionsfallen wirken, die das Sintern lokal verstérken.

In der kinetischen Untersuchung wurde der Einfluss von Pt auf die kataly-
tische Aktivitdt untersucht indem Aktivitat, Struktur und morphologische
Dynamik von Pd/Al,O3 und PdPt/Al,O3 vergleichend analysiert wurden.
Erstmals wurden hierbei HEGISAXS und HEGIXRD kombiniert, um Kata-
lysatoren unter Operando Bedingungen zu charakterisieren. Unabhéngig vom
Pt-Gehalt und im Vergleich zu den grofleren Nanopartikeln aus den Light-
Off-Experimenten hemmte die epitaktische Beziehung zwischen AlyO3 und
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den Nanopartikeln deren Oxidation zu PdO stark. Nur bei Pd/Al,O3 wurden
ausgepragte morphologische Verdnderungen wéhrend der H,O Desorption im
ersten Heizschritt beobachtet die von signifikanten Anderungen der Gitter-
konstante begleitet wurden die letztenendlich zu einer Relaxation des Gitters
fithrten. Im Gegensatz dazu blieb die Morphologie von PdPt/Al,O3 durch
das initiale HyO weitgehend unbeeinflusst. Analyse der HEGISAXS Daten
zeigte einen signifikanten vertikalen Materialtransport bei Pd/Al, O3, was auf
eine starke reaktionsinduzierte Formédnderung hindeutet und konsistent mit
den Ergebnissen aus HEGIXRD ist. Diese Effekte wurden fir PdPt/Al,O;
nicht beobachtet. Morphologische Verdnderungen in diesem System wurden
hingegen iiber die Ausbildung und Reduktion von kristallinen PdO, PdO
Oberflichenphasen sowie langsamen, thermisch getriebenen Sintern iiber die
Gesamtheit des Versuchsverlaufs begruendet. Wahrend die Korrelation zwi-
schen PdO-Gehalt und katalytischer Aktivitéit schwach war, wurde eine klare
Beziehung zwischen Aktivitét und Anderungen der Gitterkonstante der Me-
tallphase festgestellt. Das Gitter von Pd/Al,O3 entspannte sich im Laufe des
Experiments, was mit einer Abnahme der Aktivitédt einherging, wiahrend die
Gitterkonstante von PdPt/Aly,O3 nicht signifkant relaxierte und mit einer
verbesserten Leistung korrelierte.

Zusammenfassend liefern diese Ergebnisse direkte Einblicke in die Mecha-
nismen der Katalysatordeaktivierung sowie in die Effekte der Wechselwir-
kungen zwischen Nanopartikeln und Substrat, der Beigabe von Pt und der
Anderung der Gitterkonstante auf die Erhohung der Resilienz gegen H,O,
der PdO-Reduktion und des Sinterns. Der Einsatz von Modellkatalysato-
ren, der Kombination zweier Rontgentechniken sowie die industriell relevan-
ten Driicke und Temperaturen erméglichte detaillierte Struktur-Aktivitéts-
Korrelationen und hob die Bedeutung von Oberflichendiffusion sowie der
Desorption von Produkten und Zwischenprodukten der CH4-Oxidation her-
vor. Insgesamt iiberbriicken diese Ergebnisse die Material-, Druck- und Kom-
plexitétsliicke zwischen idealisierten Untersuchungen mit Einkristallen und
Studien mit konventionellen Reaktoren.
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1. Introduction

Methane is a critical component of the modern energy landscape and a highly
valuable resource for chemical industries [1-3]. The high hydrogen density
makes methane (CHy) an excellent fuel and is commonly used in large scale
power plants but also in mobile applications such as liquefied natural gas
or compressed natural gas engines for cars or large cargo ships[4] (see Fig-
ure 1.1). In contrast to conventional petrol or diesel fuels, methane com-
busts into only CO, and H,O, omitting the emission of partial oxidation
products and most NO, and SO, emission. In chemical industries, methane,
mostly in the form of natural gas, is the main feedstock for the production of
methanol and more generally, a commonly used hydrogen source for a variety
of industrially relevant reactions [1, 5]. Furthermore, the direct conversion
of methane into chemicals with two or more carbon atoms is a heavily re-
searched area, aiming to provide alternatives to synthesis routes from other
fossil resources such as crude oil [1, 6]. Finally, large-scale infrastructure such
as natural gas pipelines and power plants can be used or upgraded to work
with hydrogen which makes methane an excellent candidate for transitional
technologies moving away from fossil fuels [1].
While the majority of methane is currently sourced from natural gas, the pro-
duction of biogas from biomass or synthetic methane (SNG) by power-to-gas
applications (see Figure 1.1) are viable options for the production of green
methane [2, 3, 5]. However, methane is an extremely potent green house gas,
greatly exceeding the effect of COy: The global warming potential (GWP) is
85 x larger over a period of 20 years and 30 x larger than CO, over a pe-
riod of 100 years [2, 3]. As a consequence, binding (inter)national legislature
and voluntary initiatives such as the Global Methane Pledge [7, 8] have been
passed to regulate, monitor, and reduce methane emissions (see Figure 1.1).
Hence, in every step of the life cycle of methane, the production or extrac-
tion, transportation, and finally combustion or conversion, the unintentional
release of methane must be prevented. Other sources of methane emissions
are agriculture [2, 3|, abandoned and operational oil and coal mining[2, 3]
operations [9], and waste treatment.

An efficient approach to eliminate methane emissions in the case of com-
bustion applications of methane is exhaust gas after treatment using hetero-



Figure 1.1: Pictogram highlighting the three main aspects motivating re-
search and development of methane catalysts: National and international
legislation, usage of methane for power production, extraction of methane
fuels from fossil or renewable sources.

geneous catalysts [10, 11], which allow the full oxidation of CH, below the
combustion temperature of methane. This is crucial, since otherwise large
volumes of gas with a typical concentration of below 0.1 % of methane would
have to be heated beyond the combustion temperature of 550 °C. Particularly
under lean (oxygen rich) conditions, palladium-based catalysts demonstrate
the highest activity [10, 12] due to the facile oxidation and reduction of Pd
and PdO, especially in the low temperature regime at 7' < 400°C [13-17].
The continued interest and research in this area discovered a number of de-
scriptors for the performance of catalysts, such as the noble metal dispersion
[18], Pd oxidation state, catalyst pretreatment [10, 19], or properties of the
oxide support [20], however, mechanistic investigations of the reaction path-
way have only emerged in recent years [10, 21, 22].

Crucial for the catalysts activity is the presence of PdO. Stable under lean
catalytic CH, oxidation conditions[17, 23, 24|, it has been reported to out-
perform Pd [15, 21]. Based on density functional theory and single crystal
investigations, the PAO(101) surface was identified as the most active sur-
face among the Pd and PdO single crystal surfaces due to its undercoor-
dinated surface atoms [12, 25]. CHy is dissociatively adsorbed by the un-



dercoordinated surface palladium species and subsequently reacts with the
undercoordinated lattice oxygen via the Mars van Krevelen (MvK) mecha-
nism to COs. Yet, several studies have shown that the coexistence of Pd
and PdO increases the activity of methane oxidation catalysts [26-28] and
pretreatment of the catalyst greatly influences the activity [10, 19]. In order
to enhance the activity and stability of the catalyst, other metals are often
used in conjunction with palladium, the most prominent example being plat-
inum. While platinum by itself shows only weak activity for CH, oxidation
at higher temperatures compared to Pd/PdO [29] PdPt alloy catalyst exhibit
enhanced stability [19] and maintain a higher Pd/PdO ratio [23] which has
been shown to improve CHy dissociation. During catalytic operations, Pd
and PdPt alloy catalysts undergo significant morphological changes, involv-
ing sintering, and redispersion. Under operation conditions and in controlled
ultra high vacuum (UHV) experiments, alloy nanoparticles (NPs) have been
reported to present Pd on the outside of the NP, while platinum diffuses to
the core of the particle [30, 31].

Strong predictors for the activity such as the oxidation state or morphology
of the NPs are influenced by the choice of support, modifying stability [32,
33], as well as enhance the catalytic activity [16, 17, 20, 34-38]. The support
effect is attributed to stabilization effects of the Pd phase, but also direct
participation of for example CeOy or ZrO, in the oxidation of COI[39] or
CHy [40]. In industrial applications, the noble metal NPs are supported by
metal-oxide supports. Al;O3 is the most common support as it is thermally
stable under operation conditions and irreducible [33]. Generally, it does not
participate actively in the reaction and only influences the dispersion, serv-
ing as a benchmark in the context of this work. In contrast, CeO, is easily
reducible and represents the opposite side of the spectrum of supports. Gen-
erally, but also specifically for CeO,, the improvement in activity is linked
to the oxygen mobility of the support [20, 33, 41]. Specifically, the Pd/PdO
ratio is larger for supports with mobile oxygen species such as CeOy [17].
In addition, Surface structures formed from Pd and CeQO,, for example by
the embedding of Pd in the CeO, surface, a strongly enhanced reactivity is
observed [42]. For the oxidation of CO, even direct participation of lattice
oxygen of CeOy was observed [39] and lattice oxygen from CeO, was found
In this work, model catalyst systems were employed to unravel the fundamen-
tal morphological and structural properties of Pd-based catalysts governing
the activity for catalytic CH4 oxidation. As support structures, Al,O3 was
chosen as representatives of a stable, inert support and CeO, as a complex,
reducible, support material actively participating in the catalytic reaction
[33, 41, 43-45]. In order to investigate the catalysts under operando condi-
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tions in relevant pressure and temperature regimes, an UHV based growth
procedure for atomically smooth CeOy(001)/YSZ(001) [46], suitable for
high energy grazing incidence X-ray diffraction (HEGIXRD) and high energy
grazing incidence small angle scattering (HEGISAXS), was developed (Chap-
ter 1). The a—Al,O3(0001) single crystal supports and CeO5(001) films
were decorated with Pd or PdPt alloy nanoparticles via molecular beam epi-
taxy (MBE) offering great control over size and composition. The fabricated
model catalysts combine a degree of complexity with structural and chemical
control that allowed direct access to the morphological and structural changes
during catalytic CH, oxidation light-off in Chapter 2 and kinetic investiga-
tions Chapter 4. In combination with inline mass-spectrometry to monitor
the catalysts’ activity and realistic operation conditions, structure and ac-
tivity were correlated. With this approach we bridge both the material and
pressure gap between fundamental investigations on single crystals in UHV
and experiments with research reactors operating at atmospheric pressure or
higher. Furthermore, the experiment design and flat catalyst geometry allow
for a homogeneous temperature profile and eliminates readsorption events of
(partial) oxidation products or prolonged dwell times of gases due to tur-
bulence. For packed-bed reactors which are commonly utilized for catalytic
investigations, these parameters are challenging to control and structural de-
tails observed in our experiments are inaccessible with powder catalysts. As
a result, our experiments with model catalysts provide new insights on the
dynamic structural and morphological evolution, necessary to improve the
atomistic understanding of the underlying catalytic reaction mechanism [47].
In light of the dynamic structural behavior of Pd based catalysts and the
complex role of metal-support interactions in methane oxidation, this work
is embedded in TrackAct [48]. We aim to bridge the gap between fundamen-
tal surface science and applied catalysis by collaboration across all length and
complexity scales from unsupported cluster investigations and modeling to
full-fledged engine test beds and fluid dynamic modeling. By combining well-
defined model catalyst systems with operando characterization techniques,
the presented work provides mechanistic insight into structure—activity rela-
tionships, oxidation behavior, and sintering phenomena under reaction condi-
tions. For this purpose, a straight-forward preparation method for atomically
smooth CeQOs films as model catalyst supports were developed. The compar-
ative operando investigation of Pd-based catalysts supported on CeO, and
a—Al,O3 establishes a framework for understanding the influence of support
properties on catalytic performance during light-off. This information is cru-
cial as light-off experiments simulate the start-up and ramp-down of engines
or reactors during which methane-slip is most pronounced. The operando
kinetic investigation of Pd/AlyO3 and PdPt/Al,O3 highlights the dynamic
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nature of catalytic CHy oxidation, especially the structural and morphologi-
cal differences in the behavior of the catalyst due to the addition of platinum.
Ultimately, this work aims to contribute to the rational design of more stable
and active Pd based CHy catalysts, by improving atomistic understanding of
the catalysts in realistic operation conditions.



2. Methodology and Theory

This chapter is subdivided into four sections covering the fundamentals of
materials (Section 2.1), heterogeneous catalysis (Section 2.2), X-ray Tech-
niques (Section 2.3) and Microscopy techniques (Section 2.4), employed in
this work.

The materials section introduces fundamental properties of the metals and
metal oxides used in this work, the methods used to prepare the model cat-
alysts, and the growth and properties of nanoparticles and thin films. In the
next section the scientific context of heterogeneous catalysis is set, specifically
the full catalytic oxidation of CH4 with Pd based heterogeneous catalysts.
The third section covers X-ray Scattering in detail and its application in X-
ray reflection, grazing incidence X-ray diffraction, grazing incidence X-ray
Scattering, and X-ray photo electron spectroscopy. Emphasis is put on the
application of diffraction as the main characterization technique of this work.
The chapter concludes with the description of the complementary microscopy
techniques that were used prior to and after the operando investigation of
catalysts.

2.1 Model Catalysts on Ideal Surfaces

The inherent complexity of heterogeneous catalysis reactors makes detailed,
atomistic studies under operando conditions challenging. Industrially used
catalysts are made from large (cm to m) monoliths which are coated with a
wash-coat containing highly dispersed (metal-) nanoparticles on a porous ox-
ide support. The complex, hierarchical structure combined with the dynamic
reaction environment under catalytic operation further limits the number of
techniques that can access structural and chemical information, especially
on an sub nanometer length scale. For this reason, atomistic properties such
as surface structure, chemistry, and adsorption sites of reactants are often
attained by studying heavily simplified model systems such as single crystals
or thin films under UHV conditions [25, 49]. In order to bridge this pressure
and complexity gap, the catalysts investigated in this work were prepared by
UHV techniques and then investigated under realistic operation conditions.



By this approach, the complexity of the catalysts is low enough to employ
surface science techniques used for the operando investigations (Chapter 2,
Chapter 4), while retaining a degree of morphological heterogeneity that rep-
resents heterogeneous catalysis reactors well. The next sections describe the
materials and preparation methods forming the basis of the operando studies
in this work.

2.1.1 Materials

This section outlines the structure and the most crucial bulk and surface
properties of the catalyst supports aAlsO3 and CeOq as well as structure
and oxidation behavior of Pd, PdO, and Pt will be introduced to form a
foundation for the discussion of the experimental results.
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Al;O3 is one of the most used oxides in heterogeneous methane oxidation
catalysts [10] and is widely regarded as inert [10, 17, 50, 51|, although pro-
motional effects have been observed as well [17, 51]. a-Al;Oj3 is the thermo-
dynamically most stable aluminum oxide and crystallizes in the corundum
crystal structure with the space group is R-3c¢ [52]. The aluminum ions Al*"
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Figure 2.1: Unit cells of Al,O3 (A), CeOy (B), Pd (C), and PdO (D) shown
at the same scale.



are octahedrally coordinated by six oxygen ions O? . Along the c-axis, the
oxygen and aluminum ions are arranged in layers, where the oxygen layers
are arranged in a hexagonal lattice. Overall, the oxygen lattice resembles a
hexagonal close packed lattice, where % of the octahedral sites are occupied
by the aluminum ions. Due to the stacking of cation/anion layers of AlyOs
along the [000 1] direction, the Al terminated Al,O3 surface is stabilized by
the formation of hydroxides [53]. This can for example affect nanoparticle
size and shape [54], poor resistance towards HyO inactivation [17], redox sen-
sitivity of Pd nanoparticles [26] or enhance nanoparticle mobility [34].
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CeOs as a catalyst support has come into focus of research due to its strong
interaction with metal nanoparticles and promotional effects for CO and CHy
oxidation in lean and rich reaction gas mixtures [10, 16, 20, 26, 35, 40, 55,
56]. CeOg crystallizes in the fluorite crystal structure in the space group F'm-
3m with the lattice constant @ = 5.41 A[57]. The Ce*" ions are arranged in
an fcc lattice and oxygen ions O?" fill the tetrahedral sites forming squares
around the Ce*" ions.
Central to the advantageous properties of CeO4 as a support for catalysts is
the facile partial oxidation and reduction of the material without structural
changes. Oxygen is readily bound by partially reduced CeO,_, and oxygen
is released from the lattice in reducing environments [35, 58-61]. Through
this characteristic, CeO, is able to influence the stability of the equilibrium
reaction Pd + O == PdO and manage water poisoning [17]. In addition,
direct participation by providing O to the catalytic reaction [10, 16, 35, 39,
55] or for the reoxidation of PAO [40, 56] have been reported. In addition,
the promotional effects of the strong interaction between CeOy and noble
metals allows for stabilization of single atom catalysts and highly dispersed
clusters [18, 62, 63]. This approach exceptional improvement of the catalytic
activity for certain reactions like CO activation, but shows poor performance
for CH, oxidation compared to nanoparticles [63] due to the apparent neces-
sity of extended PdO domains [17]. Also strong metal support interaction
(SMI) was reported for CeO, supported noble metal clusters, which modified
selectivity and activity, and increased the stability towards sintering [62].
An instructive example for the direct involvement of CeO, in the catalytic
reaction relevant in the context of this work is for catalytic CO oxidation
by Pt/CeOy [39]. The authors exposed the catalyst to CO which lead to
inactivity for the Pt/Al,O3 catalyst when exposed to CO + O, reaction gas
mixture. In contrast, Pt/CeOy remained active despite CO poisoning of the
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Figure 2.2: Phase diagrams of ceria in different redox environments (A - C),
adapted from [64]. D: Pd-Ce-O tri-phase diagram at 1100 K [65].

Pt nanoparticle. The difference in behavior is explained by the inability to
dissociativley adsorb O, on the nanoparticle as a result of CO poisoning.
Activity is maintained for the CeOs supported catalyst by providing oxygen
from the support lattice to the reaction at the support particle interface [39].
The surface phase diagrams in Figure 2.2 A-C depict the stability of CeOq
under different oxygen partial pressures (A), ratio of the HoO and Hy partial
pressures (B), and ratio of the COy and CO partial pressures [64]. The phase
diagrams were determined by density functional theory from first-principle
thermodynamics without considering surface interactions. The color-coded
oxidation states were calculated using Bader charges, and the datapoints in
each phase diagram correspond to experimental datapoints. The phase dia-
gram, describing the stability as a function of the oxygen partial pressure (A)
predicts the surface to be thermally stable in the complete probed temper-
ature range under atmospheric conditions which is confirmed by agreement
with experiment (datapoints in Figure 2.2 a). Comparison of the phase dia-
grams in Figure 2.2 B and C allows several conclusions regarding the ther-
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modynamic interaction of CeOy and reducing gas environments, as the shift
of the equilibrium lines corresponds to the effective relative oxygen potential.
The general trends are similar and show that CeOs; is readily reduced by CO
and Hy. The most pronounced difference is observed for the CeOs/CeOy 75
equilibrium line which shows that despite Hy being the stronger reducing
agent, reduction by CO occurs at larger partial pressure ratios. Since the
phase diagrams in B and C show the thermodynamics of the respective
redox reactions (COy == CO 4 O, H,O == Hy + O) this observation
implicates that already small amounts of CO are able to effectively create
oxygen vacancies in the CeO, surface. In combination, CeO4 can be consid-
ered thermally stable, but with the ability for facile reduction of the surface
in redox gas environments.

In the previous sections, the strong interactions between CeO, and Pd as
well as the reducibility of the surface were mentioned. Naturally, the inter-
play of the two properties arises for Pd/CeO, catalysts (see Chapter 2). The
tri-phase diagram in Figure 2.2 D shows the relative chemical potentials of
O, Pd, and Ce calculated from experimentally determined trends of the lan-
thanoid - palladium - oxygen systems [65]. The diagram clearly shows the
extreme conditions that are required for the reduction of CeO,. For refer-
ence, the complete phase diagrams of A-C are located within the red colored
area in D. Experimentally, the Ce-Pd phases were confirmed by Gétsch et al.
[66]. The authors deposited first Pd, then CeO, on a support. The formation
of CePd, alloys was observed atmosphere at temperatures above 1000 K in
pure Hy. This corresponds to the parameter space at the bottom front area
in Figure 2.2 D, namely Auce < —300 and Apop, < —1000. The layer sys-
tem employed also revealed a strong kinetic barrier of the alloy formation, as
CePdj is formed before CePds, despite the opposite trend of the enthalpy of
formation [66]. This indicates that the alloy formation is strongly dependent
on the Pd diffusion length.

Pd, Pt, and PdO

The catalyst nanoparticles in this work were grown as metallic Pd or PdPt
(alloy) nanoparticles. Pd and Pt both crystallize in the fcc crystal structure
(space group Fm — 3m) with lattice constants of 3.89 Aand 3.92 A(see Fig-
ure 2.1 for structure), respectively [68, 69]. The phase diagram of the PdPt
alloy has a miscibility gap with a maximum at 770°C and the solid/liquid
transition at 1500 °C which suggests the separation into Pd rich and Pt rich
domains (see phase diagram in Figure 2.3) for the temperatures and alloy-
ing compositions of this work. However, the existence and relevance of this
miscibility gap is highly disputed with direct evidence for full miscibility in
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the nanometer regime due to kinetic barriers for dealloying [70]. Thus, PdPt
alloys are considered a fully miscible alloy at any temperature within the
scope of this work.

Despite full miscibility, surface segregation of Pt was observed for PdPt al-
loy nanoparticles as a result of exposure to hydrogen annealing at elevated
temperatures [31]. The preferential surface segregation of Pt after reductive
treatment and Pd after oxidative treatment was observed via the shifts of
the vibrational bands of the probe molecule CO due to the different Pt or
Pd dominated adsorption sites. The direct implication of this is an effect on
the activity by the surface composition of the alloy nanoparticles.

In the context of this work, Pd is the material responsible for the catalytic
activity towards CHy oxidation [10]. This is based upon the capability of Pd
and specifically its (surface-) oxides for H abstraction in CHy [21, 25]. While
platinum is active for catalytic oxidation of CHy [10, 29], the overall activity
of Pt catalysts is poor compared to Pd catalysts [10, 23]. However, the addi-
tion of Pt seems to have a beneficial effect on the stability and selectivity of
the catalyst nanoparticles [10]. As previously discussed, a major weakness of
Pd based catalysts for CH, oxidation is the strong interaction of the active
PdO(101) surface with water and hydroxile groups. Pt seems to counteract
this weakness and PdPt nanoparticles show a higher resistance to poisoning
by water [10, 19]. Furthermore, the oxidation and reduction of Pd is altered
for PdPt based catalysts. In oxygen rich environments, the metallic Pd phase
observed to be more stable for Pt containing catalysts [22].

The thermodynamics, but also kinetics of oxide formation from metal-
lic Pd and the surface reconstructions caused by oxidation are crucial to
understand for the investigation of catalysts as exposed surfaces, oxygen
coverage, and morphology directly impact the catalyst’s activity. For the
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Figure 2.4: Stability diagrams of Pd and PdO phases for the oxidation of
Pd(111) (A [49]) and Pd(110) (B [71]). In A, upward pointing triangles
indicate formation, downward pointing triangles decomposition with red cor-
responding to surface oxide and blue to the bulk oxide.

Mars-van-Krevelen mechanism, proposed for catalytic CH4 oxidation by Pd
based catalysts, the catalysts nanoparticles must expose PAO(101) surfaces
[21]. For this reason, the the following paragraphs will summarize, the be-
havior of (100)[72], (110)[71], (111)[49], (112)[73], and (55 3)[74] single
crystal surfaces. This will serve as a foundation for the oxidation behavior
of Pd nanoparticles (Section 2.1.3) and correlation of activity and structure
of Pd based catalysts (Chapter 2, Chapter 4).

The most prominent facet for the nanoparticles investigated in the context
of this work is the (111) facet which presents as a hexagonal close packed
surface in UHV. Upon exposure to increasingly large oxygen pressures at
temperatures above 523 K the surface first forms a two-dimensional, crys-
talline surface oxide with the composition Pd;O4. At oxygen partial pressures
above 0.1 mbar, the formation of bulk PdO commences via the Stransky-
Krastanov growth mode (see Section 2.1.3). The bulk oxide grows in the
(100) and (101) orientations. Notably, the structures of the surface oxide
and PAO(101) are nearly identical, indicating that this is the reason for the
formation of the (10 1) oriented domains, specifically. Up until 1 mbar surface
and bulk oxide coexist, followed by the formation of a rough polycrystalline
bulk oxide film at p(Oz) > 40 mbar. An interesting observation of the study
by Kasper et al. is the kinetic barrier for oxidation at temperatures below
523 K for which neither the formation of surface oxide, nor the formation of
bulk oxide was observed. Furthermore, the formation of the surface oxide is
only observed up to T' = 973 K, which indicates that the surface oxide itself
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Figure 2.5: Ball models of the the Pd;0, surface oxide (A) and the
PdO(101) bulk oxide surface (B) in top and side, respectively. For the
PdO model, the undercoordinated Pd and O sites are indicated by the sub-
script cus. Images taken from [76].

acts as a kinetic barrier for the growth of bulk PdO (see Figure 2.4).
Similar observations are reported for the oxidation of the (100) surface [72,
75]. Todorova et al. report the formation of the surface oxide on this palla-
dium surface after exposure to po, = 10~ mbar at 600 K for a period of 300 s.
The structure of this surface oxide resembles that of a strained PdO(101)
surface. The bulk oxide formation revealed the formation of PAO(101) at
500K and PdO(100) at 600 K in 44 mbar Oy and 5mbar CO [72]. However
instead of the continuous growth of bulk oxide, the (101) domains thickness
saturated at 5 ML and 15 ML.
The last low-index facet (110) exhibits a completely different behavior with
only the chemisorption of oxygen which leads to the formation of several
meta stable surface reconstructions. Starting at 10~2 mbar the formation of
bulk oxide was observed without the formation of a surface oxide layer.
The higher index facets (112) and (553) may be interpreted as mixed sur-
faces consisting of (111) facets and (100) steps (or short (11 3) facets in case
of Pd(112)). Notably, the (55 3) surface forms a surface oxide at room tem-
perature between 10~° mbar and 1mbar of oxygen partial pressure. Larger
(111) facets exhibit the typical surface oxide of that surface (Figure 2.5 A),
while the rest of the surface forms (3 32) facets with the same surface oxide.
Beyond 1 mbar, the formation of bulk PdO was observed. From their results,
the authors infer the necessity of oxygen induced shape changes as a result
of the exposure to oxygen [74]. Similar surface restructuring was observed
at 673 mbar for the (112) surface, which rearranges into (113) and (335)
facets at 6 x 10~7 mbar. Upon exposure to 10~* mbar, the surface starts the
formation of a surface oxide which is followed by the formation of (00 1) and
(100) bulk PdO.
In combination, these studies highlight the affinity for dissociative oxygen ad-
sorption already in high vacuum and show that oxygen partial pressures in
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the mbar regime and often elevated temperatures above 500 K are required to
trigger the formation of bulk PdO. Comparison of the presented results also
shows the dependence of the oxidation behavior of PdO with the example of
the Pd(110) surface which oxidizes directly into bulk PdO. The formation of
surface oxides observed for all other surfaces can kinetically limit the forma-
tion of bulk PdO (Figure 2.4), but also exemplifies that Pd readily oxidizes to
PdO. In addition, the more complex surfaces exhibit immense restructuring
upon exposure to oxygen, implying restructuring of nanoparticles due to the
exposure to Oy, which is discussed in detail in Section 2.2.4.

2.1.2 Ultra High Vacuum Apparatus

Surface preparation, support growth and nanoparticle growth for all catalysts
discussed in this work were conducted using a UHV-based approach. Two
UHV chambers were used for the preparation of all samples that were in-
vestigated for this work, one for the deposition of CeO, thin films discussed
in Chapter 1 and a second chamber used for deposition of Pd and Pt for
nanoparticle growth.

For the deposition of the CeOs thin films relevant equipment was the e-beam
heating capable of operating in oxygen atmospheres up to 1 x 107° mbar,
the thermal cracker as a source of reactive atomic oxygen, and the e-beam
evaporator for Ce evaporation. Samples for CeOy growth were cleaned by
annealing in air and annealing in oxygen atmosphere. Deposition of CeO,
films was achieved by evaporation of Ce metal held in a Mo-crucible of the
upward facing evaporator in reactive atomic oxygen atmosphere supplied by
the thermal cracker.

The metal (alloy-) nanoparticles were grown by controlled (co-) deposition
of the respective metals from rods. Samples for nanoparticle growth were
cleaned with the identical procedure as the CeOs thin films. For precise con-
trol over the amount of deposited material, the deposition rate for Pd and Pt
was calibrated by growing calibration samples and determining the amount
of deposited material by X-ray reflectivity (see for Figure 2.6, (description of
the method in Section 2.3.2). For Pd a deposition rate of

A
frpg = 22 x 1073 ,
nA min
and for Pt a deposition rate of
A
fpe = 5.6 x 1073 :
nA min

was determined.
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Figure 2.6: Calibration X-ray reflectivity measurements of the deposited ma-
terial. A: Data (black circles) and fit (red line) of the Pd/Al,O3 calibration
sample. B: Electron density profile from fit in A. C: Data (black circles) and
fit (red line) of the Pt/Al,O3 calibration sample. D: Electron density profile
from fit in C.

Auger Electron Spectroscopy

Auger electron spectroscopy was employed for the characterization of the
CeQs thin film surface chemistry after growth. This technique relies on the
ejection of Auger electrons by an incident electron beam. The scheme in
Figure 2.7 A shows this process for a K LL transition. For a more detailed
description and information of more advanced applications of Auger electron
spectroscopy, the reader is referred to [77]. As indicated by the name of
the transition, the Auger process involves three core levels of the atom that
is being ionized. First, the primary electron, produced by the cathode of
the Auger electron spectrometer ionizes a core level which is then filled by
a second electron of a higher shell. In this example, the incident electron
ionizes the K core level which is then filled by an electron of the L shell.
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Figure 2.7: Scheme of the Auger process separated into the electron ejection
visualized in the Bohr atomic model and the Auger process itself in a sim-
plified electronic energy level scheme.

The energy difference between the two shells Fy — E; is then used in the
ionization of a third electron, which is from the L2 shell in this example. The
energy of this electron is thus determined by the energy difference between
the K and L edge, the energy of the shell from which the Auger electron
originates, and the work function. The work function ® encapsulates the
sample and analyzer work function (®,, ®,). Hence, the measured kinetic
energy of an Auger electron is determined by

Eiin = Eg — By — @

In addition to Auger electrons, a smooth, sloped background is observed in
Auger electron spectroscopy. This background is caused by elastically and
inelastically back scattered electrons and secondary electrons (from ioniza-
tion of outer shells/valence band). In order to improve the visibility of the
comparably small intensity of Auger electrons, the spectra are differentiated
(‘é—g), enhancing the Auger electron signal. In case of the Auger electron
spectroscopy data presented in this work, the differentiated spectra are mea-

sured directly via the Lock-In technique.

2.1.3 Nanoparticles and Thin Films

A fundamental understanding of the nucleation and growth mechanisms, the
nanoparticles shape, its behavior in different gas environments, and its oxida-
tion behavior is required to control the morphology of the catalyst supports
and nanoparticles that were grown as part of this work. For this purpose, the
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Figure 2.8: A: Energy diagram describing the influence of surface and bulk
contribution to the particle energy. B: Droplet model describing the nucleus
formation as a function of surface and volume energies of a droplet. Here ©
is the contact angle of the droplet.

following section first discusses general concepts of nucleation and growth of
nanoparticles. This also applies to the growth of the CeO, thin film samples
discussed in Chapter 1 as our results suggest a complex growth mechanism
yielding an agglomerated particle film that is only transformed into a co-
herent thin film by annealing in air. Next, nanoparticle shapes will be dis-
cussed with focus on the influence of temperature, gas, and reaction induced
changes, as varying activity and selectivity is observed for different facets or
surfaces [25]. Finally, this section will conclude with insights into the ther-
mal oxidation behavior of Pd nanoparticles on Al;O3. Further reading on
general concepts in this section are found in [78]. Detailed reports on the
oxidation of nanoparticles is found in [79]. Further details on the nucleation
and growth of nanoparticles and thin films as well as intrinsic and interfacial
defects are found in [80-82], which form the basis for the following sections.

Nucleation and Growth

In the previous section the experimental means and advantages of nanopar-
ticle growth by MBE were discussed, but nucleation and growth were not de-
scribed. During evaporation, a conical stream of atoms leaves the evaporator,
pointing at the support surface. Upon reaching the surface, the evaporated
material is adsorbed by the surface. Reflection off the surface and evapo-
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ration or desorption can be neglected, since the sticking coefficient is unity
(probability of adsorption) and the sample temperature during growth was
well below the sublimation point of the evaporant for the base pressure of the
chamber. Following adsorption, atoms diffuse over the surface until a point
of nucleation is found. The nature of this location is in its core defined by the
competition of interactions of the adatom with the support and the lateral
interaction with other adatoms. The case of nucleation by the formation
of clusters on terraces without the participation of surface defects is called
homogeneous nucleation. However, for the material systems relevant to this
work, nucleation at a surface defect such as step edges, edge atoms, terrace
vacancies, edge vacancies, or color centers, called heterogeneous nucleation,
is the dominating mechanism [80]. The stability of clusters is described by
the Gibbs free energy which can be approximated by a droplet model con-
sidering the most important interactions at the sample surface (Figure 2.8).
The simplest model for this relationship is that of a spherical particle sus-
pended in a medium. The corresponding energy diagram (Figure 2.8 A)
shows that an increase in volume decreases the Gibbs free energy which is
essentially improving the stability of larger particles. This force is counterbal-
anced by the surface energy which increases with volume. Since the volume
contribution scales with r* and the surface contribution only with %, at a
certain radius which is defined by the interactions of the material forming
the particle and the surface energy, the nucleus becomes stable and further
incorporation of material further stabilizes the nucleus (vertical dotted line
in (Figure 2.8 A). For supported nanoparticles the more interactions need
to be considered leading to the surface energy being split into three compo-
nents (Figure 2.8 B). The energy of the vapor/nucleus interface (7,,), the
energy of the substrate/nucleus interface (vs,), and the energy of the sub-
strate/vapor interface (7s,). The equilibrium contact angle of this system is
given by Young’s equation

VYsv = Vsn + Yon COS(G)

with © being the contact angle of the droplet. The specific interfacial inter-
actions between support and deposit are described in detail in Section 2.1.3.
While this simple description considers the influence of the change in volume
and surface on the Gibbs free energy the interaction with the substrate is not
accurately captured. Experimentally, three growth types were observed that
are tightly connected to the interaction with the substrate: 1) Volmer-Weber
(island) growth, 2) Frank-van der Merwe (layer) growth, and 3) Stranski-
Krastanov (island/layer) growth (see Figure 2.9). For the Volmer-Weber
growth mode, the contact angle must be larger than zero, which requires
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Yso < Yns + Yon, While for the Frank-van der Merwe growth mode, the con-
tact angle must be zero which yields vs, = Yns + Yon. As previously stated,
these relations are governed by the interaction at the interface of nucleus
and support. Hence, mechanisms for this behavior is for example the lattice
mismatch between support and nucleus, where a larger mismatch leads to
an increase in strain and dislocations at the interface which in turn increases
the 7,s. For the Stranski-Krastanov growth, the relation between the surface
energies changes at a certain film thickness (in Figure 2.9 this is two mono-
layers). An example for this could be strain accumulating with increasing
layer thickness which leads to the formation of particles on top of the thin
film formed in the first step.

Shape and Defects of Nanoparticles and Thin Films

Crucial for the activity of catalysts is the exposed facet of the nanoparti-
cle [25, 83]. Hence, understanding the shape of nanoparticles and driving
forces leading to this shape are vital to further improve intelligent catalyst
design. Analogous to the discussion of cluster nucleation, the particle shape
is governed by the surface energies of the exposed facets. In the Wulff con-
struction, the particle shape is found by drawing planes with the distance
hni from the origin, so that the planes’ normals are parallel to the vector
[hk1]. The distance hpy, is given by

Ykt = chy,

where ¢ is an arbitrary constant and v the surface energy of the [hkl]
surface of the nanoparticle material. Thus, the distance of the plane is pro-

20



Figure 2.10: A: Wulff shape in the [112]/[111] plane of a nanoparticle with
Y111 < 7Yi00- B: Nanoparticle shape according to Wulff-Kaishew theorem
with strong truncation along [1 1 1] direction.

portional to the surface energy of the plane and the smallest volume enclosed
by all possible planes describes the thermodynamic equilibrium shape. An
example in two dimensions ([112]/[111] plane) is given in Figure 2.10 A,
considering only the [111] and [100] surfaces. The Wulff-Kaishew theorem
expands on the Wulff construction, by including the adhesion energy of the
particle on the substrate, which leads to a truncation h (see Figure 2.10 B)
[84]. This truncation is given by
h o Eads

b)
P Vhki

where the adhesion energy is given by Eg, = Ynp + Ysupport — YVinterf Which
is the sum of the energy gained by the formation of the interface between
particle and support and the energy required for the process of interface
formation. Up until now, nucleation, growth, and nanoparticle shapes were
discussed independent of the structural relationship between support and
film or nanoparticles and is applicable to the growth on and of single crys-
talline, poly crystalline, or amorphous supports and deposits.

In practice, the shape of nanoparticles is not exclusively governed by thermo-
dynamic properties, but growth and nucleation are kinetically limited [85].
Furthermore, the nucleation and growth environment is highly anisotropic
with inhomogeneous flux of the evaporant, anisotropic surface properties
such as step edges or epitaxial relationships to the substrate, or differing
growth rates between facets. Further sources of anisotropy influencing par-
ticle nucleation and growth are defects such as screw dislocations, mirror
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planes, point defects, or grain boundaries caused by incomplete coalescence
(85, 86].

The most crucial kinetic limitations are introduced by the lattice mismatch
f at the particle support interface which is given by

Generally, the lattice mismatch is non-zero and a principal parameter deter-
mining the interfacial relationship between deposit and support, governing
nanoparticle growth and shape. Processes to relieve the lattice mismatch are
the formation of new phases or alloying via interdiffusion, the formation of
misfit dislocations and strain. However, for the growth of metals on metal
oxides only the latter two processes are relevant as the substrates can be
considered as inert for the applied growth conditions. The type of relax-
ation mechanism at the interface for a particular material system is usually
governed by the magnitude of the lattice mismatch and the thickness of the
film. In the case of nanoparticles, the lateral size has to be considered as well.
For material systems with a small lattice mismatch, interfacial strain is of-
ten favored, as each surface atom may interact with an atom of the deposit.
With increasing lattice mismatch, energy required to deform the deposit’s
lattice becomes larger which means that dislocations are favored instead. A
similar argument explains the formation of dislocations with increasing film
thickness. With each layer that is deposited, the required energy for the
deformation of the deposit’s lattice increases, as the necessary deformation
only diminishes gradually with increasing thickness. In contrast, the energy
required for the formation of misfit dislocations is independent of the film
thickness. The dependence of the type of interfacial structure as a function
of lateral size of nanoparticles follows the same logic: With each additional
lateral layer that is added to the nanoparticle, the required deformation of
the nanoparticles lattice increases which leads to the formation of disloca-
tions starting at a critical diameter.

Comparison of the orientation of the nanoparticle ensembles in the reports
[87, 88| highlights the correlation of the nanoparticle diameter with the epi-
taxial relationship of the nanoparticles. For small nanoparticles, below 10 nm,
the ensemble exhibits exclusively cube-on-cube epitaxy [87]. Whereas, for
the in diameter nearly three times larger nanoparticles, two in-plane orienta-
tions were observed. The majority ensemble still exhibits the same epitaxy as
in[87] with the Pd[100] axis aligned with the MgO[100] (= cube-on-cube).
However, a second, minority ensemble was observed which is rotated by 3.7°
relative to the majority ensemble. Instructive is also the comparison of the
size and the height to diameter ratio of the nanoparticles. The rotated mi-
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nority ensemble exhibited an average diameter of 16.8 nm and a height to
diameter ratio of 0.488. In contrast, the majority ensemble exhibits a di-
ameter of only 14.2nm with a height to diameter ratio of 0.62. This shows
that the particle support interaction of the majority ensemble inhibits the
lateral growth and promotes vertical growth while for the rotated ensemble,
the lateral growth is favored.

2.2 Heterogeneous Catalysts for CH,4
Oxidation

Catalysts are materials that change the kinetics of a target reaction that mod-
ifies activation barriers in a way that allows a particular reaction to occur at
thermodynamic conditions at which it would not occur without the catalyst.
In addition, the catalyst material must be recoverable after reaction. The
following paragraphs will first introduce general concepts of catalysis and will
end with descriptions of the current understanding of the mechanism for full
catalytic CH, oxidation and the oxidation and shape changes induced in Pd
nanoparticles by oxygen. The following sections are based on [89-91].
Catalysts are generally separated in two classes: homogeneous catalysts and
heterogeneous catalysts. This classification refers to the phase of the cata-
lyst and the reactants. In homogeneous catalysis, reactant and catalyst have
the same phase (i.e. liquid), whereas in heterogeneous catalysis, which is
the relevant process in the context of this thesis, the catalyst is usually a
solid and the reactant a liquid or gas. Heterogeneous catalysts, for exam-
ple for exhaust treatment of combustion engines, are structurally complex
components (see leftmost image in Figure 2.11). This is motivated by the
ambition to maximize the available surface area of the catalyst while mini-
mizing the amount of noble metal. For this purpose, the catalyst structure is
optimized at each length scale. For optimal flow but also high surface areas,
the catalyst is often supported on a support structure with small channels
(i.e. honeycomb structure in Figure 2.11). The catalyst material is deposited
on this structure in form of a slurry, containing larger ceramic or metal-oxide
particles that will form the porous surface structure in the channels and the
catalytically active (noble) metal nanoparticles that provide active sites. The
slurry is calcined and often treated by oxidation/reduction cycles to optimize
nanoparticle dispersion, porosity, and stability.

Despite the widespread use of catalysts in many applications ranging from
the chemical industry to exhaust gas treatment, detailed descriptions of the
atomistic processes remain elusive [10]. However, the influence of many pa-
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Purpose-Built Ctaly
for Dynamic Kinetics
and Structure-Activity Probing

Figure 2.11: Overview of the length scales of catalyst structures with chan-
nels in the range of mm, pores in the washcoat in the range of um, and
nanoparticles in the nanometer regime. The abstracted model catalyst de-
sign, optimized for operando investigations by surface X-ray Scattering tech-
niques.

rameters has been investigated in the past decades, giving insight into crucial
properties of catalysts that govern their performance. In the context of Pd
based catalysts, the PAO(101) surface has been found to be the most active
surface [10, 21, 25, 92|, as it provides a large number of undercoordinated
surface sites required for the strong interaction between catalyst and CHy
enabling H abstraction. Yet, the coexistence of both metallic Pd and PdO
has also been reported to improve the activity [26-28]. This is commonly
attributed to the ability of metallic Pd to polarize the CH4 molecule. This
shows that the shape, size, and orientation of the nanoparticles, and hence
the exposed amount of different facets is crucial for intelligent design of a
catalyst. In addition to the active phase itself, the supporting metal oxides
or ceramics can influence the performance of catalysts directly or indirectly.
Different types of supports have been shown to influence the stability of Pd
and PdO respectively [20, 26]. Active participation of the support has been
shown for CeO, which is capable of reoxidizing partially reduced PdO;_, or
directly provide reactive oxygen species to the reaction [10, 16, 21, 35, 55]. A
crucial influence on the activity, reaction pathway, and deactivation behavior
of Pd based catalysts has been observed for water [15, 21]. The degradation
effect may be minimized by utilization of different types of support, which
has been shown by Murata et al. for different types of Al,O3 supports [17].
Finally, the addition of Pt has been shown to improve the catalytic activity
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of Pd based catalysts [19] despite pure Pt catalysts exhibiting a significantly
worse activity towards full catalytic oxidation of CH4 [10, 23]. While the
exact mechanisms that improve the activity of catalysts by the addition of
Pt remains unclear, an influence on the Pd/PdO ratio [19] and improvement
in poisoning resistance by water [22] has been linked to the presence of Pt.
The strategy to tackle these knowledge gaps employed in this work are model
catalysts (see Figure 2.11). Model catalysts employed for operando investi-
gations in this work greatly reduce the structural complexity of the catalysts.
Instead of highly complex multi-scale supports, nanoparticles are supported
by atomically smooth metal oxide surfaces. The nanoparticle ensembles
grown by UHV exhibit initially uniform structure and orientations. Yet,
the realistic nanoparticle size distributions and realistic reaction conditions
make these catalysts good approximations of industrially used catalysts.

2.2.1 Fundamental Processes in Heterogeneous
Catalysis

A catalyst converts reactants into the desired products via a number of el-
ementary steps i. The total enthalpy for a catalytic reaction is thus given
by
AH =Y oAH,
(2

which sums the enthalpy changes for each elementary step. For a good cata-
lyst, values of AH; should be relatively similar, since a very negative change
in enthalpy would have to be counterbalanced by a large positive change
in enthalpy. This effect, depending on the order of sign in the changes of
enthalpy, results in poisoning of the surface with intermediates or depletion
of the catalyst surface of an intermediate and thus a small overall conver-
sion. Figure 2.12 shows the energy diagram of catalytic CH4 conversion over
PdO(101), calculated from first-principles by DFT [92]. The initial state
corresponds to CH, in the gas phase and the final state corresponds to CO,
in the gas phase and a single O vacancy. The energy difference between the
two states is the total enthalpy change AH. The inset shows the energies
involved in a single elementary step. Here, £/, and Ef denote the energies of
the initial and final state and the energy difference between the two states
is the enthalpy change AH; of the elementary step i. In between the initial
and final state on the reaction coordinate x, a transition state is found. The
energy difference between the initial state and the final state is the activation
energy of the elementary step 1.

In addition to the thermodynamic relationship between initial, final, and
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intermediate states, this diagram also indicates how kinetics influence the
reaction pathway. In the final steps of the energy diagram, CO is converted
to COgz(g) + V over the course of five steps. The net change in enthalpy here
is positive. In combination with the lack of investigations reporting inter-
mediates of full CH, oxidation, this means that this phase of the reaction is
kinetically driven. In terms of reaction coefficients this can be expressed as
kg < k., with k; being the reaction rate for desorption and k, being the
reaction rate for conversion to CO,. Hence, the desorption occurs at much
lower rates than the conversion and only full oxidation products are observed.

2.2.2 Reaction Mechanisms in Heterogeneous
Catalysis

In a heterogeneous catalytic reaction, reactants and products typically un-
dergo a specific series of steps leading up to and following actual catalytic
conversion at the active site of the catalyst. First, the reactants must dif-
fuse through a boundary layer at the gas-solid interface of the catalyst. This
concentration gradient is strongly dependent on the catalyst material and its
interaction with the components of the reaction gas feed. Once the diffusion
layer is penetrated, the catalytic reaction can take place. This process is com-
monly classified into three classes of reaction mechanisms depending on the
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Figure 2.12: Energy diagram of the conversion of CHy by PdO(101) for
dry gas feeds. Image adapted from [92]. V indicates an oxygen vacancy
in the catalyst surface. In the inset describes the relations between initial,
transitional, and final state at the example of the elementary step convertion
CH50 to CHO. The image is a reproduction from [92] which was modified
with the inset and annotations.
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number of adsorption (desorption) processes are required (see Figure 2.13).
In the Langmuir-Hinshelwood mechanism, reactants are first adsorbed on
adjacent sites on the catalyst surface. After the reaction took place, the
product(s) desorb again. A prominent example for this reaction is the oxi-
dation of CO over noble metal catalysts, such as Pt, Rh [93], or Pd [94]. In
the Eley-Rideal mechanism, only one of the reactants adsorbs on the surface
before the reaction takes place with the second molecule in the gas phase.
Finally, the third class of reaction mechanism, the Mars-van Krevelen mech-
anism, is considered the main pathway for the full catalytic oxidation of CH,
over PdO [10, 21, 92]. This pathway involves the adsorption and reaction of
one of the reactants with the catalyst. The conversion of the reactants then
takes place between the second reactant that is also adsorbed on the catalyst
surface and the compound that has been created in the first step. In case of
catalytic CH, conversion over Pd based catalysts, this constitutes the reac-
tion of oxygen with palladium, forming PdO. Subsequently, CH, is adsorbed
on the surface where a series of reactions with lattice oxygen of the PdO sur-
face take place, which converts CH4 to COs via a number of intermediates. A
detailed report of the current understanding the reaction mechanism is given
in Section 2.2.3. After the catalytic conversion of the reactants, the products
must desorb from the surface. This does not necessarily need to take place
and can cause poisoning of the catalytic surface. These bystanders are often
forming a strong bond with the catalytic surface and have a large activation
energy for a possible following reaction step. Finally the desorbed products
diffuse through the concentration gradient at the gas solid interface before
entering the gas stream.

For the application of heterogeneous catalysis for gases with solid catalysts,
the diffusion processes only become relevant at high temperatures. At low
temperatures, the rate of catalytic conversion is governed by the reaction
rates, which typically increase drastically with temperature. Thus, only at
sufficiently high temperatures, the reaction processes become faster than the
diffusion processes.

2.2.3 Full Catalytic CH4 Oxidation Mechanism Over
PdO(101)

The currently best description of the reaction mechanism of full CH, oxi-
dation by Pd based catalysts is based on microkinetic modeling. A first-
principle derived model was presented by van den Bossche et al. [92] and ex-
tending on this with experimental insights a mean field microkinetic model by
Stotz et al. [21]. The microkinetic models were developed for the PAO(101)
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Langmuir-Hinshelwood Eley-Rideal Mars-van-Krevelen

Figure 2.13: Overview over the three classes of reaction mechanisms in het-
erogeneous catalysis. In this example, red indicates oxygen, blue, the catalyst
metal, black carbon, and white hydrogen.

surface which is ultimately motivated by numerous experiments correlating
activity with the PAO(101) content [10, 14, 28, 40] and DFT calculations of
the initial, final, and transition state of the first hydrogen abstraction over
various Pd, PdO and Pd surface oxides [25]. From the tabular data provided
in [25], Figure 2.14 was created for facile comparison of initial, transition
and final state. The bulk surfaces are labeled conventionally, /5 refers to
the (v/5 x v/5) R27° surface oxide discussed in Section 2.1.1, v/5-Pd(100) de-
notes a stripe of the surface oxide supported by Pd(100), and —r indicates
that the surface is partially reduced.

The comprehensive calculations reveal two regimes for the final energy.
The metal surfaces and the single surface oxide layer exhibit an endothermic
behavior with varying activation energies. All other surfaces exhibit exother-
mic behavior (Pd(100)-r being the outlier with nearly isothermic behavior)
with a significant spread in the activation energy and final energy state. By
comparison all energy levels between the structures exhibiting exothermic
behavior first insights are gained. All oxide surfaces, specifically the sur-
faces with a PAOJhkl(101) structure exhibit a lower initial state energy. This
effect can be explained by the projected density of states (PDOS) of the
5s orbital of Pd. A comparison between PdO(100) and PdO(101) reveals
that for PAO(101), a large portion of the PDOS is shifted above the Fermi
level. These free s — d hybrid orbitals interact with the methane molecule,
shifting electron density from between the C—H bond closest to the surface
to between the H atom and Pd. This attractive interaction is referred to
as a o-complex or precursor state and facilitates dissociative desorption by
activating the CH4 atom. Shifting attention to the activation and final state
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Figure 2.14: A: Initial, transition, and final state energies for Pd, PdO
surfaces and Pd surface oxides. Energies are relative to CH, in the gas phase.
Figure was created from the data provided in [25]. B: Projected density of
states for CHy in close vicinity to PAO(101) and PAO(100). Image adapted
from [25].

energies, the PAO(101) and the two monolayer surface oxide model exhibit
almost identical behavior which can be rationalized by strong structural sim-
ilarities of the two surfaces. As for the PAO(101)-r surface, only the initial
and activation energies diminished. Overall, the three surfaces exhibit the
best ratios of final and transition state energies and are thus considered the
most active for the H-abstraction. The three materials that exhibit even
lower final state energies have enormous activation energies over or close to
1eV which indicates that these surfaces are unlikely to provide active sites
for the first H abstraction. Overall, the low final energy states for all mate-
rials with exothermic behavior are rationalized by the stabilization of CH3*
adsorbed on Pd.ys (cus indicating under coordinated site) by neighboring
OH groups. However, this is only true for the oxides, as adsorbed oxygen on
metallic Pd increases the activation energy of the H abstraction.

Based on these results, the reaction mechanism for the (101) surface of PdO
was developed from first principles [92] identifying the Pd.ys and Oc,s. Fur-
thermore, the main reaction pathways via a Mars-van Krevelen mechanism
were described, where at low temperatures O is inserted forming methanol
as an intermediate and at high temperatures favoring C—H fission before
oxygenation of the carbon species. An extension of these findings is the
mean-field approach by Stotz et al. which was rationalized by verification
of postulated intermediates via diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and the reproduction of the catalytic activity of
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Figure 2.15: Reaction mechanism by Stotz et al.. Red arrows indicate the
pathway in dry conditions below 400°C (red arrows) and wet conditions
and/or high temperatures above 400 °C (blue arrows). Image from [21].

Pd/Al;O3 powder catalysts under consideration of sintering [21]. Several as-
sumptions were made by the authors to make calculations feasible. These
include the statistical treatment of adsorbates and neglection of adsorbate-
adsorbate interactions as well as the random distribution of the active sites
distribution randomly distributed and identical in size. In addition to that,
no support effects, no time-dependent changes or temperature changes were
considered. The resulting reaction mechanism is shown in Figure 2.15, where
(a) denotes the Pdys site, (b) Ogys site, and thick arrows indicate the prefer-
ential reaction pathway. The diagram highlights the most important findings
of the mechanistic studies. Firstly, for low temperatures and high temper-
atures (or gas feeds without or with water), different reaction pathways are
preferred, which is directly linked to the OH coverage of the surface. Sec-
ondly, the reaction proceeds via a number of stable intermediates. However,
evidence for partial oxidation is only found in oxygen deficient gas feeds
(severely understoichiometric O content) [27, 95] and evidence for the in-
termediates was only partially observed by DRIFTS [21]. However, despite
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the assumptions and simplifications, the presented mechanism and the reac-
tion kinetics calculated from it were successfully applied to replicate experi-
mentally observed activity of nanoparticles by comparably inert metal oxide
supports [21, 92].

2.2.4 Shape Changes and Oxidation of Pd
Nanoparticles

Thus far, the nucleation, growth and shape were discussed without consider-
ation of interactions between nanoparticles and the surrounding environment
and the catalytic activity was mainly described in the context of a perfect
PdO(101) surface (or catalyst morphology that can be represented by this
morphology). However, catalysts operate under dynamically changing tem-
perature, pressure, and gas composition which induce changes in the shape,
size, and oxidation state of the nanoparticles. The following section will
cover the influence of oxygen, the main component of the typically lean re-
action gas mixtures for catalytic CH4 oxidation on the shape and oxidation
of nanoparticles.

The driving force for the particle shape is the surface energy of the exposed
facets of nanoparticles. Naturally, changes in the surface energy are ex-
pected to occur when exposed to oxygen. Indeed, shape changes have been
described by DFT calculations [96] and experimentally [87, 88]. A compre-
hensive report on the surface energies of Pd has been published by Popa et
al. [96] which showed that the change in surface energy of the Pd surfaces
as a function of the oxygen potential is unique for each facet. Thus, a shape
change of the Pd nanoparticles is expected when exposed to oxygen, provided
the kinetic barriers for restructuring can be overcome. Without exposure to
oxygen, they report a particle shape dominated by (111) and (100) type
facets, where the (100) type facets are connected by strips of (110) type
facets. With increasing oxygen partial pressure, first the (110) type facets
vanish, increasing the size of the other facets. With further increase of the
relative oxygen potential (up to an oxygen partial pressure corresponding
to 0.3mbar), the (111) type facets shrink in size until the particle shape
resembles the shape of a die with (100) type facets dominating the shape
and (111) type facets rounding off the corners.

Despite being experimentally challenging, shape changes have been observed
for Pd ensembles supported by MgO(001) [87, 88]. Nolte et al. observed
the predicted particle shape, consisting of (100), (111), and (110) type
facets. By the exposure to 1 x 107> mbar of oxygen at 570 K, hkl(112) type
facets were formed at the edge between the (100) and (111) facets. Upon
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reverting to UHV conditions, the newly formed facets vanished again. In a
similar experiment previously mentioned for its insights into the influence
of the particle support interactions, similar observations were made. The
more heterogeneous particle ensemble with generally higher index facets also
present at higher temperatures formed (33 1) facets at the expense of (111)
and (110) facets upon exposure to oxygen. This highlights not only the pre-
viously discussed the influence of the nanoparticle size and implicitly facet
size on the stability or occurrence of said facet, but also the change of the
particle response depending on the initial shape and size.

In addition to shape changes, the properties of support and nanoparticles
have an effect on the oxidation behavior of nanoparticles. For the same
sample system (Pd/MgO), oxidation of Pd nanoparticles was observed to
lead to the formation of epitactic PAO. The loss of material for the metal-
lic nanoparticles, led to a shape change towards a more pyramidal particle
shape expected for small Pd nanoparticles. In addition, small amounts of
polycrystalline PAO were observed to form on the top facets of the particles,
which suggests that the oxidation preferentially occurs at the support par-
ticle interface [97]. Building upon this, a second study investigated the size
dependence of nanoparticles by comparing oxidation of ensembles of three
different size regimes. The small nanoparticles with an average size of 5nm,
full oxidized at an oxygen partial pressure of 56 mbar at 570 K [98]. Although,
oxidation did occur, the required oxygen potential was roughly seven orders
of magnitude larger than predicted, suggesting significant kinetic barriers in
the oxidation of Pd/MgO. The nanoparticles of the medium size regime,
remain partially metallic at this partial pressure, but continue to oxidize. A
strong change in behavior was observed for the large nanoparticle ensemble
with an average size of 20 nm. Instead of fully oxidizing, the formation of epi-
tactic PdO was observed in pressure steps leading up to 56 mbar which is in
full agreement with the observations for the smaller nanoparticles. However,
the large nanoparticles start forming a polycrystalline PdO shell between
UHV and 0.3 mbar which fully inhibits further oxidation. These two studies
highlight the size dependence of the degree of oxidation and the mechanism
of oxidation between particles that differ by only several nanometers in size.
A third oxidation experiment summarized in [79], investigated the oxidation
of Pd supported by Al,O3(0001) at 620 K, the same sample system inves-
tigated during CH, oxidation in Chapter 2 and Chapter 4. Below oxygen
partial pressures of 1072 mbar no oxidation or surface oxide formation was
observed, but small decrease in size of the Pd nanoparticles due to chemisorp-
tion of oxygen. Similar observations were also made for Pd/MgO that showed
significant changes in the strain state of the nanoparticles upon exposure to
oxygen. The oxidation onset was observed at an oxygen chemical potential
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roughly seven times larger than predicted. At pressures up to 3mbar, no
change in dispersion was observed and upon pumping to UHV conditions, the
initial configuration was recovered. Only small amounts of oxygen induced
material transport were observed, possibly the oxidation of smaller minor-
ity nanoparticles. Beyond this oxygen partial pressure, full oxidation takes
place, which leads to the formation of epitactic (100) and (001) oriented
PdO, accompanied by a large irreversible material transport. This study
exemplifies the significance of the support particle interaction, which lead
to unique behaviors of the Pd nanoparticles depending on the underlying
substrate. Furthermore, the strong size dependence on the kinetic barriers
for oxidation and the changed oxidation mechanisms caused by this highlight
the complexity of nanoparticle oxidation.

2.2.5 Operando Catalysis Cell

Catalytic investigations were conducted using a custom, X-ray compatible
operando catalysis setup entailing a gas-mixing system, the reactor, and an
in-line mass spectrometry setup. The mass spectrometry section is based
on [99], which is recommended for further reading and detailed information
about other detector types and quantitative analysis techniques.

The computer controlled gas mixing system allows control over the the pres-
sure, flow and mixture of up to five gases. A simplified flow scheme is dis-
played in Figure 2.16. The gas inlets of the gas mixer are connected to gas

Mass spectrometer control
Set power

Read flows, pressures, valve positions COntrOI PC

Set flows, pressures

Supply power (beam line integrated)
power supply

UHV leak
valve

Read pressure

Power / Information line
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m Blue cabinet gas mixer
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Figure 2.16: Simplified flow scheme of the operando catalysis cell set-up
including gas mixing system, reaction chamber, inline mass spectrometry,
and beamline integration.
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Figure 2.17: Heating cross with sample mounted in catalysis chamber.

lines providing the individual gases at a pressure between 4 to 5 bar. The
flow of each gas is then controlled by individual mass flow controllers, feeding
the desired gas at the desired flow to a mixing valve. From there the gases
are fed to second valve used to guide the mixed gases to the shunt or directly
into the reactor. For the experiments reported on in this thesis the shunt,
bypassing the reactor, was used to clean gas lines and gas mixing system
without contaminating the sample. For catalytic experiments, the gas flow
was directed to the reactor.

The center piece of the setup is the X-ray compatible reactor, equipped with
gas inlet and outlet, power connections for a heater, cooling lines, and a Be
dome. The chamber allows operation under oxidizing conditions with pres-
sures up to 1.25bar and sample temperatures up to 1450 K. Sample heating
is realized with a heating cross which consists of a flat, teflon covered graphite
filament. It is mounted on a ceramic block using ceramic threads and nuts
(Figure 2.17). The electrodes of the heater are connected to Mo rods by
gold wires. The Mo rods are plugged into the power feedthroughs beneath
the ceramic block. Vital to the use in X-ray experiments is the precise po-
sitioning of the sample which is mounted on top of the heater using BN
paste. It is important to minimize thermal expansion of the chamber compo-
nents, especially for operando investigations following the catalysts structure
as a function of temperature using grazing incidence techniques (see Section
2.3.3). For this reason, the heating cross mounting and electrical connections
for heating are separated, leaving only two mounting points for the heating
cross. For ease of operation, the sample temperature was calibrated (see
Figure A.1) prior to the catalytic experiments by mounting a thermocouple
on top of the crystal using BN paste.

The gas mixture provided by the gas mixing system flows through the reac-
tor, where the catalytic reaction takes place. Due to the design of the reactor,
45 % of the inlet gas passes the sample via virtual bypass before leaving the
reactor [100]. From the reactor, the gas is fed to a backpressure controller,
which is used to measure and control the reactor pressure. Between the
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reactor and backpressure controller, the in-line mass spectrometry setup is
located. It consists of a small UHV-chamber equipped with a pre-pump,
turbo pump, mass spectrometry head, and a leak valve. Through the leak
valve, a small portion of the catalysts exhaust gas is let into the chamber,
where the composition is measured by mass spectrometry.

Mass spectrometry

In mass spectrometry of gases, the gas is first ionized by electron bombard-
ment. The ions are then accelerated into the analyzer, where ions are sepa-
rated by their ** ratio, where m is the mass of the ion and z is the charge
of the ion. The mass spectrometer employed for the experiments presented
in this thesis was equipped with a quadrupole analyzer. It consists of four
symmetrically arranged metal rods or electrodes. Opposite electrodes are
connected and a combination of radio frequency (RF) and direct current
(DC) voltages are applied. As a result, only ions with a specific ratio mass
and charge travel a stable path through the analyzer, while other ions will be
deflected. By scanning RF and DC voltages, the ** ratio can be scanned and
full mass spectra can be recorded. Finally, the ion flow is measured at the de-
tector behind the analyzer. In this case, a channel electron multiplier (CEM)
was used, which amplifies the signal by ejecting multiple secondary electrons
once an ion hits the channel. Each following impact of the secondary elec-
trons produces additional electrons which amount to a measurable current
at the end of the CEM.

In practice, for each molecule, electron bombardment produces ions with
a range of charges z, which leads to multiple, apparent masses for each
molecule. Electron bombardment may also cause the fragmentation into
multiple be destroyed by electron bombardment leading to ionized fragments.
For example, CH, can split into fragments with the 2 ratios 17 (due to iso-
topes), 16, 15, 14, 13, or 12. Hence, in qualitative mass spectrum analysis,
it is vital to ensure all fragments of all educts, products and intermediates
of a target reaction are considered in interpretation.

2.3 X-rays for Structure and Chemical Inves-
tigation

X-rays are electromagnetic waves with a wavelength A of the order of atomic
distances in matter. This property makes it possible to use X-rays to probe
interatomic distances and electronic transitions of atoms. In this work, X-
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rays were used in X-ray reflectivity (XRR), X-ray photo-emission experiments
(XPS), and X-ray diffraction (XRD). For this reason, the production of X-
rays and related properties as well as the interaction of X-rays with matter
will be discussed in detail in the following chapter. X-ray scattering and
more specifically X-ray diffraction will be in the focus as it is the main tech-
nique used in this work. A more detailed description, including more explicit
mathematical derivations are found in [101-103].

2.3.1 Sources

All XRR and XPS data as well as part of the XRD data presented in this
work was recorded using X-rays produced by X-ray tubes. The main com-
ponent of an X-ray tube is the cathode and target material which is also
the anode. Between the two, an electric field is applied, which accelerates
the electrons produced by the cathode towards the target material. Typical
materials for standard applications are Cu (used in this work) or Mo for
XRD and XRR and Al (used in this work) or Mg for XPS. At the target
material the electrons are decelerated, causing the emission of X-rays with a
characteristic, smooth spectrum, called bremsstrahlung. If the kinetic energy
of the electrons is sufficient, the target materials’ core levels may be ionized.
When the holes are refilled by electrons from the valence band, X-rays are
produced in high intensity bands corresponding to the energy liberated by
the recombination of hole and electron are characteristic for the target ma-
terial. The full spectrum of X-rays radiates from the target material in 27
from the anode and is tailored to the experiment needs by X-ray optics. In
the case of the experiments presented in this thesis the X-ray diffractometer
source was equipped by double-mirror multilayer optics for focusing and en-
ergy selection. Due to the orders of magnitude higher intensity compared to
the bremsstrahlung, the K, line is commonly used, as it was in this work.

For experiments such as the operando measurements of Chapter 2 or the
kinetics measurements of Chapter 4 a combination of high photon energy,
flux, collimation, and coherence is required. X-rays with these properties are
produced at synchrotrons. At these large-scale facilities, electrons are first
accelerated to relativistic speeds and then injected into a so-called storage
ring which is usually made up of straight and bent sections. In the bent sec-
tions, bending magnets are used to keep the electrons in orbit. The radiation
produced by the acceleration into orbit is often used for spectroscopy appli-
cation due to its smooth spectrum reaching down into the infrared regime.
Higher photon flux can be achieved by wigglers and undulators in the straight
sections. These are arrays of magnets with alternating poles that force the
electrons into a sinusoidal trajectory. In the case of undulators, the most
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Figure 2.18: Spectra of a bending magnet (black), wiggler (green), and an
undulator (blue).

common X-ray source in 37¢ generation synchrotrons, the electron path is
modified in a way that allows for constructive interference of wave fronts
produced at different positions in the device. Successive periods of pairs of
magnets with opposite poles by successive periods of . The condition for
constructive interference is given by

Ay K>

272(1 + — + +%0?),

Axray = 9

where Agpqy is the X-ray wavelength, A, the undulator period, and v =
-1

1— Z—; the relativistic electron energy. K = ;-\, By is the undulator
parameter and describes amplitude of the electron oscillations as a factor for
the opening angle ~ % of the synchrotron. Since interference of wavefronts is
not limited to wavefronts produced by successive undulator periods, a spec-
trum like in Figure 2.18 is produced. The strongest band in the undulator
spectrum is the fundamental wavelength of the undulator given by Equa-
tion 2.3.1 and harmonics of the fundamental wavelength are found at integer
multiples of the energy of the fundamental wavelength. The advantageous
interference in undulators is nicely illustrated in Figure 2.18, showing typi-
cal spectra for wigglers and undulators. The brilliance of an undulator (or
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wiggler) depends on the the photon flux f , the source size AzAy and the
divergence A©,AO, by

f
(Arhy) (A6,56,)°

Due to the superior divergence and source size for undulators caused by
the smaller perturbation of the electron path, the brilliance of undulator
radiation exceeds that of other synchrotron sources. This makes undulator
radiation the most popular synchrotron radiation as a large number of pho-
tons are available in a small angular space which allows the observation of
weak (scattering) signals and fast acquisition modes.

b

2.3.2 Optical Interactions of X-rays and Matter

Completely analogous to interaction of visible light with matter, X-rays may
be reflected, transmitted or absorbed. Due to the small interaction of X-rays
with matter, the refractive index for X-rays is defined as the deviation from
unity

n=1-=4¢§+4 10,
where 0 and [ are the real and imaginary components. The expressions

NaTe\?
2m
PeTeA’
2

5:

S

and

g o ey
2T

LA

T 4nm
for the real and imaginary part of the refractive index are derived from in-
teraction with electrons and the atomic form factor. Here, n, = % is the
number density, N, the Avogadro constant, M, the atomic molar mass, 7,
the electron radius, A the wavelength, p. the electron density, u the atten-
uation coefficient, and f; and fy; the atomic scattering factors, describing
the dispersive and absorptive interactions of X-rays with the element. Both
parts of the refractive index are given as a function of the atomic scattering
factor and in an alternative representation which is useful to connect the re-
fractive index to material properties: § depends on the electron density and
[ depends on the attenuation coefficient which is highly energy and element

dependent.

38



A A B

d = zsin'}(0,a)
A
n X a
1 > >r
n2 at
C 1o i 2Tii i
‘€17
[ =1 3
10714 =
0 : 0O fF——]
o0 1 2 3 0 1 2 3 o 1 2 3
0/, 6/6, 0/,

Figure 2.19: A: Visualization of reflection, and refraction at the interface
of two materials with the refractive indices n; and n,. B: Amplitude as
a function of the traveled distance d showing the effect of absorption. C:
Intensity of reflectivity (i), intensity of transmittivity (ii), and penetration
depth as a function of 0/6. (iii).

Fresnel Equations

With the definition of the refractive index for X-rays, the next step is to
describe the transmission, reflection, and absorption of X-rays in matter.
The schematic overview over these processes in Figure 2.19 shows that the
incidence and exit angle of the respective waves indicated by their wave
vectors are identical (law of reflection). Notably, the transmitted wave is
refracted towards the interface for the depicted case of n; > ns, in contrast
to the expected direction for visible light (Figure 2.19 A). Furthermore, the
X-ray absorption is shown as a function of the distance d traveled in the
respective mediums (Figure 2.19 B). The relationship between the material
properties ny and ny and the incidence and refracted wave angles € and «
is derived from the continuity condition of the tangential component of the
wave and its first derivative. This is a direct result of the Maxwell-Faraday
equation and in this context is fulfilled if the following conditions which relate
the amplitudes and wavevectors of the incidence, reflected and transmitted
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wave component.

a; + a, = a
kiai + k,,a,, = ktat.

Here, a is the amplitude and k the wavevector with the indices referring
to incidence (i), reflected (r), and transmitted (¢) beam, leading directly to
Snell’s law:

nycos(f) = ngycos(a)

Analogous to visible light, the critical angle 6. describes the point at which
the wave is fully reflected (a« = 0). For the transition from air (n; ~ 1) to
another, denser material the expression

0. = V26

is readily derived from Snell’s law (Equation 2.3.2) and the refractive index
Equation 2.3.2. The critical angle is a useful unit, since it only depends on
the electron density (6 o p.) which means that it varies between materials.
Furthermore, it marks the pivot point between full reflection and transmis-
sion which means that it can be easily identified in experiments.

Starting from Snell’s law (Equation 2.3.2) and the complex refractive index
(Equation 2.3.2), the Fresnel equations

a0 -«
r_a_i_a—l—e
t:%: 2c

a; Oé+9

emerge with r and ¢ being the amplitude reflectivity and transmittivity. This
concise representation is reached by the small angle approximation. This is
valid since ns is close to unity and thus the angles become small at which
refraction and reflection become relevant phenomena. The final component
of the interactions is absorption (Figure 2.19 B) which is found from Equa-
tion 2.3.2. When using the complex refractive index for the material that
is penetrated (n; = 1), « is a complex number. Hence the refracted wave
becomes

ateikocz _ ateikRe(a)zeikIm(a)z
which shows that the penetration depth (% =1)is

1

A= 2k Im(a)’
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The expressions for the intensity of reflectivity, transmittivity as well as the
penetration depth are shown for Al,O3 (green) and Pd (black) as a function
of /6. in Figure 2.19 C i to iii. The behavior of each graph can be separated
in three major regimes, 0/6, << 1, /6. = 1, 0/6. >> 1. At angles
well below the critical angle (/6. << 1), total reflection occurs. This can
be seen in Figure 2.19 A i which shows that the intensity for reflectivity
is trending towards unity with decreasing incidence angle. Accordingly, the
penetration depth is zero and the refracted and transmitted wave is of very
low intensity. At the critical angle (/6. = 1), the reflectivity changes
the most as this angle marks the point from which transmission can occur.
Naturally, this is accompanied by a drastic increase in the penetration depth.
Interesting behavior is observed for the intensity of the transmitted wave
which is exploited in grazing incidence experiments (see Section 2.3.3). At
these conditions, a resonant-like behavior is observed, since the phase shift
of the reflected wave approaches 0 at this point. Hence, the incidence and
reflected wave interfere constructively, which in turn requires the increase of
the transmitted wave. For materials with lower electron densities (compare
Al,O3, green and Pd, black in Figure 2.19 C), this effect is more pronounced,
due to the smaller critical angles which leads to a stronger overlap of the
incidence and reflected wave. Finally, at angles much larger than the critical
angle, the reflectivity approaches zero as the penetration depth increases and
the the intensity of the transmitted wave approaches unity. This corresponds
to full transmission and no reflection.

X-ray Reflectivity

In the discussion of Snell’s law and the Fresnel equations, a pronounced
dependence of the X-ray matter interaction on the electron density of the
material was discussed. For example, the critical angle of a material being
directly linked to its electron density. Since these effects occur at every in-
terface that the X-rays interact with, X-ray reflectivity is a powerful tool for
the investigation of thin films and nanoparticles.

X-ray reflectivity relies on the interference of multiple reflection and trans-
mission, occurring at the interfaces of a thin film samples. For the first three
contributions, the reflection and transmission processes are illustrated along
the beam path in the scheme in Figure 2.20. In this simple case of a single
layer and only considering the three shortest interactions of reflection and
transmission

r = ro1 + torriatiop® + torTiaTior2t0p" + -
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0 Figure 2.20: Sketch of the reflection and transmis-
1 sion processes in an X-ray diffraction experiment
on a thin film (grey) on a substrate(green).

is attained. Here, the indices indicate the interface where the interaction
takes place, and p is the phase factor which needs to be added for each
transmission event. An exact expression for an arbitrary number of layers N
was first described by Parrat [104]. For the bottom most layer N, the series
aborted at the third contribution in Equation 2.3.2 can be expressed as

2
rN-1,N + TN,sDjs
1 4+ rn_1 NTN 5P

'N,N—1

)

Here, s indicates the infinite substrate below the N*" layer. Since no reflection
is observed below this, the contribution ry s can be calculated directly. For
the second layer above the substrate the contribution to the total reflectivity

becomes )
TN_2N-1 1+ "N—-1,MPN_1

TNN-1 1+ rN_oN-1TN-1.ND%_4

and the following layers are expressed in the same way. The total reflectivity
of an N layer system thus becomes the sum of all contributions.

In an X-ray reflectivity experiment, the angle between sample surface and
source and sample surface and detector are kept equal, while the incidence
angle 6. is being varied. The varying path difference due to the varying
incidence angles for the different beam paths causes oscillations in reflectiv-
ity. In Figure 2.21, simulation examples are provided that exemplify the
effect of roughness (A), density (B), and thickness (C). For all simulation
examples, the material combination of a Pd layer on Al,O3 and Cuk, X-ray
energy were chosen, in reference to the AlyO3 based catalyst investigated in
this work (Chapter 2, Chapter 4). In the first set of simulations a constant
Pd film thickness with the roughness values of 0 A, 5A, and 10 Aare com-
pared. Accordingly, the roughness in the models on the right of Figure 2.21
A is indicated by the deviation from the initial state. In practice, the sur-
face roughness is implemented as an uncorrelated Gaussian deviation of the
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Figure 2.21: Simulation of X-ray reflectivity curves and electron densities
highlighting the influence of surface roughness (A), density (B), and film
thickness (C).
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initial interface position zy in the Parrat formalism. The Gaussian nature
is also represented in the electron density profile inset, where the increased
roughness can be observed in the increasingly smeared out step at z = Onm.
For the reflectivity curve, the increasing roughness causes a decrease in the
amplitude of oscillations. In Figure 2.21 B, the effect of the relative densities
of 100 %, 67 %, 50 % of Pd are shown. In the case of this simple model, the
relative density of the Pd layer is equivalent to the coverage of the support
with the 10 nm thick film. However, this requires a homogeneous distribu-
tion, since the X-ray-matter interaction is required to be coherent over the
illuminated area. The main effect of the electron density on the reflectiv-
ity is a decreased oscillation amplitude and frequency. Similarly, the effect
of the layer thickness (Figure 2.21 C) is a decrease in oscillation frequency.
Notably, density and thickness of the layer have an immense effect on the
curve just after the critical angle. Since the momentum transfer in X-ray
reflectivity is parallel to the sample normal, only information along this di-
rection is collected. Thus, nanoparticles, supported by single crystals can be
analyzed in X-ray reflectivity by using a fractional electron density of the
particle material (compare Figure 2.21 B) and large roughness values to ac-
count for the shape of the nanoparticles. Especially for three dimensional
particles with large height to diameter ratios, multiple layers are often used
to better approximate the shape of nanoparticles. Fitting X-ray reflectivity
curves with such a model enables determination of the nominal thickness
(total deposited material), surface coverage, and nanoparticle height.

2.3.3 X-ray Diffraction

In it’s simplest form, the diffraction from crystals is described by Bragg’s
Law. In this model, lattice planes are viewed as semipermeable planes with
a distance dpy; at which a portion of the X-rays are reflected and a portion
is transmitted. Due to the path difference between two beams reflected at
different lattice planes, a phase shift is introduced, causing constructive and
destructive interference:

n\ = 2dhkl sm(@)

Here, n is an integer for the order of reflection and O, the incidence angle. The
interplanar distance is decorated with the index hkl, referring to the Miller
indices h, k, and [. These indices describe a set of equidistant crystallographic
planes in a crystal. From each plane, the next is found at (h/a,k/b,l/c),
where a, b, c, are the lattice vectors of the crystal. For the crystal systems
relevant to this work, the scalar expressions of the inter planar distances are
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given by
1 R+ R+
2

i @
for cubic systems (i.e. Pd),

I h? + k? N [?
d%kl N a? c?

for tetragonal systems (i.e. PdO), and

1 4h+ hk+ KPP
dz,, 3 a? c?

for hexagonal systems (i.e. AlyOj).

While Bragg’s law is useful for basic calculation of lattice spacings or diffrac-
tion angles, no statements on the intensity or intensity distribution of the
diffraction signal at non-integer values of n can be made. In the following
sections, this issue will be solved by treating diffraction in the more detailed
picture of X-rays as electromagnetic waves interacting with electrons.

X-ray Scattering

In the broadest terms, X-rays may be scattered elastically or inelastically by
electrons. The scattering processes can be separated in three phenomena:
Compton scattering (inelastic), Thomson scattering (elastic) and Rayleigh
scattering (elastic). Compton scattering is most prevalent in the energy range
between 10 keV 500 keV and describes scattering processes of electromagnetic
waves with electrons where energy is transferred to the electron without ion-
izing it. As Compton scattering is an incoherent scattering process and the
scattered intensity only varies slowly with scattering angle, Compton scat-
tering manifests as a smooth background in the X-ray diffraction data pre-
sented in this thesis and will be implicitly treated as such. In the following
section, the kinematic approximation is applied to simplify the interaction
between X-rays and matter. Within this approximation, X-rays only interact
with the matter once, eliminating the need to consider multiple scattering
events. This approach is only valid because the interaction between X-rays
and matter is weak and thus multiple scattering events are rare. Further,
more detailed description of X-ray scattering and related techniques may be
found in [101-103] which were used as the base for this section.

The differential cross section 9 = —Lw_ defined as the ratio of scattered in-
tensity with the incoming flux at an angle A€ is the quantity measured in an

dQ Do AQ
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Figure 2.22: Scheme of Thomson scattering at a free electron. The beam
paths are indicated by red arrows, the directions of the incidence and scat-
tered polarization vectors in blue. The circles indicate show the shape of the
scattered wavefront with different amplitudes.

elastic scattering event. In the specific case of scattering of a electromagnetic
monochromatic plane wave

E(r,t) = éEye'™ =),

where E is the electric field, r the position vector, ¢ time, ¢ the polariza-
tion unit vector, E, the the amplitude, k the wave vector and w the wave
frequency, this relationship can be expressed as

do . |Emd|2R2
dQ |En]2

Here, R is the distance between scatterer and detector and |E,.q|* and |E;,|?
are the squared modulus of the electric field vectors of the scattered and
incoming electromagnetic wave, respectively. This is true, since |E;|? o I;.

In the simplest case, called Thomson scattering, the scatterer is a single,
free electron. In the classical description the incoming electromagnetic wave
will force the electron to vibrate which in turn will emit a spherical wave.
Now the the acceleration amplitude of the electron can be evaluated for an
observer in the plane of the polarization angle of the electric field vector. As
illustrated in Figure 2.22, for a coordinate system with the incoming beam
direction along z, the electric field vector along x and the observer in the
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xz-plane at an angle U relative to the electric field vector, the acceleration
a, = ~E;, becomes zero for ¥ = 0 and is at a maximum at ¥ = 90. Thus,
the radiated field is given by

E,.(R,1) %az(t’) sin (),

where t is the observation time of the scattering event and ¢ = R/c the
time of the scattering event. This relation is rearranged to

Erad(Ra t) 62 eikR

sin(W)

using the temporal component of Equation 2.3.3. With the acceleration
generalized for arbitrary observer positions as & - ¢ = —sin(¥) where £ is
the polarization unit vector of the radiated wave and the factor

62

T = —
7 dregme?’
the classical electron radius or Thomson scattering length, emerging from
equating the units in Equation 2.3.3. Combining Equation 2.3.3 and Equa-
tion 2.3.3, the Thomson cross-section for a free electron is found

do 22 . 22

— =rjle - €&

dQ 0| |

In terms of X-ray diffraction experiments, maximizing the scattered ampli-
tude is advantageous, as signal from poor scatterers can be captured and
measurement times can be optimized. Hence, for an X-ray scattering exper-
iment, the scattering plane should be chosen so that the |é - &/|> = 1 which
is achieved by aligning the normal of the scattering plane with the electric
field vector of the incoming beam. In Figure 2.22, this is true for a plane
with its normal vector aligned with the z-axis. For an unpolarized beam,
the Thomson cross section becomes the average of the ideal scattering plane

(|é -€’]?> = 1) and the plane perpendicular to that (image plane Figure 2.22,
1+ cos?(T)
.

& -¢/]2 = cos?(1)), yielding
Scattering from a Single Atom

In the next step, instead of scattering from a single electron, scattering from
an atom with an electron density p(r) is considered. When scattering from
two points with a distance r, a phase change A¢ = (k' —k) - r is introduced
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between incidence (k) and exit beam (k). From this the scattering vector is
defined as
Q =k -k,

with |k| = |K/| for elastic scattering. Integrating over all possible scattering
events within p(r) the total scattering length (or total scattered amplitude)
becomes

—ro/p(r)eiQrdr = —10f°(Q).

The scattering behavior of an atom is thus fully captured within f°(Q),
which is next examined for its marginal behavior. With Q — 0, the total
scattering length becomes the ordinal number Z (= number of electrons) and
for Q — inf, the scattered fields are fully out of phase und hence, the total
scattering length is 0. Up until now, the electrons of the atom were treated
as free electrons within p(r). Hence, the model of scattering from an atom
is expanded by the dispersion corrections:

Q) = fU(Q) + f'(w) + if"(w)

The additional terms f'(w) and if”(w) are found by the description of elec-
trons as forced, charged oscillators. The terms arise due to the interaction
of X-rays with bound instead of free electrons and the thus altered response
of the electrons to the incoming field. Thus, both amplitude (real part) and
phase (imaginary part) of the atomic form factor are corrected by the f’ and
f7, respectively.

Scattering from a Crystal

A more precise description of diffraction from a crystal than Bragg’s law
(Equation 2.3.3) is found by describing a crystal as a lattice with the unit
cell being the repeating unit of the lattice. Within the unit cell, a number
of atoms are distributed, each scattering with Equation 2.3.3. Due to the
distance r; from the origin of the unit cell, a phase shift is introduced making
the sum of all scattered intensity from a unit cell

FPEQ) = D Qe ™.

The position of all unit cells, scattering with FU¢(Q), are given by

R, = nia; + ngas + nsas.
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Hence, the product of the phase shift introduced by this translation of the
unit cell together with the unit cell form factor describes the full crystal’s
scattered amplitude:

Fcrystal(Q) _ ij(Q)t?iQ.rj . ZeiQ'Rn _ FUCZGiQ'R".

n

When the structure factor in Equation 2.3.3 is evaluated explicitly for a
lattice, the selection rules for that lattice emerge. The atomic positions in
a unit cell of the space group Fm-3m are (0,0,0), (O,%, %), (%,O, %), and
( %, %, 0), for the example of Pd or Pt. This yields the selection rules

FmeBm —

{4FUC for h,k,l all even or all odd
hk

2FYC  for all other cases

These rules also apply to YSZ, CeOs since they belong to the same space
group. The only difference is that a different number of Wyckoff positions
(the allowed positions for a symmetry group) are filled by the respective
elements of the materials. Following the same logic as for the space group
Fm-3m, for aAl,O3 (space group R-3c), the selection rules

—h + k1l =3n for|hl + |k|] #0
[ = 6n forh=%k=0

are found and for PdO (P4y/mmc)

any h, k, | for |h| + |k| # 0
[ =2n forh =k =20

are found. In contrast to the space group Fm-3m, for the latter two space

groups R-3c and P/ /mmec, no general statement about the magnitude of

the structure factor for a particular set of h, k, [. Instead the magnitude

must be calculated for individual reflexes.

The Laue Condition

Since the number of unit cells is infinite (n — inf) for a perfect crystal,
the solution to Equation 2.3.3 can be separated in two cases. The first
case being constructive interference, which occurs if the phase shift is N x
2 with N being an integer. In the second case, which encompasses all
other possible phase shifts, Y, €’ ®» becomes of the order of unity. Hence,
the structure factor is extremely small compared to the first case. A more
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illustrative explanation is that this phase shift adds up over the length of the
infinite crystal which causes (even for very small phase shifts) destructive
interference.
With knowledge of the condition for constructive interference, the reciprocal
lattice can defined as

G = haj + ka; + kaj,

which must fulfill
a; ~a;f = 27TN6U

Here, 0;; is the Kronecker delta, a; and a] are the real space and recipro-
cal space lattice vector, and h, k, and [ are integers. This lattice is called
the reciprocal lattice and its lattice parameters and vectors are commonly
indicated by *. Upon evaluation of the condition for constructive interfer-
ence with Equation 2.3.3 it becomes apparent that G - R, also fulfills this
condition. With this, the Laue condition is found, which is given by

Q =G,

equating the diffraction geometry, i.e. the incidence and diffracted beam (Q),
with the reciprocal lattice (G). Hence, for constructive interference and with
it large solutions for Equation 2.3.3, G and () must be aligned.

Ewald Construction

A great visualization of the Laue condition and useful tool for X-ray diffrac-
tion experiments is the Ewald construction. An illustration of an Ewald
construction in two dimensions for a square lattice is given in Figure 2.23.
The incidence beam’s wavevector k?l with the magnitude 27” with the wave-
length A is drawn towards the origin of the reciprocal lattice (0,0), defining
the size of the Ewald circle. In this example, the experiment geometry was
chosen, so that the circumference of the Ewald circle intersects with a second
node of reciprocal space. This means that the Laue condition is fulfilled and
the two nodes intersecting with the circle are connected by G = Q. Hence,
the direction of the diffracted beam is given by k¢, connecting the center of
the Ewald circle with the second node. When the sample is rotated around
its surface normal, the reciprocal lattice is rotated around (0,0), which is
equivalent to rotating the Ewald circle around the same position. This is
visualized by the dotted circle in Figure 2.23 and allows access to all nodes
in reciprocal space that lie within the yellow colored area.
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Figure 2.23: Ewald construction for a square reciprocal lattice. The solid,
black line is the Ewald circle, the dotted line visualizes the sample rotation
necessary to reach a second reflex. The yellow colored area visualizes the
accessible part of reciprocal space by sample rotation.

Grazing Incidence Geometry

Up until now, diffraction experiments were discussed in an abstract without
explicitly considering experimental configurations. However, for the inves-
tigation of thin films or nanoparticles, it is crucial to limit the information
depth so that scattering intensity from the support is suppressed and inten-
sity from the surface is enhanced. This is in the so-called grazing incidence
geometry, which is visualized in Figure 2.24. Here, the sample is held at a
constant incidence angle « relative to the surface normal 77 and the detector
is positioned at the extension of k;. By rotation of the sample around 7 and
moving the detector, a vast section of reciprocal space is accessible. However,
a small part of reciprocal space located around the specular rod (h = k& = 0

Figure 2.24: Scheme of the graz-
ing incidence geometry in specular
configuration.
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Figure 2.25: Data of epitaxial (111) oriented PdPt nanoparticles supported
by a CeO2(001)/YSZ(001) thin film. A: Raw 2D detector image. B Data of
A, transformed into reciprocal space with the missing wedge at (), = 0. All
pixels with no assigned values are pink. This corresponds to panel borders
in A and to pannel borders and missing wedge in B

or (00) rod) is not reachable because of geometrical limitations of the geom-
etry. This is an important detail, especially for high-energy X-ray diffraction
experiments utilizing 2D detectors, since the recorded detector image seem
to contain diffraction signal at that location (Figure 2.25 A). However, upon
converting from the laboratory frame into reciprocal space (Figure 2.25 B) a
wedge appears at (), = 0, called the missing wedge. The surface sensitiv-
ity of this experiment geometry is apparent upon inspection of Figure 2.19.
If « is chosen just above the critical angle, the incident beam generates an
evanescent-like field inside the material that decays rapidly with depth, re-
sulting in a shallow penetration depth. Consequently, scatterers closer to
the surface contribute significantly more to the total diffraction signal than
the bulk support. Despite this, in many cases such as the data presented
within this thesis, the bulk support still scatters significantly stronger than
the nanoparticles. For this reason, the Bragg peak positions of the bulk sup-
port were covered by beamstops, allowing utilization of weaker absorbers (=
higher photon flux) in the experiment (black circles in Figure 2.25).

The exceptional surface sensitivity in the grazing incidence geometry re-
quires precise alignment of the sample surface which poses a crucial chal-
lenge in operando measurements, as presented in Chapter 2 or Chapter 4.
This sensitivity is due to two factors. Firstly, the incidence angle a needs
to maintained. As apparent in Figure 2.19 C ii, small changes in the inci-
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dence angle lead to a significant decrease of the intensity of the evanescent
wave. Secondly, the sample height relative to the beam position needs to
maintained. The large footprint, due to the small incidence angle requires a
small, vertical beam size. This is especially vital for the high energy X-ray
experiments, since larger X-ray energies require a smaller incidence angle. In
order to minimize time spent with alignment of the sample, in the experi-
ments in Chapter 2 or Chapter 4, the sample height was calibrated at the
beamline prior to the operando investigations (see Figure A.2). During the
operando experiment, whenever the sample temperature was increased, the
height was adjusted according to the calibration, followed by rapid cycles of
data acquisition and height alignment. Furthermore, the incidence angle was
optimized every third to fifth cycle. This approach was realized in a fully
automatic manner which minimized the scan range necessary for the height
and incidence angle alignment and maximized the accuracy of alignment.

Surface Characterization with CTRs

The high surface sensitivity and low penetration depth of the grazing inci-
dence geometry poses the question whether the assumptions made for the
derivation of Equation 2.3.3 are still valid. For this purpose, the scattering
intensity of a semi-infinite system of infinite dimensions along x and y is
evaluated along z. If A(Q) is the scattered intensity of a single layer, the
expression
CTR _ S iQzaz ,—Bj _ AQ) _

F = A(Q);e e o N
is found with the help of the series identity Zé:mf 1/ = 1. Note that
the scattering amplitude is only summed over ”half of the infinite crystal”
or from 0 to co. The second term of the exponent product accounts for ab-
sorption with g = Sﬁf(i ) with p being the absorption coefficient and « being
the incidence angle. In Figure 2.26 A, the diffraction intensity due to the
termination of the crystal at its surface and the effect of absorption is shown.
This diffraction intensity 1T = |F¢TE|? which is shown in Figure 2.26 is
called crystal truncation rod (CTR). A limitation of the expression for the
CTR signal is revealed when expressing the scattered intensity as a function
of the Miller index [ and neglecting absorption:

crn _ JAQF
4sin?(wl)’

Notably, the function diverges for integer [. This shows that the expression
for the intensity from the surface of a film is only valid away from the Bragg
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Figure 2.26: Visualization of the effect of roughness (A) and strain (B) on
the CTR signal.

peak. In practice, this is reflected by masking measured intensity in the
vicinity of Bragg peaks before fitting surface models to the measured inten-
sity.

A second important phenomenon at surfaces, is the relaxation of the surface
lattice planes or changes in the position of atoms near the surface compared
to their bulk position. By adding a shifted layer to the expression in Equa-
tion 2.3.3, neglecting absorption, and reformulating as a function of the Miller
index [,

AQ)

FC’TR’ _ FCTR + Ftop _
1 — €i27rl

+ A(Q)e—i27r(1+zo)l

is obtained. Here, z; is the deviation of the top layer from the original posi-
tion. Due to the shift in the top lattice plane, strong changes in the intensity
of the diffracted signal between two Bragg peaks is observed (Figure 2.26 B).
A positive deviation yields increased intensity just below the Bragg peak and
decreased intensity just above the Bragg peak. For a negative deviation of
the position of the top layer the opposite behavior is observed.

Diffraction from Nanoparticles and Thin Films

Up until now, diffraction was only discussed for infinite and semi-infinite
crystals. However, nanoparticles do not fit the description of infinite or
semi-infinite systems which means that the sum in Equation 2.3.3 must be
evaluated for a finite number of unit cells n. If this is done along a single
direction z, the structure factor for a nanoparticle simplifies to a geometric
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which describes the peak broadening observed from a finite crystal and is
often referred to as the Laue function. In Figure 2.27, the shape of Equa-
tion 2.3.3 is shown for a, = 1 and N = 7. The graph exemplifies the
similarities to slit diffraction experiment and reveals that significant diffrac-
tion intensity is only observed in the direct vicinity of Q),a,N, = 27wn, with
n being an integer. Since in reality N, is significantly higher, the difference
between the principle maximum of and side maxima of Equation 2.3.3 will
be orders of magnitude larger. Furthermore, averaging over a number of
nanoparticles with only a very small deviation in N or ¢ immediately leads
to destructive interference of the side maxima and the intensity between the
principle maxima can be assumed to be zero. From the argument of the sine
in Equation 2.3.3, the generalized expression for the peak width

2m
AQ;
for any direction (z, y, z) is deduced. In practice, Equation 2.1 was used to

determine the nanoparticle or domain size in for example Figure 2.3. How-
ever, the diffracted intensity that is observed for a nanoparticle Bragg peak
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was always approximated by a Pseudo-Voigt function with a linear back-
ground instead of a slit diffraction function. This is necessary to account
for the fact that in (HE)GIXRD experiments on nanoparticle ensembles a
large number of nanoparticles contribute to the intensity at a single Bragg
peak position. Hence, peak broadening occurs due to the finite size dis-
tribution of the nanoparticles. Crucially, the size distribution observed in
XRD is weighted by N? (see Equation 2.3.3) which means that the diffracted
intensity from a single nanoparticle is proportional to the square of the num-
ber of lattice planes along the evaluated direction. It is important to note,
that Equation 2.1 only remains true as long as the instrument broadening is
smaller than the peak broadening due to the domain size. This is especially
relevant for thin films, where the domain size in the plane of the film may be
significantly larger than along the surface normal.

For well defined, defect free nanoparticle ensembles and defect free thin films
with atomically smooth surfaces, the oscillations of the Laue function (Equa-
tion 2.3.3) can no longer be assumed to be zero, giving rise to Laue oscil-
lations. These fringes occur due to the interference of X-rays scattered at
the planes of the material and are an indication for the crystallinity of the
material (see Figure 1.6 A).

2.3.4 Grazing Incidence Small Angle Scattering

In the previous sections, X-ray scattering was treated in the context of crys-
talline materials. The description of scattering from an arbitrary material
requires to sum over the interaction of the scattered wave of each pair n, m
of scatterers. One application of this is small angle scattering (SAXS). The
reader is referred to [101] for a general description of SAXS and the review
article by Renaud et al. [105] .

For a material with only one type of molecule or atom (equivalent to the
lattice basis in the description of XRD), for example a monoatomic particle

1(Q) = fAQ)Y. Y e@mme) = NpAQ) + Q)Y D e

n  m#n

is found. On the right side of the equation, the sum over all combinations
n = m are separated. By expressing this relation as a the deviation of
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Pn(rpm) from the average electron density p, the expression
1(Q) = Nf4(Q) (2.2)
+ fQ(Q)Z/[pn(rnm) — pale' Iy, (2.3)
—Jv

P, [ dRmmay, (2.4
v

follows. Here, rom,dV,, is the number of scatterers at r,, — r,. In Equa-
tion 2.4, the first term is uncorrelated scattering, the second term is sensitive
to the local deviation of the average electron density p,. The third term
is dominant for small values of Q and the term for small angle scattering
(SAXS). This term Igaxs correlates the constant, average electron density
pa to the size and shape of the scatterer. From the SAXS intensity (third
term of Equation 2.4) the particle structure factor is defined, so that the
third term can be expressed as

Isaxs(Q) = AP2V}2|F(Q)|2-

Here, Ap is the electron density difference between scatterer and medium
around the scatterer and V, the scatterer volume. The particle form factor
depends on the size, shape, and distance of the scatterer(s), which are the
parameters that can be probed by SAXS.
For data analysis the scattered intensity is generally divided into the Porod
regime with QR > 1 and the Guinier regime with QR < 1. Here, @ is
the magnitude of the momentum transfer and R the particle radius. For an
isolated sphere the structure factor is defined by

Fo) = QR

QR

with J; being the first order Bessel function. By expansion of this term and
together with Equation 2.3.4, the term

Q2R2

1(Q) = Ap*Vje™ s

is found for the QR < 1 regime. By plotting the scattered intensity against
Q?, simple comparison of the slope of the scattered intensity near @ =
0 allows estimation of the radius R. This is illustrated for the scattered
intensity of isolated spheres of two radii in Figure 2.28 (A). For QR > 1,
the form factor for a sphere Equation 2.3.4 may be expanded and simplified
to

2
HQ) = 222_2)5’10
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Figure 2.28: Simulations of the scattered intensity of spheres with two dif-
ferent radii together in the Guinier regime (A) and the Porod regime (B).
The dotted lines are the simulated intensities including the approximations
for the Guinier and Porod regimes.

with .S, being the spherical particle’s surface. As for the Guinier regime, the
scattered intensities of isolated spheres (solid lines) together with the simu-
lated intensity for the Porod regime (dotted lines) is shown in Figure 2.28
B. Traditionally, SAXS experiments are performed in transmission geometry,
which requires the particles to be suspended in a medium with significantly
lower density (see Equation 2.4). In order to effectively apply the concept
of SAXS to particles on a solid-state support grazing-incidence small angle
X-ray scattering (GISAXS) is employed. Analogous to XRD in grazing inci-
dence geometry (see Section 2.3.3), GISAXS exploits the interaction between
X-rays and matter with incidence angles close to the critical angle to improve
the surface sensitivity of the technique. However, the reflection geometry and
fixed particle location and orientation lead to additional interactions and ef-
fects that need to be considered. Immediately apparent in the scheme of a
(HE)GISAXS experiment (Figure 2.29) is that the resulting scattering pat-
tern is structured and does not consist of concentric rings around the origin
which is generally expected for SAXS experiments of NPs in suspension. This
is a direct consequence of the fixed location of the reflection geometry and
fixed spacial relationship between the particles. Due to the grazing incidence
geometry, the incidence beam is both transmitted the through the sample
(for simplicity refraction was neglected) giving rise to a high intensity fea-
ture at ¢, = @, = 0. The second strong feature at ¢, = 0 corresponds to
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Figure 2.29: Experimental scheme of a (HE)GISAXS experiment. Here
is the incidence angle, «. the critical angle, 20 the inplane scattering angle,
and ay the out-of-plane scattering angle. The beam path between sample is
interrupted to signify the large sample to detector distance required for the
small scattering angles, especially at high X-ray energies.

X-rays scattered at the critical angle. The upper, horizontal, white line in
the detector image indicates the Yoneda band and stems from constructive
interference of the scattered wave at the interface of the sample. At ¢, = 0
and along ¢, is the specular rod which stems from specular and diffuse scat-
tering from the surface. Kiessig fringes may also be observed and arise from
interference of rays reflected at different interfaces of the surface. Finally, at
. # Q. # 0, four features are observed that are caused by scattering from
the particles on the samples surface, yielding the ”butterfly shape”, typical
for well defined nanoparticle ensembles. The bottom two lobes are caused
by X-rays scattered by particles and subsequently transmitted through the
sample surface, while the top two lobes at ¢, > 0 stem from X-rays scattered
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by particles and reflected by the surface.

A common approach to gain access to the particle morphology, size, size dis-
tribution, and dispersion is the extraction of line scans along the horizontal
and vertical direction of the GISAXS patterns. Crucial is the position of
the horizontal line scan. Instead of extracting at the position of maximum
intensity along ¢, or the location of the Yoneda band, the horizontal line
scan is extracted just above the Yoneda band. At this position resonant
effects causing the enhanced intensity of the Yoneda band are omitted. In
order to accurately describe the scattered intensity along the horizontal di-
rection (g,), a second term S(Q) must be introduced to accurately account
for interference of wavefields scattered by different particles:

I(q) = [F(Q)*S(Q).

Generally, the interference term is challenging to model, especially for sam-
ples without ordered particle arrays. For this reason, interference functions
are often deduced experimentally, for example by microscopy. For samples
with a large difference in the horizontal dimension of the particles and dis-
tance between the particles, a good approximation for the distance between
particles is D = ;—;, where ¢); is the position of the first maximum in the
horizontal cut of the GISAXS pattern. If the dimension of particles and dis-
tance between particles are similar, the contribution of the interference term
and the scattering term contribute in the same ¢-range causing an overes-
timation of the particle distance. For the size determination of particles
via GISAXS, a completely analogous approach to SAXS is employed. For
isotropic particle shapes such as sphere or cylinders, the intensity from the
form factor is described by Bessel functions. Hence, the particle diameter is
found by d = qu—R, where ¢, is the position of the first minimum and qR
is the position of the first minimum of the Bessel function corresponding to
the selected particle shape. The same approach for the determination of the
particle height is applicable, however, additional complications arise due to
multiple scattering events. Hence, for a strict description of the scattered
intensity along g¢,, the distorted Born wave approximation is used. In this
formalism, four interactions between X-rays and sample are considered: The
scattering from a particle, the reflection from the surface and subsequent
reflection from the sample surface, reflection from the surface an subsequent
scattering from a particle, and reflection with subsequent scattering from a
particle followed by reflection from the surface. Hence, transmission and re-
flection coefficients perturb the scattered intensity expected from the Born
wave approximation, giving rise to for example the enhanced intensity at the
Yoneda band. Despite this, the nanoparticle height may still be estimated
by the same procedure as for the horizontal line cuts. Altogether, GISAXS
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gives access to parameters that are generally hard to determine by XRD,
which was used in conjunction with GISAXS in Chapter 4. The technique
captures the full particle dimensions, independent of crystallinity or defects
bridging the gap between reciprocal space analysis like XRD and real-space
techniques such as SEM.

2.3.5 X-ray Photoelectron Spectroscopy

The chemical composition of the CeOs films (Chapter 1) was analyzed us-
ing X-ray photoelectron spectroscopy (XPS). The technique relies on the
measurement, of the kinetic energy of electrons ejected from the sample by
irradiation X-rays. Since XPS was used as a complementary technique the
following section will outline the theoretical background and methodology
relevant to the presented data. A detailed description of the technique and
the full scope of its capabilities is found in [77] and the application for thin
film analysis in [106], which served as the basis for this section.

Generation and Properties of Photoelectrons in XPS

Central to XPS as a characterization technique is the photoelectric effect,
the process of a photon with sufficient energy ejecting an electron from the
irradiated material. With knowledge of the X-ray energy and measurement
of the kinetic energy of the ejected electron (Ej, ), the binding energy of the
electron (Ep) is

Eb = hy — Eljm?

where hv is the photon energy with h being the Planck constant and v being
the frequency. In a spectrometer with a solid state sample, the ejected elec-
trons also need to overcome the sample work function ¢ (see Figure 2.30).
If the sample is conducting and grounded to the spectrometer the Fermi
energies of spectrometer and sample align and the work function becomes
independent of the sample and becomes an instrument specific constant ¢,
(see Figure 2.30). With this, the binding energy, relative to the Fermi energy
Er becomes
Elf? = hv — Egin — (bw?

which means that the electron binding energy is easily calculated with knowl-
edge of the spectrometer work function and X-ray energy.

Each core level and its corresponding peak in an XPS spectrum is denoted
by its principle quantum number n = 1, 2, 3, ... and the shape of the orbital
(s, p, d). The number and energy of the core levels are characteristic to the
electronic configuration and environment of the atom. Generally, s-type core
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levels give rise to a single peak, while all other orbitals give rise to two peaks
(spin-orbit splitting). This is observed due to spin-orbit coupling expressed

by the total angular momentum 5 = [ £+ s. It describes the interaction of
1

the electron spin s = 5 and the orbital angular momentum [ = 0, 1, 2, ...

for s, p, d, orbitals. Since j > 0, the total angular momentum becomes

<
I

N TN W =

[NCREEN I NN

for the s, p, and d core levels, respectively. Accordingly, the respective core
levels are split into two components (i.e. 3p — 3ps/2, 3p3/2) with two binding
energies. The energy difference between the spin-orbit split peaks depends
on the the strength of the interaction and the intensity ratio of the two com-
ponent is given by the number of electrons 2/ + 1 occupying the respective
states. In case of larger atoms, especially for lanthanoids like Ce, an addi-
tional splitting effect occurs. This effect relies on more complex interactions,
for example interaction with unpaired electrons in outer shells, inter and in-
tra atomic electron interactions, and charge transfers [77, 107]. The number
of multiplets and the energy shift relative to the original core level strongly
depends on the interaction and is characteristic to the element and its oxi-
dation state.

In addition to the number of observed multiplets, the oxidation state also has
a strong influence on the position of the peak (with some exceptions such as
Ce(0) and Cu(I)). Similarly, the chemical environment in covalently bonded
atoms also influences the peak position. In general, a the higher oxidation
state corresponds to a higher the binding energy (Ce(IV) > Ce(III) or for
carbon C=0 > C—H). In addition to the core level peaks, several other fea-
tures may be observed in an XPS spectrum: Shake-up or shake-down peaks
which originate from energy loss or gain of photoelectrons by interaction
with outer shell electrons, inelastic scattering which is the main source for
the background in XPS, and Auger electrons that are produced in the same
way as explained in Section 2.1.2, except for the initial ionization occurring
by irradiation with X-rays
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In order to record an XPS spectrum, the kinetic energy is scanned and the
amount of electrons for a specific kinetic energy are counted. Scanning of
the kinetic energy is achieved by varying the retardation field which reduces
the photoelectrons kinetic energy to the so-called pass energy £,. Following
retardation, the analyzer further discriminates the photon electron energy
(see Figure 2.30). The electrons are forced onto a circular path by a homoge-
neous, radial electric field which is produced by the hemispherical electrodes.
As indicated by the diverging electron path (yellow) and colored panels of
the detector in Figure 2.30, an angular spread is introduced due to varying
kinetic energy of the electrons when entering the analyzer.

The elaborate detection system employed in XPS requires great control over
the X-ray energy as well. In lab sources, the X-rays are commonly produced
by X-ray tubes as explained in Section 2.3.1. However, instead of traditional
optics, diffraction from a quartz crystal is often used to gain more precise
control over the X-ray energy. Furthermore, for insulating or poorly conduct-
ing samples such as the CeOs thin films in Chapter 1, electron flood guns
are used to compensate for charging and to ensure alignment of the Fermi
energies of spectrometer and sample Figure 2.30.

XPS Core Level Analysis

For the quantitative analysis of XPS core level spectra, the data is usually
fitted using Shirley background and a peak model. In an ideal XPS exper-
iment, the line shape of the core level peaks should be Lorentzian caused
by the lifetime broadening % However, there is a number of experimen-

63



tal factors such as a certain energy distribution of the X-ray beam, a finite
divergence, and sample induced effects causing peak broadening. For this
purpose, Pseudo-Voigt profiles defined by

(1 —a)A e ) /202
LL’,A, ,0,00,8,C) = ——F—€ x—p)?/20;
it 8 ) gV 2m
OCA o
T 2.5
+7r[(1’—#)2+02} (2.5)

are commonly used for symmetric peaks. Here, the full-width at half maxi-
mum is given by 20 = FWHM, where 0, = \/201@’ (4 is the position, and

« the fraction of the Gaussian and Lorentzian contribution (v = 0 for full
Gaussian peak shape). The amplitude A or intensity of the peak depends on
several instrument factors, but also the atomic sensitivity factor. For com-
parison of intensities and the determination of species fractions from XPS,
the peak areas are normalized by multiplication with the sensitivity factor.

A final crucial information necessary for the interpretation of XPS spectra
is the information depth of the experiment. This value is determined by the
electron inelastic mean free path which is itself depending on the electrons
kinetic energy and the emission angle ©, of the electrons (see Figure 2.30).
Hence, with increasing binding energy, the electron inelastic mean free path
decreases. The loss of intensity I as a function of distance x traveled in
matter is described by Lambert-Beer’s law

I(z)
Iy

——z _
= e A cos(6) ,

where [ is the initial intensity, A the electron inelastic mean free path, and
f the emission angle. This law was exploited in Chapter 1 to determine the
thickness of the water layer that terminated the CeOs thin film. Detailed
description of the calculations are given in Chapter B and the Python script
that was used to determine the thicknesses is given in Chapter A.

2.4 Microscopy

The following sections describe the fundamental sample probe interactions
of scanning electron microscopy and atomic force microscopy. These tech-
niques were primarily used to obtain complementary, local information of
the catalyst morphology before and after operando catalysis experiments. In
addition, atomic force microscopy was used for surface characterization of
the thin films in Chapter 1.
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2.4.1 Scanning Electron Microscopy

Scanning electron microscopy is an imaging technique exploiting a variety of
interactions between the probe electrons and the sample. Within the scope
of this work, SEM was used as an imaging technique to investigate the size,
shape, and distribution of catalyst nanoparticles and the morphology of the
catalyst support. A detailed description of the technique and imaging meth-
ods is found in [108] which forms the basis of this section.

In a scanning electron microscope, electrons are produced by a cathode and
accelerated by an anode to energies between a few keV up to 50keV. Sub-
sequently, electron optics such as slits, lenses, and condensers are used to
shape the electron beam in size, divergence, and intensity. The electron
beam with a probe diameter which can be as small as < 1nm, is scanned
over the sample surface by two pairs of scan coils for the x and y direction.
At the sample, a large number of interactions between sample and electrons
occur that allow for a large variety of analysis and imaging techniques. In
Figure 2.31, a scheme of the interactions is shown. The primary electron
beam hits the target and electrons penetrate the surface up to a depth of
R, depending on energy, sample, and incidence angle giving rise to several
contrast modes. Back scattered electrons are electrons that leave the in-
teraction volume after multiple scattering events and are used for imaging
with Z-contrast. For chemical contrast, Auger electrons (see Section 2.1.2)
can be used, which are produced by either the direct beam or back scat-
tered electrons. This technique is commonly referred to as Scanning Auger
Electron Microscopy and usually requires a dedicated experimental appa-
ratus. Another technique providing chemical contrast is energy dispersive
X-ray Spectroscopy (EDX) which relies the emittance of X-rays. These are
produced by ionization and subsequent recombination of the hole with an
electron from a higher shell. Finally, secondary electrons (SEs) are produced
by ejecting electrons from the outer shell of atoms through inelastic scatter-
ing with the primary beam. Due to the low energy (< 50eV), imaging with
secondary electrons is highly surface sensitive with an information depth of
only a few nanometers. For this reason, secondary electrons are the highest
resolution contrasting signal for SEM, reaching a resolution of 1nm for the
measurements in this work [109]. The imaging contrast of SEM in SE mode
relies on multiple effects. The primary effects are surface tilt, shadowing,
diffusion contrast, and mass thickness contrast. At tilted surfaces, the sec-
ondary electron yield is enhanced as a function of the slope of the surface.
This is the main contrast which is modified additional effects. Due to the
location of the detector relative to the surface normal, a shadowing effect
occurs which makes ”the backside” of a feature appear with lower contrast
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than ”the front”. In the case of the SEM data in this thesis, the data was
recorded using a through-lens detector, which is located behind the last lens
of the optics focusing the primary electrons. Hence, this effect is only ap-
plicable for the measurements conducted at 45° in (Figure 2.4). Diffusion
contrast describes the effect of back scattered electrons exiting the sample
near a topographical feature of the surface and subsequently producing SE
by inelastically scattering at the topological feature and producing SE. This
effect enhances the effect of enhanced intensity at the edges of nanoparticles.
Finally, mass thickness contrast describes the change in intensity due to the
thickness of surface features. In the context of nanoparticles supported by
metal oxides, this manifests in increased contrast for nanoparticles with a
large height compared to flat nanoparticles.

In practice, imaging of metal nanoparticles on oxide supports is a chal-
lenging endeavor, due to charging of the support itself and the charging of
nanoparticles, which produce a localized mirror charge at the interface to
the support. AlyOj3 is a classic insulator [110] while CeO, (3.0eV][111]) and
YSZ (4.23 eV [112]) are wide-bandgap semiconductors which are both prone
to charging. Charging induced by the primary beam dissipates poorly due
to the low electronic conductivity which causes a build up in surface po-

Primary electrons

Secondary electrons
Back scattered

electrons Back scattered

electrons

X-% \/ ?uger electrons

Penetration dpeth

Figure 2.31: Scheme of the penetration depth of primary electrons and infor-
mation depth of back scattered electrons, Auger electrons, Secondary elec-
trons, and X-rays. Image adapted from [108].
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tential. As a result, electron trajectories are perturbed and stable imaging
conditions are challenging to attain. In order to mitigate these effects, sam-
ples were clamped onto a grounded sample holder using conducting clamps.
High-resolution measurements were conducted close to these clamps to al-
low for efficient charge dissipation via the surface of the support rather than
through the bulk. For SEM measurements conducted after light-off experi-
ments, parts of the samples were additionally covered with a C film and glued
to the sample holder using conductive tape to further counteract charging.
Throughout this work, SE mode SEM was used as a complementary tech-
nique for the determination of nanoparticle diameters before and after light-
off experiment. Determining the nanoparticle diameters by SEM gave a
direct confirmation of the approximation of the domain size determined by
HEGIXRD as a nanoparticle size. The high resolution and correlation of
features observed in SEM delivered additional information to the operando
HEGIXRD results that allowed for a more detailed interpretation and un-
derstanding of the HEGIXRD results.

In the case of the data in Chapter 2 and Chapter 4 this was achieved using
Gwyddion [113] and the built in Gaussian blur and thresholding functionality.
Due to the more complex analysis routine required for nanoparticles in the
holes of CeO5(00 1) thin film discussed in Chapter 3, a semi-automatic analy-
sis script was developed (see Chapter D) which contains extended threshold-
ing functionality and improvements that facilitated the analysis work flow.

2.4.2 Atomic Force Microscopy

Atomic force microscopy was used as an ex-situ technique to gain insight into
the surface morphology of the investigated catalysts and catalyst supports.
While several operation modes, techniques can be realized with an AFM
instrument to probe a wide range of material properties on a nanometer
scale, within the scope of this work it was exclusively used in tapping mode
for the investigation of surface roughness, morphology, and nanoparticle size.
Additional, more detailed information on AFM and its many applications are
found in [108, 114-116], used as reference for the following section.

A simplified scheme of the working principle of AFM in tapping mode is
shown in Figure 2.32 A and consists of five main components: the cantilever,
a laser and photo diode, a piezo scanner and a feedback-loop. In tapping
mode, the cantilever is being oscillated with a large amplitude in the range
of 20nm to 100nm at or near its resonance frequency. Due to the forces
resulting from the interaction between sample and tip of the cantilever, the
amplitude of the oscillation is perturbed. The oscillation of the cantilever
is measured by reflecting a laser from the backside of the cantilever and
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Figure 2.32: A: Scheme of an AFM measurement. B: AFM measurement
of Pd nanoparticles on Al,O3. C: AFM measurement of CeO, on YSZ. D:
Horizontal line scan through the hole in B. E: Line scan through two particles
of C. Positions of the line scans in D and E are indicated by green lines in

B and C.

following the intensity changes using a four-panel diode. The feedback loop
is then used to adjust the vertical position of the piezo z stage to maintain
a constant amplitude. Thereby, the topology of the investigated surface is
recorded.

Since the lateral size of small nanoparticles is of the order of the tip radius
of 8nm [117] and deconvolution of tip and measured topology is challenging,
AFM was used to determine the support roughness and topology (Figure 2.32
B, D, Chapter 1), and nanoparticle height (Figure 2.32 B, C Chapter 2,
Chapter 4). With the diameters determined from SEM, the full shape of
the nanoparticles could be captured from microscopy and compared to the
results from HEGIXRD.
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1.1 Abstract

CeQs is an important support material with redox properties interesting for
heterogeneous catalysis and energy conversion applications. Here, we present
a facile growth procedure for epitaxial CeO2(001) thin films supported by
YSZ(001) suitable for combined catalytic activity and structural investiga-
tions. The growth of the CeO, thin films was performed using standard
ultra-high-vacuum (UHV) preparation techniques followed by tube furnace
annealing in air. Thorough characterization prior to and after the tube fur-
nace annealing revealed that this step induces significant restructuring of
the film. Complete characterization by atomic force microscopy (AFM), X-
ray reflectivity (XRR), grazing incidence X-ray diffraction (GIXRD), cross-
section high-resolution scanning tunneling electron microscopy (HR-STEM),
X-ray photo-emission spectroscopy (XPS), and polarization-resolved infrared
reflection absorption spectroscopy (IRRAS) showed that the film is fully oxi-
dized and atomically smooth with a coherent crystal lattice over the full film
thickness. A dislocation network at the CeO,/YSZ interface compensates
the lattice mismatch between film and the YSZ support, yielding a film with
bulk lattice parameters. The bulk terminated surface is found to be defect
free with negligible amount of adsorption sites and stabilized by the presence
of hydroxyl groups for polarity compensation.

Keywords: ceria, dislocation network, catalysis, thin film, XRR, GIXRD,
HR-STEM, XPS, AFM, IRRAS
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1.2 Introduction

Ceria is a complex oxide material with rich structural, chemical and catalytic
properties [118-121]. Central to many applications is the fast incorporation
(release) of oxygen into (from) the lattice. This is possible due to the facile
and reversible change in oxidation state from Ce(IV) to Ce(IlI) without sig-
nificant changes to the crystal structure. Prominent examples for such ap-
plications are solid oxide fuel cells (SOFC), gas sensors, and the use of ceria
in heterogeneous catalysis as support or catalyst [122-125]. A large number
of reports on structure, chemistry and catalytic activity [118-121, 123-134]
highlight the need for detailed structural and chemical control of CeOy model
surfaces, which also permits a direct comparison with theoretical results.
Several studies in the last decades were directed towards understanding the
growth and structure of CeOy thin films on various oxide and metal sub-
strates [135-140]. However, most studies only focused on single aspects of
the films such as interface structure, growth mechanisms or structural and
compositional changes in oxidizing (reducing) environments. For structurally
well defined ultrathin CeO, thin films, Ru or Pt are common supports [136,
137, 141-143], however, catalytically active support crystals are inconvenient
for operando catalytic studies. Films grown on inert oxides such as MgO,
Aly O3, PryO3 or YSZ (Y stabilized ZrOg) are frequently manufactured by
pulsed laser deposition (PLD), atomic layer deposition (ALD), or molecular
beam epitaxy (MBE) with varying structural and chemical control [118, 138,
139, 144, 145]. High structural and chemical control over the CeOy thin film
can be achieved e.g. by using ProO3(0001) buffer layer between the CeOq
thin film and a Si(111) substrate. However, sample preparation involves
hazardous materials and multiple growth steps with the need to remove and
reintroduce the sample from and to UHV [146]. Reports on the interface
structure between CeQOs thin films and YSZ single crystal substrates showed
that the lattice mismatch between the two materials is relieved by disloca-
tions [118, 145], but no information on the surface structure or chemistry is
provided. Theoretical studies and experiments on the surface of CeOy(111)
showed the formation of surface and subsurface oxygen vacancies [147] which
are crucial for the redox properties of CeO, and were linked to improved
catalytic activity [148] and increased stabilization of adsorbed OH species
[149, 150].

In other studies CeOy single crystals and their behavior upon reducing or
oxidizing treatments were investigated [138, 151]. Some studies report the
observation of well-defined vibrations of adsorbed CO on CeO, single crys-
tal surfaces distinctly different for different surface orientations revealed the
presence of rather homogeneous surfaces [152-155]. In other cases poor sur-
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face quality was observed, as visualized in the scanning micrograph of a
freshly polished CeOq(111) single crystal in Figure B.1. Furthermore, in
other studies CeO, single crystals were reported to contain significant fluo-
rine contaminations leading to an altered surface chemistry [156, 157].
Here, we present a facile, straight-forward growth procedure for fully oxidized
CeO2(001) thin films with atomically smooth surfaces on YSZ(001). The
resulting films were prepared using standard UHV techniques which can be
easily reproduced. We thoroughly characterized the films’ bulk and interface
structure to the substrate using GIXRD, XRR, and HR-STEM. Further in-
formation on the surface structure of the films was obtained by AFM, and
crystal truncation rod (CTR) analysis, while XPS and polarization-resolved
IRRAS were employed in order to understand the chemical state of the film
surface. This combination of complementary techniques draws a complete
picture of the chemical, structural, and morphological features of the films’
bulk and surface properties.

1.3 Methods

AFM data was recorded in air using tapping mode and oxide-sharpened sili-
con cantilevers with a nominal tip radius of 8 nm and a resonance frequency
of 300kHz [158]. For all measurements a scanning speed of 0.5 Hz was used.
To consider potential sample tilts from mounting, a polynomial plane fit was
applied.

CTR data was recorded at the P23 beamline of PETRA III at an X-ray
energy of 16keV using a 5 + 2 circle diffractometer under grazing incidence
with a GaAs 2D LAMBDA pixel detector. Throughout the measurement
the sample was under 100 rf]l—li Ar flow at a constant pressure of 100 mbar.
All XRR and GIXRD data, except for the CTR data, were recorded at the
DESY Nanolab[158] 6-circle diffractometer using Cu,, radiation, a parabolic
multilayer optics for focussing, and a Lambda 750K detector.

The XPS measurements were conducted at DESY NanoLab [158] using a
monochromatic AlK, source (hv = 1486.6eV) and a Phoibos 150 hemi-
spherical energy analyzer. A flood gun was used during the measurements
at an energy 2.0 eV with 20uA emission for charge compensation. Ce 3d core
level spectra were recorded using a pass energy of 30eV and a step size of
0.1eV, the survey scan from 0eV to 1200eV recorded at normal emission
in Figure B.9 was performed with a pass energy of 50eV and a step size of
0.5eV.

The polarization-dependent IRRAS experiments were conducted with an
UHV apparatus combining a state-of-the-art FTIR spectrometer and a mul-
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tichambered UHV system. This dedicated apparatus was built in a way that
the spectrometer can be attached to the experimental chamber and guides
the IR light trough the UHV chamber. Additionally, it allows performing
UHV preparation as well as IR experiments on samples without exposure to
atmosphere.

The crystal was placed on a sample holder specifically designed for IRRAS
measurements. After introduction of the crystal into UHV (107! mbar) the
CO adsorption experiments were performed for the pristine and cleaned sur-
face. The surface was cleaned at 550 °C, for 30 min, in the presence of oxygen
(02, 1 x 10~*mbar) to get the fully oxidized, cleaned surface. After cooling
the sample to temperatures as low as 65K, exposure to carbon monoxide
(CO) was achieved using a leak-valve-based directional doser connected to
a tube of 2mm in diameter, which is terminated 30 mm from the sample
surface and 50 cm from the hot-cathode ionization gauge. The polarization-
resolved IRRAS spectra were recorded with both s- and p-polarized light at
a fixed grazing incidence of 80°. All IRRAS data shown here are difference
spectra obtained by subtracting the reference. The IR spectra were acquired
by recording 1024 scans with a resolution of 4 cm™!. Exposures are given in
units of Langmuir (L) (1L = 1.33 x 10~% mbars).

For the preparation of the HR-STEM specimen, the sample was first coated
with 30 nm amorphous carbon in a sputter coater and then a dual focussed
ion beam instrument was used to cover the selected region of interest with
an amorphous protective Pt cover before milling a TEM lamella.

1.4 Results & Discussion

For CeOy growth, the YSZ(001) substrate single crystals with a miscut of
< 0.1° and 9% Y203 were used. After introduction into UHV (base pres-
sure < 1 x 107! mbar), the substrates were heated to 600 °C with a ramp of
15°C/min using electron beam (e-beam) heating. After degassing at 600 °C
for 30 min, the substrate was further annealed for 120 min at this temper-
ature in 5 x 107%mbar oxygen (99.995 % purity) to ensure a fully oxidized
surface. To confirm the cleaning procedure, the Auger electron spectroscopy
(AES) data shown in Figure B.2 reveals only negligible signal of carbon con-
tamination (~ 273eV), but strong Y and O signal. After heating the sample
to the deposition temperature of 400 °C, the CeO, films were grown by reac-
tive deposition at a rate of ~ 1.2 Amin~'. Ce metal with a purity of 99.9 %
was evaporated from a crucible using an e-beam evaporator in an oxygen
background pressure of 5 x 10~%mbar, supplied through an oxygen thermal
cracker providing ~ 10 % atomic oxygen. The atomic oxygen back pressure
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was maintained until the sample reached room temperature. Due to severe
charging of the sample after the deposition, AES and low energy electron
diffraction characterization could not be performed to further investigate the
film before removing from UHV. Further improvement of the films’ struc-
tural properties was achieved by annealing them in air in a tube furnace.
The annealing procedure consisted of a single annealing step at 1100 °C for
260 min (cooling/heating ramps of 1200°C/h).

1.4.1 Surface morphology of the CeO; films
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Figure 1.1: AFM images with identical height color map and lateral scale
recorded before (A) and after (B) annealing in air for comparison. C: line
scans (green: before tube furnace annealing in air, orange: after tube furnace
annealing in air) indicated by the green, horizontal lines in A and B are
shown. D: relative height as a function of the height distribution (green:
before tube furnace annealing in air, orange: after tube furnace annealing in
air). For both distributions the fitted Gaussian profiles are plotted in black.
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The AFM height images in Figure 1.1 show the film before (A) and af-
ter (B) annealing with the as-prepared CeOs film likely consisting of closely
packed, small crystallites fully covering the surface. For both images, line
profiles with a width of 5.12 nm, corresponding to 10 pixels (Figure 1.1 (C)),
height distribution profiles (Figure 1.1 (D)) showing the frequency of a given
height around the mean height, and the root mean square (RMS) roughness
were calculated using Gwyddion [159]. The line profiles illustrate the im-
provement in surface smoothness best. Before the tube furnace annealing,
the surface has a peak-to-valley distance of ~ 1.2nm. Disregarding the small
hole at 0.6 um, the line profile of the sample after annealing (orange) is signif-
icantly smoother, with a peak to valley distance of 0.42 nm. The correspond-
ing height distribution profiles reflect this as well. The FWHM of the height
distribution profiles with a uni-modal Gaussian shape decreases by ~ 50 %
from 0.74 £ 0.002nm before the tube furnace annealing to 0.39 + 0.002nm
afterwards (see Table B.1 and accompanying text for fit parameters). The
smoothness of the CeQOs film after the tube furnace annealing is also appar-
ent from the AFM image in Figure 1.1 (B) with much larger areas of similar

height. The RMS roughness ¢ = \/% Zivzl(zn — barz)? (, where N is the

number of height values, z,, the n-th height value and barz the average height)
was calculated from the images in Figure 1.1 (A) and (B) and improved from
0.33nm to 0.22nm after annealing [159].

The large overview image in Figure B.3 that also contains the area of Fig-
ure 1.1 reveals that the CeOsy film is interrupted by rectangular holes. Up
to this point an area without holes was chosen to gain information on the
film surface morphology without distorting statistics by the holes interrupt-
ing the film. In order to investigate the holes in detail, we performed AFM
measurements on another sample with the crystal principle [100] and [010]
axes aligned with the x, y image axes, as shown in Figure 1.2 (A). In Fig-
ure 1.2 (B), a 3D rendering with inverted z-axis is shown, highlighting the
hole’s uniform, rectangular shape, indicating (100)-type side facets. Fig-
ure 1.2 (C) shows a line scan of the hole at the position marked by the line
with corresponding color in Figure 1.2 (A). The depth of the hole is in good
agreement with the film thickness of 14.4 nm determined by XRD (see Fig-
ure B.4, Table B.2, and accompanying text), indicating that they reach down
to the surface of the YSZ substrate. A possible origin of the holes will be
discussed further below.
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Figure 1.2: A: AFM image of an area of the film after annealing exhibiting
holes. B: Inverted 3D view of one hole. C: Line scan through the hole.

1.4.2 Structural properties of CeO- films

XRR measurements were employed to gain information on film thickness,
coverage, and interfacial roughness, complementary to the AFM investiga-
tions. All XRR data was fitted using the Parrat formalism [160, 161] and
fit results of the material parameters are given in Table B.3. To fit the data
recorded before tube furnace annealing, shown in Figure 1.3 (A), a three-
layer model was chosen to accommodate three distinct features of the film:
A depletion region (yellow) with reduced electron density compared to YSZ
and CeO, at the interface to the substrate, the bulk of the film with CeO,
bulk electron density (orange), and a top-layer with a reduced electron den-
sity (red) accommodating the rough morphology of the as-prepared film. In
agreement with the height distribution profiles in Figure 1.1 (D), a Gaussian
roughness model is used to smoothen the transitions between the layers. The
total film thickness, as determined from XRR, is 14.9nm. The central layer,
representing the majority volume of the film, possesses the bulk electron
density of CeQO,, which allows to conclude that the YSZ substrate is fully
covered by the CeO, film, confirming the AFM observations in Figure 1.1
(A) where no interruption of the film was observed. The terminating layer
of the CeO, film has a thickness of 2.0 nm with a surface RMS roughness of
0.95 nm, which exceeds the RMS roughness calculated from the AFM image
by a factor of nearly three. The reason for this discrepancy can be of ex-
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Figure 1.3: Specular reflected intensities as a function of the reflection angle
20 (black dots), with fitted curve (red, solid line). Inset: Electron density
profile of fitted model (red line) with the components (black lines), before
and after furnace anneal (A, B). Yellow, orange and red rectangles indicate
CeOs, layers, the green rectangle the YSZ substrate.

perimental and physical origin. Experimentally, the limited resolution due
to convolution of the AFM tip with surface shape and inaccuracies in model
choice can lead to smaller RMS roughness values in AFM and larger values in
XRR analysis. However, since the roughness model fits well with the height
distribution profile and the aforementioned errors cannot account for such
a large difference, the top layer of the XRR model is not only reproducing
morphological roughness but likely reduced density due to vacancies, loosely
packed crystallites, and amorphous CeOs.

A first, qualitative comparison of the XRR data obtained before and after the
furnace annealing (Figure 1.3 (A) and (B)), confirms the observations in the
AFM measurements. The most significant changes in the XRR curve after
annealing (Figure 1.3 (B)) are the lack of modulation in the oscillations at
1.5° < 20 < 2.5° and an overall intensity increase due to reduced roughness
and possibly elimination of non-reflective areas. Overall, the electron density
of the film is that of bulk CeOy before as well as after the tube furnace an-
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nealing, which previously could not be observed in doped films grown by PLD
[162]. This is the case despite the rectangular holes observed in AFM, indi-
cating the holes are sparse, local features that do not contribute significantly
to the average film electron density. The model could be simplified by the
removal of the low density interfacial layer. It apparently restructured during
the tube furnace annealing leading to the sharper substrate-film interface in
the electron density profile in Figure 1.3 (B). The surface roughness of the
top layer is 0.44 nm, less than half compared to before annealing (0.95nm)
and matches the AFM RMS roughness of 0.58 nm observed for the overview
image, including the holes in Figure B.3. As apparent from the comparison
of the electron density profiles depicted in Figure 1.3 (A) and (B), the top
CeO, layer of the model reduced significantly in width from 2.0 nm to 1.3 nm
and in electron density. This leads to a far more abrupt cut-off of the total
electron density, signifying a strongly reduced surface roughness. In addition,
the total film thickness is reduced from a value of 14.9 to 13.6 nm, while the
thickness of the bulk CeO, layer increased from 9.07 + 0.18 to 12.28 £ 0.07.
We explain these changes in the film density, thickness, and roughness at
both interfaces by a significant restructuring process that involves optimiza-
tion of the interface structure between the YSZ substrate and the CeOy thin
film as well as oxidation of the film at the interface.

Next we will discuss the structural properties of the CeO, film. In Fig-
ure 1.4 (A), rocking scans with the rotation axis along the surface normal
are shown. For this, the detector position was fixed at the respective in-plane
Bragg angles for (111), (200), and (220) reflections of CeO,. These scans
allow us to determine the film epitaxy and its preferential growth directions.
In Figure 1.4 (A), (B), and (C), the top panel contains data recorded before
the tube furnace annealing, while the bottom panel displays data obtained
after. Since only the (200) and (220) rocking scans show diffraction signal
and both scans have 4-fold symmetry with a 45° spacing between them, the
film is exclusively (001) oriented. The reciprocal space maps in Figure 1.4
(B) reveal YSZ and CeO, (33 1)-type reflections in the H,K = H,L plane indi-
cating that the film conforms to cube-on-cube epitaxy. No additional phases,
such as CeyO3, or metallic Ce or other orientations of CeOy were observed
neither before, nor after tube furnace annealing. However, the peak inten-
sity in the rocking scans increases by a factor of two while the peak width
decreases in both radial and azimuthal directions (Figure 1.4 (A)). The lat-
ter indicates a change in coherent crystallite size, which was determined by
line scans through the CeOq(11 1) Bragg peak along the L direction (height)
and H, K =H (radial) direction (lateral size), as presented in Figure 1.4 (C).
Based on the fitted FWHM the coherent crystallite size D can be calcu-
lated along the respective direction using AQ = 2= [163]. Before the tube
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Figure 1.4: A: Rocking scans of the sample rotation pu, corrected for the
in-plane Bragg angle, showing 45° spacing between in-plane (200)- and
(220)-like reflections and absence of (111)-type reflections. B: Reciprocal
space maps revealing CeO2(001)/YSZ(001) cube-on-cube epitaxy without
any other phases or orientations. CeQO, reflections labelled in orange, YSZ
reflections in green. C: Line scans through the CeOy(11 1) Bragg peak along
H,K=H (radial) and L direction (blue and pink, respectively). For all images
A to C, the top image was recorded before, the bottom image after tube
furnace annealing.

furnace annealing, the lateral coherent crystallite size is determined to be
25.3nm and the coherent height is 12.9 nm. The large difference to the total
film thickness of 15 nm determined by XRR, can be explained by structural
heterogeneity: The film consists of CeOy crystallites, giving rise to the char-
acteristic diffraction signal, as well as amorphous, (partially reduced) CeO,
only contributing to the XRR height. After the tube furnace annealing, the
coherent crystallite size grows to 14.3nm perpendicular to the surface and
laterally by roughly 25 %, to 31.6nm. In the XRR measurement the oppo-
site behavior, a decrease in the total film thickness, is observed, allowing the
conclusion that amorphous parts of the film crystallize. In fact, the coherent
crystal size with 14.3nm is slightly larger than the observed thickness from
XRR of 13.6 nm, but agrees within the error bars of measurements and fits.
We quantified the reduction in mosaicity by the average FWHM of the in-
plane (200)- and (220) rocking scans (Figure 1.4 A). For the as-prepared
film the fits (see Figure B.5 for fits and Table B.6 for fit parameters) yielded
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Figure 1.5: A: (22 L) rod of CeOy(001) thin film (black circles and error
bars) with CTR model of the bulk truncated model (blue) and the CTR
model including relaxation of the surface layer along z (red). B: Model of the
relaxed surface structure of the (001)CeO, film. The dotted lines indicate
the original positions of the layers, the small black arrows the direction of
the displacement.

a mosaicity distribution of 1.23° for the (200) type reflection, while after the
tube furnace annealing the FWHM reduced by more than one third to 0.80°.
Similar values were attained for the (220) type reflection indicating, together
with the increase in coherent crystallite size, a significant restructuring pro-
cess during the tube furnace annealing to larger, well aligned domains.
From the peak positions in Figure 1.4 (C), the lattice parameters along the re-
spective scan directions were calculated. The peak positions expected from
the bulk lattice constant are indicated by the red, dotted lines. In-plane
(H,K=H), the lattice constant increases from 5.408 £ 0.008 A before to
5.418 4 0.008A (bulk lattice constant 5.4178 A [164]) after the furnace anneal-
ing. The out-of-plane lattice constant decreases slightly from 5.46 + 0.02 A
to 5.41 & 0.008 A before and after annealing, indicating a relaxation of the
film towards the bulk lattice constant. The lattice constants were refined
using multiple CeOy reflections (see Table B.5). Within these error bars,
lattice parameters of the films are found to be fully relaxed to bulk stoichio-
metric CeO,. The lack of uniform strain indicates that the lattice mismatch
between YSZ and CeQO, is likely relieved by dislocations.

Further information on the surface structure of the film was obtained by
analysis of surface X-ray diffraction CTR data recorded at the PETRA III
beamline P23. In contrast to XRR and AFM that probe the surface mor-
phology, CTR analysis probes the termination of the crystalline lattice of
the film [165]. In Figure 1.5 (A), the measured (22 L) CeOy CTR and the
X-ray structure factor of two fitted surface models are shown. Since the film
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surface is much smoother than its interface, a simplified model of only the
top surface of the film was used. For the bulk simulation (blue curve in
Figure 1.5 (A)), no parameters except a scaling factor was varied. The clear
discrepancy between fitted model and data shows that the model is not rep-
resenting the surface structure well. The adapted surface model includes a
roughness parameter (3, and relaxations of the atoms from their bulk position
along the surface normal. The structural model is shown in Figure 1.5 (B)
and includes the relative displacement of the atoms on the right hand-side.
This simulation already yields good agreement between data and fit: The
decreased scattered intensity is due to the surface roughness represented by
the parameter 3. For comparison with other techniques, the RMS roughness
of 9.6 A was calculated using opys(f) = % - dy, where (3 is the fitted

roughness parameter and d; = % with ag = 5.41 A is the lattice distance
along the surface normal [166]. The value is in reasonable agreement with
the values from XRR and AFM, inidcating that the film is fully crystalline,
as only the crystalline phase contributes to 5. The top O and Ce layers are
relaxed from the original atomic positions, as indicated by the dotted lines
and arrows. The top Ce layer is slightly compressed and the top oxygen
layer is significantly expanded along the surface normal. This is in contrast
to previous studies on single crystals and nanoparticles where reconstruction
and massive restructuring of the (00 1) termination were reported [153]. We
attribute the displacement of the top O layer to hydroxyl groups (see discus-
sion below). Due to the small contribution to the electron density, H atoms

were not included in the fit.

1.4.3 Interfacial dislocation network

Next we will discuss the misfit relaxation mechanism between the CeO, film
and YSZ substrate. In Figure 1.6 (A), a reciprocal space map of the [H,
K =H, L] plane in the vicinity of the in-plane CeOy and YSZ (220) reflec-
tions is shown. The (22 L) crystal truncation rod (CTR) signal of CeOq
exhibits film thickness oscillations, which appear for atomically flat films
with macroscopically coherent film thickness. Between the CTRs of CeO,
and YSZ (split due to contributions of Cu K, 1, K, radiation in the X-ray
beam of the laboratory source), an additional diffraction signal can be ob-
served. It is centered between the film and substrate (220) reflections at
H= 2.06 (see line scan at L= 0.04 in the bottom panel of Figure 1.6 (A)).
This satellite peak occurs due to an ordered misfit dislocation network, a
long-range ordered lattice of dislocations at the interface between CeO, and
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Figure 1.6: A: Reciprocal space map (top) and line scan (bottom) in the
vicinity of the CeOs and YSZ (220) reflections. B (i): HR-STEM image
of the CeO, film (top) and YSZ substrate (bottom), projecting the [110]
and [001] directions in the plane of the image. B (ii): o,, component
of the strain trensor from geometric phase analysis of the area in B(i). B
(iii): +(111) Bragg filtered image corresponding to the red rectangle in B
(i). Crystal axes for all HR-STEM data are indicated next to the B (iii).
C: Calculated coincidence lattice for CeOy (yellow) and YSZ (green). The
points indicate atomic positions of metal ions in {00 1}-type planes (i.e. the
faces of the fcc unit cell) and nicely demonstrates the deviation from a perfect
coincidence lattice and hence the location of a necessary misfit dislocation.
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the YSZ substrate [167]. A periodicity of 7.08 £ 0.10nm was determined
from the dislocation peak position[168], relative to the CeO, (220) reflection
(see Figure B.6 and Table B.7 for fits and full set of fit parameters).
Further information on the misfit dislocation network was obtained by HR-
STEM measurements shown in Figure 1.6 (B). For these measurements, a
cross-section specimen with its normal oriented along the [110] direction was
prepared (see methods section). Figure 1.6 (B) shows (i) the average back-
ground subtraction filtered (ABSF) HR-STEM image, (ii) the corresponding
0. component of the strain tensor calculated by geometric phase analysis
(GPA) [169, 170], and (iii) a Bragg filtered image isolating one of the misfit
dislocations. In the HR-STEM image, the less scattering and hence darker
bottom area corresponds to YSZ while the brighter and hence more scattering
upper area corresponds to CeQOs, as labelled on the left side. The periodically
darker contrast with an average distance of 7.58 £ 1.8 nm at the interface of
the two materials, indicated by blue arrows, are attributed to dislocations.
The highly localized opposite sided strain fields with opposing signs at those
positions in Figure 1.6 (ii) confirm the assignment as dislocations. One of
the misfit dislocations was investigated by Bragg filtering which shows the
extra half plane at the interface of the isolated CeO9{111} and YSZ{111}
planes in Figure 1.6 (B, iii).

In the top panel of Figure 1.6 (C), the lattices of {001} planes of CeOq
(yellow) and YSZ (green) are shown with the circles representing the atomic
positions in that plane. The gray lines are the dislocation distances, mea-
sured from two Bragg filtered images using different reflection pairs of the
three images in Figure B.7. The red line is the mean dislocation distance of
7.58 £ 1.8 nm. The lines are extended into the bottom panel of Figure 1.6 (C),
where the dislocation probability density function emphasize the unimodal
distribution centered around the mean distribution value. All distances and
the calculation is given in Table B.8 and the accompanying text. The av-
erage spacing of the misfit dislocations obtained from the HR-STEM image
analysis and the value obtained from GIXRD analysis are slightly smaller
than the calculated equilibrium spacing of 7.8 nm for dislocations of Burgers
vector type b = %a CeO,[110]. In comparison with previously observed dis-
location distances for this system (4.7 nm[118], 5.1 nm[145]), the dislocation
network of the here presented films are in a significantly more relaxed state.
A reason for the discrepancy between equilibrium spacing and the observed
values could be the fact that the relaxed bulk lattices of the two materials
form a Moire pattern (Figure 1.6 (C)) with a the 45 ° rotated unit cell param-
eter of 6.5nm (= 18 CeOq or 19 YSZ {110} lattice planes). The observed
dislocation network spacing could be the result of these two competing in-
terface structures.
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In the vicinity of the dislocations, the o,, strain map reveals tensile strain
in the CeO; lattice and compressive strain in the YSZ lattice. The remain-
ing oy, 04 and oy, strain tensor maps are presented in Figure B.8 (A),
(B), and (C), respectively. The oy, strain tensor map reveals a small, rel-
atively homogeneous expansive strain in the CeO, film (Figure B.8 (A)) of
~ 0.1 %, well within the errorbars of the GIXRD measurements. In addition,
shear strain is also observed in the direct vicinity of the dislocation. Sign,
amplitude, and location of the o,, and o,, components are nearly identical
(Figure B.8 (B), (C)) and in sum, correspond to a rotation of the interface
lattice in the image plane in counter clockwise direction. Shear strain was
observed both along and perpendicular to the interface normal (Figure B.8
(B) and (C)) with the same sign and value indicating a rotation of the lat-
tice along the [110] axis or along the image plane normal. In combination
with the aforementioned rectangular holes appearing after the tube furnace
annealling we deduct a complex relationship between out-of-plane strain, in-
plane dislocation network, holes, and twisted CeO, lattice minimizing the
interfacial energy between the two lattice mismatched materials. The recrys-
tallization to larger domains observed by XRD and the increase in electron
density observed by XRR indicate significant oxygen transfer through the
bulk of the film from the environment. We suspect that the holes are con-
densated oxygen vacancies forming as the film restructuring from an oxygen
deficient state (before the tube furnace annealing) to the fully oxidized state
(after the tube furnace annealing) occurs. In short, the restructuring to a
perfect CeO, film is faster than oxygen can be supplied by the environment
to the film. The rectangular footprint of the holes can be rationalized by
the strong interaction of the surrounding film with the substrate and the sig-
nificantly stronger oxygen diffusion across {100} planes compared to other
directions.[171] In combination with the complex relaxation mechanism at
the surface this results in a strong interaction between film and substrate
at the interface which promotes the vacancy condensation to conform to the
symmetry of the substrate and surrounding film leading to interruptions of
the film at {100} and {010} planes resulting in rectangular holes.

1.4.4 Film surface composition

XPS measurements were conducted to analyze the chemical composition at
the surface of the CeOy film after the tube furnace annealing. After in-
troducing the sample to UHV, the sample was annealed at 450°C with a
backpressure of 5 x 1075 mbar O, to remove contaminative adsorbates. The
survey scan in Figure B.9 shows that the sample is free of contaminations.
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Figure 1.7: Deconvoluted Ce 3d (A) and O 1s (B) core level spectra of the
thin film after tube furnace annealing at 50° emission angle (black dots)
inlcuding fit (red line) and components (colored areas). For comparison,
reference core level spectra of a (11 1) facetted CeO2(110) single crystal (data
provided by the authors of [172]) and an untreated CeO4(111) single crystal,
recorded at the same emission angle are shown with fitted data in A. In
addition, the fitted peak positions of the Ce(IV) 3d core levels as well as the
expected positions of Ce(III) 3d core levels from [173] are shown.

In Figure 1.7 (A), the deconvoluted Ce 3d core level spectrum of the film
is presented alongside reference spectra obtained from CeO, single crystal
experiments (with linear background subtracted for comparability). The
light gray curve represents an untreated Ce(111) single crystal, measured in
normal emission, while the dark gray curve corresponds to a {111} faceted
CeO4y(110) single crystal [172] measured in grazing incidence. For the latter,
the authors reported a 35 % Ce(I1I) content. The positions of 10 overlapping
peaks of CeOq_, are shown as black (Ce(IV)) and red (Ce(III)) dotted lines
in Figure 1.7 (A). For both cerium oxides Ce'Y Oy and Ce™,03, only doublets
are observed due to the 3ds,2/3ds3/2 spin-orbit splitting: One doublet for the
primary photo emission (v/u for Ce(IV), vg/uy for Ce(III)) process, two for
shake-down processes in Ce(IV) (v”/u”, v /u") and one for Ce(III) (v'/u’).
Overall, the XPS data of the film closely resembles the bulk spectra of the
CeO2(111) single crystal (Figure 1.7 (A), labelled (111) SC). Obvious contri-
butions to the spectrum from Ce(III) (red dotted lines) like in the dark gray
curve with 35% Ce(III) are clearly absent. Quantification of the amount of
Ce(III) species is not trivial, especially for small amounts of Ce(III), as previ-
ously described in [174-176], because of the large number of strongly overlap-
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ping, symmetric, and asymmetric peaks, combined with Shirley-background
subtraction. Furthermore, extreme charging because of the large band gaps of
CeOq and YSZ (3.0eV, and 4.23 eV respectively [177, 178]) complicated the
measurement. In order to simplify the fitting procedure we chose to restrict
the fit by fixing doublet spacings to 18.4eV, the doublet area ratio to 2/3,
and the FWHM to the same value. An asymmetric peak profile composed of
two Pseudo-Voigt profiles was chosen for the peaks v and u[174, 175, 179].
The spacing and FWHM between the asymmetry (indicated by blue arrows
and corresponding position in Figure 1.7 (A)) and the main components are
equal for v and u. All components are Pseudo-Voigt line shapes with o = 0.8
and the full set of fit parameters is given in Table B.9. The resulting best fit
of the described procedure is shown in red in Figure 1.7 (A) and reproduces
the data very well in all areas of the core level spectrum. No additional peaks
were necessary at the expected positions of Ce(IIl) and including them re-
sulted in worse agreement of fit and data, shift to Ce(IV) positions, FWHM
of the order of 10eV, or negligible peak areas, depending on the boundary
conditions of the fit. In the same way, removing or reducing the asymmetry
contribution to v and u did not yield improvement in the fit, independent
of the inclusion or exclusion of Ce(III) components. From this, we conclude
that within the error of measurement and fit, the surface of the CeO, film is
fully oxidized. Further information on the oxidation state and surface chem-
istry of the film can be extracted from the O 1s and C 1s core levels shown in
Figure 1.7 (B) and Figure B.10, respectively. The two dominant components
of the Ols spectra are lattice oxygen at 528.98eV[180, 181] and water at
531.18eV[180, 181]. The spacing is in good agreement with previous stud-
ies on the surface of CeOy(111) films supported by ProO3(0001)/Si(111)
or metal substrates, and CeOs single crystals [182, 183]. In order to fully
reproduce the oxygen core level spectrum, an additional OH peak[184] and
a carbon-related peak[185] were added at 530.16eV and 532.73eV, respec-
tively. In agreement with the lack of Ce(IIl) signal in the Ce 3d core level
spectra and the lack of a shoulder on the CeO, lattice oxygen peak, the ad-
dition of a lattice oxygen peak for partially reduced CeO, did not improve
or maintain fit quality (full set of fit parameters in Table B.10 and accompa-
nying text). In order to understand the area distribution between the H5O,
OH, and lattice O peak, a layer analysis was conducted (detailed calcula-
tion is presented the SI) which revealed that the film is terminated by a 1.8
monolayer thick water film followed by one monolayer (0.95 £+ 0.09) of OH.
This clearly points towards a strongly hydroxylated surface which is further
stabilized by the thin HyO overlayer.

Polarization-resolved IRRAS was employed, using CO as a probe molecule,
to gain further insight into the surface chemistry of the CeO, film. The CO
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Figure 1.8: Surface structure of the oxidized CeO2/YSZ(001) thin film char-
acterized by polarization-resolved IRRAS. (A) p-polarized IRRAS data of CO
adsorption at 65 K on CeO2/YSZ(001). (B) Reference IRRA spectrum of
CO adsorption on the (2 x 2) O-terminated CeO5(100) single-crystal surface
[152].

surface ligand IR (CO-SLIR) approach[186] has been demonstrated to be
well-suited for characterizing the surface structure of catalyst surfaces.[187—
189] This is because the frequency of CO stretching vibrations is extremely
sensitive to the chemical environment and varies significantly depending on
the nature of adsorption sites. Figure 1.8 (A) shows the corresponding p-
polarized IRRAS data as a function of CO dosage at 65 K (cooling with liquid
He). Upon CO adsorption on the cleaned CeOy/YSZ thin film, no CO-related
vibrational bands were observed in the region of 2200 - 2100 cm™! (the same
is true for the s-polarized spectrum shown in Figure B.11). For comparison,
the IRRAS data of CO adsorption on the oxidized CeOy(001) single crys-
tal surface recorded at slightly higher temperatures (75K) is presented in
Figure 1.8 (B). The bulk-truncated, polar CeO5(00 1) surface is known to be
inherently unstable, leading to its reconstruction into a (2 x 2) pattern for
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polarity compensation [153]. As shown in Figure 1.8 (B), the charge neutral
(2 x 2) O-terminated CeO2(001) surface is characterized by two CO bands
at 2176 and 2147 cm™!, which are respectively assigned to CO species in an
on-top and a bridge configuration, as supported by theoretical calculations
using the hybrid DFT (density functional theory) approach with the HSE06
functional [154]. The shoulder resolved at 2168 cm™"' originates from CO
bound to oxygen vacancy sites as a minority species [152, 154]. We note that
comprehensive IRRAS results were reported for CO adsorption on all three
low-index ceria single-crystal surfaces (CeOy(111), CeO2(110), CeO2(100))
in both oxidized and reduced forms [152-155]. These data reveal that the
CO stretching band is highly facet-dependent and remarkably sensitive to the
presence of O vacancies [128, 151-154]. Furthermore, blue shifts of the CO
vibrations relative to the gas phase (2143 cm™!) were observed for CO adsorp-
tion on all oxidized and reduced CeQOs surfaces. Overall, the present IRRAS
results provide solid evidence that the surface structure of the CeOy(100)
thin film is rather different from that observed for CeO5(100) single-crystal
surfaces. The absence of any CO-related IR signals, even at temperature as
low as 65K, suggests that the surface of the CeO2(100) thin film is stabi-
lized by hydroxylation, where the polar instability is removed through the
formation of hydroxyl groups, in line with XPS observations.

1.5 Conclusion

We present a facile, stream-lined UHV growth procedure for epitaxial, fully
oxidized CeO2(100) thin films supported by YSZ(001) and report on their
crystallographic, chemical, and morphological properties. With the presented
growth procedure we were able to reduce the number of preparation steps
compared to other studies using YSZ supports [118, 145]. The films exhibit
a fully coherent lattice along their surface normal over the full film thick-
nesses of 10 to 15nm. The lattice is almost fully relaxed to the bulk lattice
parameter, with a small tensile out-of-plane strain of &~ 0.1 %. The in-plane
lattice of the film is fully relaxed via the formation of a long-range ordered
dislocation network along the [110] directions. After the tube furnace an-
nealing, the film is completely oxidized at both interfaces and in the bulk, as
no reduced electron density was observed in XRR and no significant Ce(III)
population could be observed by XPS. The prepared films exhibit rectangu-
lar holes with edges aligned with the [100] and [010] axes. These holes are
local phenomena and a result of the restructuring process occuring during
the tube furnace annealing. Spectroscopic analysis by IRRAS and XPS as
well as structural investigation by CTR analysis show that the point defect
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free surface is hydroxylated and (001) terminated. Similar to reports on
7104, the surface is found to be fully hydroxylated for charge compensa-
tion of the polar (001) surface of CeOy [190, 191], demonstrating its high
activity towards water dissociation, occuring likely during the tube furnace
annealing process [192]. The films represent an ideal support for the prepa-
ration of model heterogeneous catalysts by metal nanoparticle deposition for
elucidating structure-activity relationships.
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Abstract

Methane-based technologies are key to a more sustainable and renewable
energy future, with Pd-based catalysts commonly employed to mitigate
methane slip during combustion. Despite good understanding of predictors
for activity and identification of PAO(101) as the active surface, information
on the transient structure during light-off is scarce. With operando grazing
incidence high energy X-ray diffraction, we accessed structural information
of two catalysts at transient conditions during light-off. Simultaneously mon-
itoring the activity, Pd/Al,O3 showed activity for partial oxidation to CH,0O
and Pd/CeOy for CO and CH50O. Furthermore, the evolution of the Pd
oxidation state did not follow the oxygen chemical potential and thermody-
namically unstable phases were formed by reactions involving the support.
Correlation of all results demonstrates that the thermodynamic condition
inferred from the applied is not a reliable descriptor of the catalyst surface
or active site. Instead, kinetic processes like the diffusion and desorption of
surface species and reduction of PdO by the catalytic conversion of methane
steer the oxidation state and available active sites of the catalyst.
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2.1 Introduction

With the increasing deployment of renewable energy sources and the phase
out of traditional sources, transitional technologies are required and new
challenges for energy storage and energy conversion emerge. Pivotal in the
transition to a fully renewable energy landscape is the compensation of
power in times of excess or deficient power production. An advantage of
combustion fuels such as methane in the form of biogas from biomass or
e-methane from power-to-fuel applications, is that existing infrastructure
and technologies such as gas turbine power plants and compressed or
liquefied natural gas (CNG, LNG) engines can remain in use [193, 194].
However, the main challenge of methane combustion engines, unburned
methane in the exhaust gas (methane slip) remains. A 28 times higher global
warming potential compared to CO, with a contribution of 30 % to current
global warming makes it crucial to omit methane emissions [195, 196]. For
catalytic CH4 oxidation in lean conditions, oxide supported Pd catalysts
exhibit the highest activity for complete conversion to COy [197, 198].
Typically operated in lean (oxygen-rich) conditions, the Pd nanoparticles
(NPs) readily oxidize to PdO under operation [199]. Light-off and steady
state experiments have shown that this phase is highly active for catalytic
CH, oxidation via the Mars-van Krevelen (MvK) mechanism [198, 200, 201].
Typically, the catalysts are calcinated prior to operation, oxidizing the Pd to
under common operating conditions stable PAO [199, 202, 203]. Yet, other
investigations found that coexistence of metallic Pd and PdO enhances the
activity [204-206]. Single crystal studies together with density functional
theory were used to identify the PAO(101) surface as the most active phase
[207]. This is explained by the undercoordinated Pd.,s and O, surface
species, which are required for the dissociative adsorption of CH, [198, 207].
Based on the MvK mechanism on PdO(101), Stotz et al. were able to
reproduce experimental, catalytic CHy oxidation light-off data for powder
catalysts. By taking into account deactivation and size dependent kinetic
effects, the CH4 conversion was calculated using micro-kinetic modeling
based on first-principle DFT.

While it is well established that the palladium phase provides the active
site for the reaction, the support for the metal(-oxide) nanoparticles can
also take part in the reaction. Different properties of the oxide support can
influence Pd/PdO stability[201, 204], manage H,O poisoning[199] or even
actively participate in the reaction [198, 208-210]. For CO, an intermediate
of catalytic CH4 oxidation, direct involvement of the support in the catalytic
reaction was observed [211]. Similarly, it was shown that oxygen is supplied
by supports containing Ce to oxidize PdO;_,[211, 212]. Despite the great
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knowledge of the influence of a large number of parameters on the catalysts
activity for catalytic CH, oxidation, detailed information on the atomic
structure during light-off is limited. Furthermore, the mechanisms behind
sintering of the porous support and the NPs, both of which are detrimental
for the catalysts activity, are not yet established. To answer these ques-
tions, we employ model catalysts, offering a degree of complexity in good
approximation to industrially used catalyst architectures, while remaining
simple enough for highly sensitive measurement techniques and link well to
theory [213]. We achieved meaningful correlation of structure and activity
during catalytic CH, oxidation light-off experiments in a lean reaction gas
mixture close to realistic conditions by following the structure and mor-
phology by high-energy grazing incidence X-ray diffraction (HEGIXRD),
while simultaneously monitoring the activity by inline mass spectrometry
(MS). Influence of the catalyst support on structure and activity was
investigated by comparing two catalysts with a Al,O3(0001) single crystal
and a CeO2(001)/YSZ(001) thin film[214] support as representatives for
inert and active supports, respectively. Our CHj light-off experiments
revealed distinct selectivity towards the partial oxidation products CO and
CH;0, depending on the catalyst support. These species were predicted as
intermediates of the MvK mechanism [200], but de-/adsorption events were
not considered. We linked the impact of adsorbates, intermediates, and the
catalytic activity regimes for CO, CH;0, CO3, and COy + CO production
to the oxidation/reduction behavior of Pd and the mobility and dynamics of
the NPs. Furthermore, the distinct sintering and oxidation dynamics could
be linked to the availability of oxygen from the support as well as structural
interaction between palladium and support phase. The HEGIXRD data
further revealed a hydrolyzed alumina phase and CePd, alloys forming
under reaction conditions. Overall, our experiments showed that changes in
selectivity, NP oxidation state, and support structure are governed by the
local chemical potential at the gas/solid interface of the catalyst and not
thermodynamics, defined by operation parameters.

2.2 Results

Activity and Structure During Catalytic CH4 Oxidation Light-off
Experiment. The light-off experiments were conducted with a custom
operando catalysis flow reactor with a volume of 23.5ml, at a pressure of
100 mbar, a constant flow of 100 H%l (20% Og, 0.1% CHy, and 79.9% Ar),
and a temperature ramp from 411K to 826 K (5.1 -5-). The initial state of
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Figure 2.1: High symmetry (1120)/(0001) and (110)/(001) planes (i,iv)
ment of Pd/Al,O3 and Pd/CeO,. The micrograph in ii was recorded on an
identically prepared sample. The HEGIXRD data was recorded at 411 K in
reaction gas mixture. The average NP shape determined from the HEGIXRD
data is visualized by the insets, which were constructed by the two most sta-
ble facets [215, 216]. The partial pressures of CHy, H2O, and CO, are shown
as a function of temperature in B i, and iii and the partial pressures of
CH50 and CO are shown in B ii and iv. The original data is shown as a thin
line for each signal (smoothened data is shown as a thicker line in the same

color). The vertical lines in B indicate crucial temperatures for activity and
structure.
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the catalyst is summarized in Figure 2.1 A, showing high symmetry planes
of reciprocal space (i,iv) recorded by HEGIXRD at 411K in reaction gas
mixture and SEM images recorded ex situ prior to the light-off experiment

direction aligned with the support normal (see Section C.2). The average
NP diameter and height, calculated from the (11 1) Bragg peak broadening,
are D = 31.4nm and H = 5.1nm (see Figure 2.3 B). For Pd/CeO2(001)
the epitaxy of the majority NP ensemble is identical (details in Section
C.2), but the NP shape is distinctly different. The NP model (inset in
Figure 2.1 A iv) highlights the much larger aspect ratio of 0.37 4 0.02
(H = 52 £ 0.1nm, D = 14.2 + 0.4nm) compared to the aspect ratio
of 0.16 £ 0.00 for Pd/Al;O3. Analysis of the SEM micrographs shown in
Figure 2.1 A ii and iii, confirmed the average diameters determined by
GIHEXRD (Section C.3). In case of both catalysts crystal truncation rod
signal (see Figure C.2 or movies in SI) was observed indicating the atomic
flatness of both supports.

The activity of the catalysts during light-off was tracked by the relative
normalized partial pressures (see methods for a detailed description) of CHy,
COgq, Hy0, CO, and CH50 at the exhaust line of the reactor (Figure 2.1 B).
The light-off movies provided in the SI show the complete HEGIXRD data
together with the simultaneously recorded, normalized partial pressures. For
these temperatures, sections of reciprocal space highlighting the evolution
of different Pd and PdO species are shown in Figure 2.2 alongside cartoons
of the catalyst structure which are based on the quantitative analysis of the
HEGIXRD data (Figure 2.3).

The NP ensemble of the Pd/Al,O3 catalyst experienced drastic struc-
tural changes already between 411 K and 598 K, prior to catalytic activity
(Figure 2.2 A #1 to #2). The Pd(113) Bragg peak became less elongated,
strong PAO(101) and PAO(100) diffraction signal and a faint Pd(111) pow-
der ring caused by randomly oriented Pd NPs appeared. The freshly formed
PdO phase exhibits the preferential, (010) and (10 1) orientations (see Fig-
ure C.24). From the peak broadening, the average diameters of the epitactic
Pd, randomly oriented Pd and the PAO domains were determined (see meth-
ods) as 17.6nm, 11.3nm, and 11.9nm, respectively. Oxidation of Pd NPs
was previously observed at similar pressures and temperatures on MgO(001)
[217, 218] and Al O3 [219]. However, the PdO domains’ orientations under
catalytic CHy oxidation reaction conditions do not match observations of Pd
NP oxidation experiments [217, 218]. Instead, the observed orientations are
similar to results reported for Pd single crystal oxidation [220, 221]. Since no
conversion of CHy is observed at this temperature, the oxidation behavior is
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Figure 2.2: Cartoons and sections of reciprocal space extracted at the posi-
tions indicated by the rectangles in Figure 2.1. For Pd/Al,O3, rectangles with
solid edges (black and blue respectively) represent Pd(113) and PdO(101)
and dotted lines (black and blue respectively) are Pd(111) and PdO(100).
The temperatures are identical with those indicated by vertical, dotted lines
in Figure 2.1. The cartoons reflect the support surface termination and the
type of NP domains observed by HEGIXRD (shape, color). The size of the
symbols scales with the relative amount of the structural motif (Figure 2.3

Q).
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governed mainly by the applied condition and the NP size [217, 219]. Hence,
we assign the (101) PdO domain to oxide formation in direct contact with
metallic Pd and the tilted (010) PdO domain to full oxide NPs in direct con-
tact with the support. For the formation of the randomly oriented Pd species,
oxidation and following reduction of a full NP is required [219]. The smaller
size of the randomly oriented Pd NPs may indicate that smaller NPs of the
epitactic ensemble were oxidized and subsequently reduced. Since PdO is the
thermodynamically stable phase, reduction should occur via interaction with
Chy, the only reducing agent in the experiment. Thus, we propose reduction
of small PdO NPs by partial oxidation of CH,. The lack of CH, conversion
and meaningful increase of catalytic oxidation products (OH, H,O, CO,H,)
indicates that the products remain on the surface, effectively blocking re-
oxidation by Og,. With increasing temperature, partial catalytic oxidation
of CH; to CH30, an intermediate of catalytic CH, oxidation [200, 222], is
observed with the maximum yield at 682K (Figure 2.1 B). In parallel, re-
duction of PdO to Pd takes place with a maximum Pd content at the same
temperature, leading to a Pd fraction of 0.63 (Figure 2.3). The NP size of
the epitactic and randomly oriented NP ensemble increased to 20.0 nm and
16.3 nm respectively, while the PdO domain size remained roughly constant
at 11.6nm. The Pd(111) diffraction signal became more pronounced and
starting at 634 K, the decreasing azimuthal intensity distribution was quan-
tified in Figure 2.3 A with a minimum of 12.2° at 682 K. Starting at 698 K
the activity towards catalytic partial oxidation to CHyO decreased and the
activity regime for complete catalytic oxidation to COs 4+ H2O and catalytic
partial oxidation to CO commences. With it, the azimuthal distribution of
the Pd(111) signal decreases and a new epitaxial Pd species, rotated by 30 °
relative to the original orientation, is formed (Figure 2.3 #4). In addition,
the PAO(100) Bragg peak vanishes by 730K and the azimuthal distribu-
tion of PdO increases. These changes in the azimuthal intensity distribution
come to their respective extremes at 747 K which coincides with Tgg of the
CO light off. The high mobility of the NPs necessary for this observation
is also reflected in the dynamic behavior of the Pd and PdO NP size. The
average PdO NP size first decreases down to 10.3nm at 730 K and then re-
covers to 11.3nm at 763 K while the Pd NP size reaches its maximum at
747 K before dropping again to 18.2nm for the epitactic NPs and 19.6 nm
for the new epitactic Pd NPs. These observations can only be explained
by spatially separated, but simultaneous oxidation and reduction of Pd and
PdO, respectively. Loss of the PAO[101], assigned to PdO in contact with
Pd likely contributes to the increase in size of the Pd NPs up to 747 K [219].
In the same way, large, free standing PdO NPs with the preferential [10 0]
orientation are being reduced contributing to the increased size of the 30°
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rotated epitactic NPs and the decrease in the PAO domain size until 730 K
(see Figure 2.3). The reversal in the trends of the NP size until 763 K. Upon
reversal of the trends, randomly oriented Pd NPs are being oxidized while
larger Pd NPs which are better stabilized by the support/NP interface remain
stable and form the well pronounced Bragg peaks (Figure 2.2 #4). At the
final temperature of 827 K after 60 min time at steady state, the diffraction
pattern is dominated by Pd powder rings. Due to thermal expansion of Pd,
the (100) type powder ring of the Be reaction chamber dome overlaps with
the Pd powder ring (Figure 2.1 C i, 827 K). During the ramp from 763 K to
827 K, drastic sintering was observed for Pd and PdO NPs. The PdO domain
size increases to 19.5 + 2.6 nm at 811 K, the highest temperature at which
PdO was observed for Pd/Al;,O3. Simultaneously, the Pd fraction increases,
approaching nearly unity at 811 K (see Figure 2.3 C). The coherent NP size
of Pd increases up to 38.5 4+ 4.6nm at 827K at steady state. This is the
opposite behavior as for the previous temperature step and caused by reduc-
tion of small PAO NPs, decreasing the amount of PdO while simultaneously
increasing the average NP size. Despite these changes in the Pd/PdO ratio
and NP size, CO, production continues to increase while CO production is
maintained at a roughly constant level.

Upon starting the light-off experiment for Pd/CeO,, an increase in HyO
(Figure 2.1 B iii) and the Pd NPs’ aspect ratio from 0.36 to 0.56 (D =
9.7nm, H = 5.4nm) at 449 K was observed. Since thermal effects are neg-
ligible, because the growth temperature greatly exceeds the operating tem-
perature, an adsorbate driven mechanism is likely responsible for the mass
transport necessary for this shape and size. Starting at 523 K an increase
in catalytic partial oxidation to CO + H2O (not observed for Pd/Al,O3)
with a simultaneous but more gradual increase in the production of CH,0O
is observed. PdO diffraction signal consisting of a textured [100] oriented
(Figure C.24) and a randomly oriented component is first observed at 561 K.
At the maximum of CO production (579 K), the PdO(101) signal yielded an
average coherent crystal size of 9.9 nm which remains constant up to 714 K
(Figure 2.3). The average Pd domain size increased slightly to 10.2nm at
579 K with an aspect ratio of 0.73 (see Figure C.21) caused by an increase in
height while maintaining the diameter. The decrease in Pd fraction towards
0.5, and the activity for catalytic partial oxidation to CO correlate remark-
ably well, indicating a competition for adsorbed Og species for CH; and Pd
oxidation. With increasing temperature the selectivity of the catalyst shifts
from CO to CH,O, reaching its maximum at 666 K. Between the peaks of
activity for CO and CH5O production, the conversion of CH4 remains con-
stant. Hence, comparable amounts of CH, are oxidized, which explains the
reduced amount of HyO production observed at 666 K as in the reaction
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Figure 2.3: The left column of the figure shows the particle properties of
Pd/Al,O3, the right column, the properties of Pd/Al;O3 during the light-
off experiments, as determined from the HEGIXRD data. In panel A the
azimuthal distribution of the Pd(111) (black) and the PAO(101) (light blue)
diffraction signal around the Bragg peak powder ring is shown, giving insight
into particle mobility. In B the PdO and Pd NP size is shown, as labeled
in the graphs. Here, black markers indicate dimensions from radial, blue
from horizontal, and red from vertical scans. In C, the ratio of the Pd(111)
powder ring to the PAO(101) powder ring is shown giving insight into the
relative amount of each phase.

119



CHy + Oy —— CH30 + H50 only half the amount of water is produced
compared to CH; + 1.5 0y — CO 4+ 2 H,0O. However, the minimum in H,O
production does not coincide with the peak of CH,O production. Likely this
is due part of the by the reaction produced H,O or OH groups remaining
on the catalyst surface. In previous experiments, we found the (CeO2) thin
films to be highly hydrophilic, maintaining a layer of adsorbed water even
after annealing in UHV at higher temperatures [214]. Hence, migration to
or involvement of CeO; in regard to the water balance HyO,q5 <— HoO(y) is
likely. The onset, peak, and decrease azimuthal intensity distribution of the
Pd(111) signal follows the evolution of the CH5O signal indicating that the
NP mobility is linked to the activity towards CH,O production. Applying the
reasoning used in the case of Pd/Al, O3, reduction of PdO should occur due
to the consumption of PdO during CH,O production. Reason for the lack in
the change of ratio is the overlap with the activity regime for CO and CH,O
production. CO, light-off starts at a temperature of 672 K and T is reached
at 730 K, which is both roughly 50 K lower than for Pd/Al;O3. Furthermore,
the second CO light-off only commences at T' > T}, instead of simultaneously
with the CO4 light-off as it was observed for Pd/Al;O3. At the transition be-
tween activity for CHyO production and full catalytic oxidation, the intensity
ratio shifts towards Pd between 698 K and 714 K, indicating further reduc-
tion of Pd. Just as for Pd/Al;Og, this is due to the kinetic barrier inhibiting
oxidation due to poisoning during CH>O production which is fully lifted at
747 K when Pd is almost completely oxidized (intensity ratio < 0.15). Thus,
at this temperature, O, incorporation is faster than the consumption by the
catalytic reaction. The abrupt decrease in intensity ratio is accompanied by
an increase of the PdO domain size by 50 % to 15.2 nm, while the Pd size only
decreases gradually. Since the Pd NP size decreases gradually from 12.9 nm
at 714 K to 763 K to 6.0 nm, the constant PdO domain size is due to an in-
crease in the amount of PdO domains with increasingly pronounced texture.
Comparison to oxidation studies shows the [100] and [00 1] domains are in
line with fully oxidized Pd NPs directly on the support [218, 219]. In the last
temperature ramp up to 827K and ¢ > 60 min at steady state, a number of
structural differences to the previously discussed case for Pd/Al,O3 were ob-
served for Pd/CeO,. Once 827 K is reached a decrease in HyO production was
observed and CO, CO., and HyO production equilibrate at a constant value.
A change in the slope of the COy light-off and the 2nd CO light-off occurs
when the Pd/CeO, catalyst contains PdO as its majority NP phase. At the
final measurement point, the Pd domain size increased up to 25.8 + 0.6 nm
and the PdO domain size decreased down to 8.2 4+ 0.2nm. Overall, the
sintering is inhibited for Pd/CeOs as it only commences at 763 K whereas a
roughly constant sintering rate of 0.75 5¢ for Pd/Al,O3. Upon loss of HyO
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signal in the mass spectra, the Pd/PdO ratio increased again, but with an
offset of 32 K compared to the changes in trends for Pd and PdO NP size.
Notably, the decrease in HoO signal appears to take place simultaneously
with an increase in (partial) catalytic oxidation products but stagnant CHy
conversion (see Figure 2.1). Hence, the increased water signal commencing
at 666 K is due to increased desorption of surface species OH,qs and HyO 4.
This confirms the explanation for the shift in activity from partial catalytic
oxidation to CH5O to partial catalytic oxidation CO,. Despite the majority
of the Pd being oxidized, the at first textured PdO diffraction signal becomes
epitactic at the final temperature under steady state. This is nicely visualized
in the decreasing azimuthal distribution (Figure 2.3 A). Despite the dynamic
conditions in high temperatures and under reaction gas atmosphere, which
lifted the epitaxial relationship of Pd, epitaxial PdO is formed. This shows
that the interaction between the epitaxial PdO species and CeQOs is stronger
than the driving forces of temperature, gas feed, and catalytic reaction at
the surface of the NPs, causing full reduction of Pd for Pd/Al,O3. This
observation expands the model explaining the stabilization of PdO on CeO,
with a structural component: In addition to the O donator/acceptor role
of CeO2[204], the beneficial interaction at the interface of CeO2(001) with
PdO(101) and PdO(001) stabilizes PAO NPs at operating conditions for
which full reduction to Pd was observed for Pd/Al;O3. Post-experimental
Characterization.

Complementary information on the changes of the two catalysts by AFM and
SEM is provided in Figure 2.4. The data highlights the distinct influence of
the supports on the NP morphology and shows the strong differences in the
response of the supports to the light-off experiments.

The large particle size of 40nm observed for Pd/Al,O3 at 827K after
> 60 min at steady state by HEGIXRD is reflected in both the SEM and
the AFM data (Figure 2.4 A-C). The SEM and AFM data reveal that NPs
formed large agglomerates that can reach several hundred nanometers in di-
ameter and up to 100 nm in height (Figure C.7). The smaller average NP size
from HEGIXRD is consistent with the contrast variation within the particles
and agglomerates in SEM Figure C.6, indicating multiple domains per NP
and agglomerate. The formation of these large particles most likely started
at 747 K when the mobility and fraction of the Pd increases abruptly (Fig-
ure 2.3). This shows that at the final temperature of 827 K, the coherent
domain size determined by HEGIXRD is still representative for individual
particles as parts of larger agglomerates. The support roughness increased
significantly (Figure 2.4 A,C) which shows that considerable mass transport
is not only observed for the NPs but also for the support.

In comparison to Pd/Al;O3, the SEM and AFM data of Pd/CeO, (Figure 2.4

121



Height [nm]

i

Figure 2.4: SEM micrographs (A,B,D.E) and AFM (C,F) images recorded
ex-situ, after the light-off experiment. Data on the left handside of the figure
(A-C) was recorded on Pd/Al,O3, data on the right handside (D-F) on
Pd/CeO,. The SEM micrographs in A and D were recorded with a sample
tilt of 45°.
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D-F) reveal a more homogeneous NP distribution and smoother support
(compare to Figure 2.4 A-C). Analysis of the SEM data yielded an NP di-
ameter of 35.4nm after the light-off experiment (Figure C.6 D). The slightly
smaller diameter is caused by probing an average domain size of NPs with a
height-to-diameter ratio < 1 (Figure 2.4 D) and confirms that the coherent
domain size determined by HEGIXRD is an excellent approximation of the
NP size. The increased surface roughness observed in Figure 2.4 was also fol-
lowed qualitatively using the (11) rod of CeO, (Figure C.28). The superior
support surface stability is highlighted by comparison of the AFM data. For
Pd/CeO; a clear distinction between the comparatively smooth support and
NPs is straight forward, while for Pd/Al,Og, the features of NPs and surface
roughness cannot be distinguished from AFM alone.
Chemical Changes of the Supports.

Immense material transport is necessary for the changed surface morphology
of the support (Figure 2.4). In the final temperature steps of the light-off ex-
periments, at Q < 1.5A~!, new diffraction signal was observed that is linked
to changes in the respective supports (see Figure 2.5). For Pd/Al,Og, this
diffraction signal was assigned to the (10 1)-type reflection of diaspore (Fig-
ure 2.5 E i), a hydrated aluminum oxide species with the chemical formula
AlO(OH) (Figure 2.5 A). The AIO(OH)(101) powder ring was first observed
at 747K with a domain size of 63nm (Figure C.11, 763 K) and increases in
intensity and size with temperature (98 nm at 827 K and steady state). The
hydration reaction to AIO(OH) was not expected, since a—Al;Os5 is the ther-
modynamically most stable form in the temperature and O pressure regime of
the light-off experiment [223, 224]. In fact, the reverse reaction was observed
by annealing AIO(OH) in air at similar temperatures [225]. Therefore, we
evaluated the thermodynamic stability of diaspore using density functional
theory (DFT) with the PBE functional [226, 227]. Its stability is shown as a
function of the chemical potential of water up,o, given relative to the total
binding energy of one water molecule Fy,o (see Figure 2.5 B and Section
C.14). Diaspore was only found to be more stable than a-Al,O3 at relatively
low chemical potentials of water of 0 < —0.98eV. In the temperature
range from 714 K to 826 K for which diaspore diffraction signal was observed,
a partial pressure of 2000kbar to 30kbar was At a partial pressure of water
of 1 mbar, diaspore would only be expected to form at temperatures higher
than 177 K.

For Pd/CeOg, several powder rings that were assigned to CePds5, CePd and
Pd;O were observed in the temperature range from 811 K to 827 K. Simi-
lar to the formation of diaspore, CePdx alloys were note expected to form
since the ternary phase diagram of Ce, Pd, and O [228] as well as exper-
imental observations [229] suggest that the experimental conditions in the
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Figure 2.5: High resolution version of low () area presented in Figure 2.1
A for Pd/Al,O3 and C for Pd/Aly,O3, recorded at 827K after dwell time
as a function of the total momentum transfer and the azimuthal angle. The
colormap is diverging with values above and below the limits of the colormap
being colored black and white, emphasizing the weak diffraction signal. In
B the Gibbs free energy of formation of bulk diaspore is shown as a function
of the chemical potential of water and is referenced to bulk a-Al,O3 and gas
phase HyO. In D, the Gibbs free energy of formation of bulk CePd, phases
is shown as a function of the oxygen chemical potential. The stability of the
phases are given relative to CeOy and Oy(g) and the more stable of either
Pd(fcc) or PAO. The optimized structures for which the Gibbs free energy
was calculated are displayed in E i-iv. The optimized structural parameters
are given in Table C.13. Notably in the AIO(Oh) Al is coordinated with
three O?" and three OH . Each of the anionic oxygen species is linked to
the neighboring OH™ via a hydrogen bridging.

124



light-off experiment are not sufficiently reducing. In order to relate the reac-
tion conditions in our experiment with the stability of reduced CePdx, the
thermodynamic stability of several phases was calculated using PBE-DFT
[226, 227] (see Figure 2.5 D): The Gibbs free energy of formation of CePd,
phases and Ce bce, hep, and fee (summarized as Ce in Figure 2.5 D due
to nearly identical values) is given as a function of the oxygen chemical po-
tential uo relative to the energy of half a molecule of oxygen in its triplet
ground state (3 E(O2)). The results confirm that CePd, phases are not ex-
pected to be thermodynamically stable at typical partial pressures of Os(g).
For comparison, the range of chemical potential for po, = 20mbar probed
during the light-off experiment is indicated by the red bar in Figure 2.5 D
which illustrates that not only the formation of CePd, but also PdO is not
thermodynamically, but kinetically driven.

Overall, both catalysts were active for partial and full catalytic CH, ox-
idation. The catalytic partial oxidation product CH;O was observed
(T100(CH20) = 666K for Pd/AlL,O3 and 650K for Pd/CeO,). In ad-
dition, Pd/CeO, exhibited low-temperature activity for CO production
(T100(CO) = 579K) prior to COy light-off. For both catalysts, catalytic
partial oxidation to CO was observed in the activity regime for full cat-
alytic oxidation. Over the course of the light-off experiments, sintering was
observed for both catalysts, but with strong differences regarding onset tem-
perature and magnitude. In addition, the NPs of both catalysts exhibited
a high mobility before and during catalytic CH, oxidation as evidenced by
the azimuthal intensity distribution. Together with the complementary SEM
and AFM data our investigation also revealed significant restructuring of the
support and formation of new, thermodynamically unstable phases involving
the support (CePd,, AIO(OH)). These observations indicate that the oxida-
tion state of the catalyst NPs and support surface are governed by the local
chemical environment instead of thermodynamics inferred from gas feed and
temperature.

Structure and Activity

The different activity and selectivity of the two catalysts together with the ob-
served structural differences allows deep insight into the reaction mechanism
beyond the scope of an idealized PdO(101) surface [200, 207]. Furthermore,
the catalysts surface area and contact time of the gas feed’s molecules with
the catalyst surface is strongly limited in our experiment. Hence, compared
to traditional packed bed flow reactors, multiple adsorption and desorption
events can be excluded and intricate changes in structure and morphology
can be observed. Previously, the production of CO from CH, (oxidation)
by PtO/Ce,Zr;_,Os [212] and similarly the production of CO from CO,
(reduction) by CeO,_, lattice oxygen [230] was observed in oxygen-free en-
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vironments. Mouaddib et al. were able to observe catalytic partial oxidation
in oxygen-lean gas feeds for Pd/Al,Og3, starting at a temperature of 673 K,
when the conversion of the catalyst exceeded the oxygen supply [231]. In
the context of DFT calculations regarding the first H-abstraction and mi-
crokinetic modeling predicting CH, conversion, our observations generally
implicate the presence of (P d0)(101) surfaces for H-abstraction but also a
lack of available O, sites, since CO reacts with the O, site to form COq(y)
and Vo [200, 222, 232]. Furthermore, catalytic CO oxidation has been ob-
served for CO poisoned Pd/CeOs by active sites at the Pd/CeOy interface
[233] indicating that at least a small amount of COy should have been ob-
served if the active site was related to metallic Pd. Similarly, lack of Oy
in partially reduced PdO is also an unlikely scenario, since CO is readily
oxidized to COy on partially reduced PdO(101) below 573 K [232]. Hence,
inhibition of full catalytic oxidation is likely related to OH-poisoning [234,
235], HO—H,O0 site blocking [236] or slow diffusion of O.,s—H species from
the active site which has been shown to have a detrimental effect on activity
by hindering O uptake from the gas phase and O release from the catalyst
[211]. Since the Pd/CeO, catalyst does not host any unique PdO species (see
Figure 2.2) and the Pd fraction is nearly identical (see Figure 2.3), the lack
of catalytic CHy conversion may be attributed to two effects. Firstly, poison-
ing by partial oxidation products that is indicated by PdO reduction before
activity or stabilization of PdO through CeO, by providing O to the reac-
tion or for reoxidation of PdO;_, [201, 204, 208, 211]. Yet, Pd/Al,O3 should
still exhibit activity in the same temperature regime if the support is only
related to the inhibition of full catalytic oxidation. Since this is not the case,
the support should also play a role in the formation of the active site. We
attribute this to the hydrophilicity of CeO5(00 1) [214] and O mobility which
improves HyO resistance of catalysts with CeOy supports [237, 238]. This
makes OH/H,O poisoned PdO(101) surfaces in close proximity to CeO, a
likely candidate for the catalytic partial oxidation of CH4 to CO. Within the
reaction mechanism for PAO(101) this would be equivalent to the favored
pathway for a wet reaction gas mixture CHy — CHy — CH;O —— CO
instead of CHy — CH,OH —— CH;0O —— CO. This is consistent with
the production of CO and CH,O, since these are the only two intermedi-
ates that are also stable, neutral molecules. The lower activity towards to
catalytic oxidation to CH50O can be explained by the fact that the catalytic
process itself deactivates the local environment of the active site by reduc-
tion [205]. This increased population of Vo and OgusH and Pd.,s—OH blocks
CO migration from Pdg, to Oy, the last step before O dissociation and
CO4 desorption. Thus, the in parallel occurring Pd oxidation takes place
at inactive Pd NPs. With increasing temperature, the activity towards CO
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production shifts to CHyO production for Pd/CeO, which is rationalized by
an increasing number of adsorbates and O surface vacancies of the PAO(101)
surface which limits the number of sites for H dissociation further. CH,O
production was also observed for Pd/Al,O3 with a maximum at 682 K (650 K
for Pd/CeQ,). Considering the gas feed composition and reactor pressure,
PdO should be stable [201]. This implies for Pd/Al,O3 that reduction of
PdO to Pd and activity for catalytic partial oxidation of towards CH,O are
linked which is consistent with the MvKm in the catalytic partial oxidation
reaction CHy +2 PdO —— CH30+2 Pd+ H0 [200] and other investigations
[205]. On PAO(101), the intermediate CH5O is oxidized to CHO by either
OH adsorbates on Pd.,s (Pdeys—CH20 + Pdeys—OH —— Pd s~ CHO +
Pd.ys + H2O) or by hydroxylation of a neighboring Ocys (Pdews—CH20 +
Ocus — Pdeys—CHO + Oy —H) [200, 222]. Thus, these pathways towards
full catalytic oxidation and desorption of CH;O must be blocked for CH,O
desorption to take place. The increasing Pd fraction (Figure 2.3 C) in this
temperature regime indicates that PdO is being reduced during conversion
but cannot be reoxidized efficiently by Oy(g). This has been shown to be
due to HoO and OH adsorbates [200, 211, 236, 239] and is especially relevant
for lean reaction gas mixtures. This indicates that the local environment of
the active site is strongly altered due to adsorbates produced by the cat-
alytic partial oxidation reaction as no water was added to the gas feed. A
similar argument can be made for Pd/CeO,, where the increase in activity
for CH50O production and decrease in CO production coincides with changes
in the particle morphology. Starting at 598 K the azimuthal distribution of
the Pd diffraction signal increases from 3° for the epitaxial species to 16°
before decreasing again at higher temperatures. The loss of epitaxy of the
Pd signal implies massive mass transport and tilting of NPs, which cannot
be explained by thermal effects, because the growth temperature of the par-
ticles (T = 923 K) exceeds the maximum temperature during the light-off
experiment. Thus, we expect the reduction of PdO to also take place for
Pd/CeOs, but the effect is masked by overlapping with the activity regime
for catalytic partial oxidation to CO for which the reduction of PdO to Pd
was observed. Instead, the reduction during CH,O production is observed
by the gradual loss of epitaxy, facilitated through Pd + O == PdO ox-
idation/reduction cycles. Such oscillatory oxidation/reduction cycles were
previously observed under rich CHy4 oxidation reaction conditions [205, 240].
The full catalytic oxidation product COy was first observed at 666 K for
Pd/CeOy (714K for Pd/Al,O3). With increasing temperature, the Pd/PdO
intensity ratio decreases, showing that the kinetic barrier for water desorption
observed during CH,O production are overcome. With it the oxidation of Pd
and reoxidation of Vo of PAO may proceed and full catalytic oxidation takes
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place from the point where CH5O production stagnates. This is especially
pronounced for Pd/CeOy which exhibits a strong decrease in the Pd fraction
following CH50O production due to the increased O mobility in CeO,. The
CO light-off commences simultaneously to the COs light-off for Pd/Al,Os3,
but for Pd/CeO, only after T5,(CO,). This observation correlates with the
Pd/PdO ratio which is larger for Pd/Al,O3 and upon close inspection, the
CO light-off commences at similar Pd/PdO intensity ratios for both cata-
lysts. The increase in the Pd/PdO intensity ratio with increasing production
of COy highlights that (1) the catalytic reaction consumes PdO, (2) PdO
cannot be replenished faster than it is consumed, and (3) catalytic partial
oxidation to CO is related to the amount of metallic Pd. Overall, full cat-
alytic oxidation via the MvKm on PdO(101) [200] is in excellent agreement
with our observations during light-off, before reaching steady state. T At
827 K and steady state, both catalysts are dominated by metallic Pd which
makes a Langmuir-Hinshelwood mechanism for catalytic CH, oxidation via
a O covered Pd surface. Especially the activity for catalytic partial oxida-
tion of CHy to CO indicates a lack of O, species, in line with metallic Pd.
Despite that, local oxidation of Pd and instantaneous reduction through the
catalytic reaction via the MvK mechanism cannot be dismissed as the ac-
tivity for catalytic partial oxidation for multiple reasons. Despite that the
reaction can still take place via the MvK mechanism on surface oxides [207]
which cannot be observed with the experiment design of this work. The typ-
ical consumption of PdO for MvKm was observed in the activity regimes for
CO and CH,0 at lower temperatures and the degree of reduction observed in
our experiments at 827 K cannot be rationalized by thermal reduction or re-
duction by CHy as the temperature is too low and the O5/CHy too large [199,
201, 241]. In addition, the role of surface oxides is not elucidated since the ex-
periments were not sensitive to it. In experiments utilizing CH4/O, ratios as
high as % at a similar pressure, reduction of PdO was observed for a commer-
cially available Pd NPs in the same temperature regime as our experiment.
The unexpected catalytic partial oxidation of CH4 to CO in parallel to CO,
production and the observation of catalytic partial oxidation products prior
to COq light-off indicates that CH, oxidation does not exclusively occur via
one adsorption step of CHy and its catalytic conversion to CO,. Instead we
propose a pathway via multiple adsorption, oxidation, and desorption steps
that were previously not considered [200]. Critical to that observation is
that the diffusion and desorption of OH and H,O moieties on the PAO(101)
surfaces are slow during low temperature activity. For Pd/Al,O3 the high
concentration of water at the catalyst surface is evidenced by the hydrolysis
of Al,O3 to Al(OH) which requires an immense HyO chemical potential as
our calculations have shown. An additional indicator are the massive ma-
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terial transport leading to the extremely rough support surface observed by
AFM and SEM, and the Pd sintering which largely exceeded observations for
catalytic CO oxidation experiments [242, 243]. ForCeO,, the CePd, alloys
allow similar conclusions. For CeCeO, and the reaction to CePd,, similar
conclusions may be drawn. The alloys are thermodynamically far from stable
(Figure 2.5 D) and the formation cannot be rationalized by the reaction gas
mixture or the catalyst temperature. Instead, reduction of CeO, and the
reaction with Pd could be facilitated via CeO4, + 2 OH —— Ce + 2 H,O.
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2.3 Conclusion

The HEGIXRD experiments allowed us to follow the transient structure of
Pd/Al;O3 and Pd/CeO, under catalytic CH4 oxidation up to 827K. The
strong effect of the reaction on the catalyst surface chemistry was also ob-
served in the hydrolysis of Al;O3 and reduction and alloying of CeOs. The
calculated Gibbs energy of formation confirmed that the newly formed phases
are not thermodynamically stable under the applied conditions. While both
catalysts were active for full catalytic CH, oxidation, at lower temperatures
than the COq light-off differences in the activity for catalytic partial oxidation
of CH, were observed. Pd/CeO, was active for catalytic partial oxidation to
CO (579 K) and CH,0 (650 K) while Pd/Al,O3 did not show activity for pure
CO production prior to the CH,O activity regime (666 K). Analysis of the
diffraction data revealed the highly dynamic catalyst state prior to and dur-
ing activity for catalytic CH, oxidation with oxidation and reduction of Pd
NPs taking place simultaneously, but spatially separated. Catalytic partial
oxidation products were observed during light-off and in steady state in lean
conditions that, to the best of our knowledge, were not reported on previ-
ously. The newly observed activity regimes for partial oxidation showed that
the migration and desorption probabilities of OH and H,O are significantly
lower than the desorption probability of CO and CH;O. This also means
that if the active sites for catalytic CH, oxidation are limited in comparison
to the amount of CHy, the catalytic conversion of CH, is itself poisoning the
catalyst surface. Furthermore, the absence of these observations in powder
or monolithic catalyst studies [198] implicate that full catalytic oxidation
may occur via multiple adsorption-reaction-desorption processes, especially
at low temperature. Operation under steady state at 827 K showed parallel
production of COy and CO, which previously was only observed for under-
stoichiometric reaction gas mixtures [205, 231]. Hence, the observation of
CO with a lean reaction gas mixture highlights the lack of reactive oxygen
in the vicinity of the active site, even at high temperatures. In addition, this
strengthens the hypothesis for multiple desorption and adsorption processes
in test reactors or bed reactors, as CO should be readily oxidized at much
lower temperatures.
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2.4 Methods

Materials.

The CeO5(001) thin film was grown on YSZ(001) by reactive physical va-
por deposition, is fully oxidized, and has an atomically smooth, hydroxylated
surface [214]. The film is interrupted by rectangular defects that do not rep-
resent a significant portion of the support surface [214]. Prior to deposition
the Al,O3 sample was degassed for one hour at 923 K and subsequently an-
nealed at 573K in 1 x 107® mbar of O,. Pd was deposited at a temperature
of 923 K from a rod using a EFM 3T triple evaporator. The CeO, thin film
support was ramped to deposition temperature in 1 x 107% of O, in order
to maintain the oxidation state of CeOs. Prior to deposition, the O, supply
was cut. Deposition commenced at a base pressure of < 1 x 107 mbar. All
steps of the sample preparation were conducted at the DESY NanoLab [244].

Light-off experiments.

The light-off experiments were conducted using a custom-built, HEGIXRD
compatible, water cooled operando catalysis chamber in conjunction with a
gas mixing system and in-line mass spectrometry [244]. The gas-mixing sys-
tem allows precise control over the inlet gas mixtures flow and pressure. All
parts that are connected to the heater are either graphite (heater power con-
nection), ceramics (heater base), gold (wires) or Mo (nuts, screws) in order to
withstand the harsh chemical environment during reaction. At the exhaust
the in-line mass spectrometer with a base pressure of < 1 x 10~ mbar and
the inlet leak set to 2 x 10~%mbar was used to follow the activity of the
model catalysts. The baseline of all masses is on the order of < 107! mbar.
At the initial temperature of the light-off experiments, w-scans (scan of the
sample rotation around the surface normal of the sample) were performed
to capture the full sample structure. For both samples, an angular range of
100° was covered. For the alumina sample, the same scan was performed
after the experiment as well. All w-scans are available as movies in [245].

During the light-off experiment, the sample was heated with a resistive
heater. The heating and data collection procedure consists of alternating
220s heating intervals with a heating rate of 5.1 % with approximately
165s long realignment and measurement steps. The realignment and mea-
surement step’s duration is on the order of the time the sample needs to reach
the target temperature. The realignment consisted of a previously calibrated
change of the sample height, scans of the sample height and occasional scans
of the incidence angle in order to maintain good sample alignment. For this
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purpose, the integrated intensity of ROIs around specular support Bragg re-
flexes were used. Data collection consisted of the collection of diffraction
signal of a single high-symmetry plane ((1210)/(0001) for Pd/Al,O3 and
(110)/(001) for Pd/CeOy) of reciprocal space for a duration of 65s.

Operando data treatment

The mass spectrometry data presented was obtained by integrating spectra
with a resolution of 0.1 a.m.u. over £ 0.3 a.m.u. around the molar mass of each
molecule. For CHy, instead of the molar mass, the mass 15 a.m.u. was chosen
to avoid overlap with signal from atomic O fragments from reaction educts
and products. Due to fragmentation of CO5 to CO in the mass spectrometer,
the CO signal was corrected by the CO, signal as described in Figure C.9
and the accompanying text in the SI. Normalization and filtering of the
data presented in Figure 2.1 B is described in Section C.5 The frames in
Figure 2.1 C and the first datapoints in all graphs in Figure 2.3 were extracted
from the rocking scans recorded before the temperature ramp of the light-off
experiments. For consistency, only the frame corresponding to the angle at
which the time series were recorded was used. All other frames in Figure 2.1
and datapoints in Figure 2.3 were recorded during the temperature ramp.
The HEGIXRD data in Figure 2.4 are sections of reciprocal space from the
last recorded dataset at 827K after ¢ > 60 min at steady state. The data
was transformed to show the total momentum transfer |@Q| (radius in images
in Quy/Q) on the abscissa and the azimuthal angle (angle from abscissa) on
the ordinate.

SEM.

The SEM data was recorded with a high resolution field-emission SEM at
the DESY NanolLab. All SEM images were recorded using an accelerating
voltage of 5kV and a concentric back-scattered (CBS) detector, achieving a
lateral resolution of ~ 1nm [244].

AFM.

The AFM measurements were conducted at the DESY NanoLab using tap-
ping mode (in air) and oxide-sharpened silicon cantilevers with a nominal tip
radius of 8nm and a resonance frequency of 300 kHz [244]. For all measure-
ments a scanning speed of 0.5 Hz was used. A polynomial plane fit was used
to account for sample tilt during the measurement.
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Computational details.

Density functional theory (DFT) calculations with periodic boundary condi-
tions were conducted using the Vienna Ab initio Simulation Package (VASP)
in version 5.4.1.[246, 247] The calculations employed the PBE functional [226,
227] and the projector-augmented wave[248] (PAW) method with standard
PAW potentials. An energy cutoff of 500eV, D3 dispersion correction with
Becke-Johnson damping Ref, and a Hubbard correction [249] with a value of
U = 5eV and J = 0eV for the f-orbitals of Ce were used.
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3.1 Introduction

Sintering is a deactivation process observed for Pd based catalysts for cat-
alytic CH, oxidation. Especially prevalent at high temperature, the increase
in nanoparticle volume and thus decrease in the surface area, causes loss in
activity since the nanoparticle surfaces host the active sites for CH, dissoci-
ation and activation [250]. A large number of approaches to inhibit sintering
have been reported [250]. One option is the addition of other metals like Pt
to the Pd nanoparticles which causes the formation of a PdO shell around
the Pt rich core [251, 252]. Interaction of the metallic core stabilizes the
surface layer which causes the sintering inhibition. A different approach is
support engineering which exploits the different interaction of NPs with the
support [250, 253]. For Au/CeO,_, the strong metal support interaction in-
hibits nanoparticle mobility whereas for Au/SiO, the weak interaction leads
to high mobility which causes sintering by coalescence [254]. A similar effect
between Al,O3 and CeO, has been exploited for Pd clusters, which exhibited
great resistance to sintering. Pd clusters where isolated on CeO; islands on
an Al,O3 support. Due to the weak interaction with Al,O3 the Pd species
remained on the CeOs islands during CO oxidation [255].
On CeOy(111) different mechanisms prevail depending the NP size. For
small NPs of < 5nm, Ostwald ripening is the dominating process [256] due
to high mobility of single Pd atoms on CeOs compared to clusters [257].
Diffusion has been reported to take place via a Pd;O, complex [258] un-
der operation at low temperatures, when Pd is oxidized, whereas at high
temperature a Pd;O, complex facilitates diffusion. For larger nanoparticles
(> 7nm) coalescence becomes the dominant process [256].

The following chapter is a case study of the Pd/CeOs catalyst from Chap-
ter 2. The CeO, film (see Chapter 1) contains holes which penetrate the
film. The formation was described as agglomeration of oxygen vacancies

Figure 3.1: Closeup of the data
presented in Figure 2.4 D. A dy-
namic colormap with constant per-
ceived brightness was chosen to
highlight the NPs without hiding
the support structure.
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Figure 3.2: SEM image with outlines used for NP size determination of NPs
on the CeO4 film.

and offers the opportunity to study the difference in sintering between the
NPs that remain on the film and NPs that are located in the holes after
the catalytic experiment (see Figure 3.1). The statistical analysis revealed a
pronounced size difference between the nanoparticles with NPs in the holes
being significantly larger. Furthermore, holes that contain large NPs are
often surrounded by a depletion area with significantly lower NP density.

3.2 Experiment & Results

Analysis of the SEM data of Pd/CeOy (Chapter 2) revealed a significant
difference in the NP size of NPs on top of the CeO, film and in the holes
of the CeO, film. In Figure 3.1 a close up SEM image is shown, recorded
at an angle of 45°. As described in Chapter 1, the holes are a scarce, local
phenomenon and initially only few holes were observed at random locations
on the sample. In order to quantify the apparent size difference between NPs
on the film and in the holes of the film (see Figure 3.1), an extensive SEM
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Figure 3.3: Histogram of the SEM analysis of NP diameters of NPs on the
CeO, film (yellow) and NPs in the holes (red). The bin width of both his-
tograms is identical.

study was conducted. The complete dataset (see Section D.3) was recorded
with a high resolution field-emission SEM at the DESY NanoLab using an
accelerating voltage of 5kV and a through lens detector (TLD), achieving a
lateral resolution of ~ 1nm [259]. The sample was scanned for areas with a
high density of holes and a number of large overview images were recorded
in order to accumulate a statistically relevant number of NPs in holes. The
selected areas are shown in Section D.3 and a total of 123 NPs in holes were
evaluated. In Section D.1, a detailed description of the semi automatic anal-
ysis approach is given. For the comparison with NPs on the film, a high
resolution image of Figure D.9 was used (see Figure 3.2) and a total of 1095
NPs were evaluated with a total of 1081 being on the film and 14 being next
to the film.

The resulting histogram shows two distributions with an average diame-
ter of 57nm for NPs on the film (yellow) and 113nm for NPs in the holes.
The small bars of the histogram of NPs on the film overlapping with the
histogram of NPs in the holes are the NPs of Figure 3.3 that are located
in the hole. The histogram of NPs on the film exhibits an untypical neg-
atively skewed Gaussian shape and an abrupt diameter cut-off at 80 nm.
The shape suggests that the sintering process is limited to this diameter for
NPs on the film. In contrast, the histogram of NPs in the holes is more sym-
metric and seems to be positively skewed with a diameter cutoff at 90 nm at
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the lower end. In comparison the histogram recorded before the experiment
(Figure C.6) exhibits a typical LogNorm distribution, which is commonly
observed for NPs.

The inversion of the diameter histogram of NPs on the film indicates that
the maximum diameter for growth is limited and that this limitation is not
relevant for the NPs in the hole. Figure 3.4 shows a proposed mechanism
leading to the limited sintering of NPs on the film and the much larger NPs in
the hole. Due to the very limited mobility of Pd on CeO, [255, 256, 258], the
NPs sinter predominantly via Ostwald ripening. Coalescence would require
the mobility of full NPs, which is already limited for the neutral CeOy(111)
surface. Already starting from a cluster size of 5 Pd atoms, the detachment
energy of a single Pd atom becomes smaller than the energy required for
cluster migration [257]. However, in Chapter 1 it was shown that the sur-
face is strongly hydroxylated, which is likely still the case under operation
as strong evidence for OH inhibition was observed under operation [260] (see
Chapter 2). While the exact mechanism and dependence of NP size and cat-
alytic conditions of OH adsorbates on nanoparticles is still under discussion,
it was shown that single atom Pd sites are stabilized by surface OH groups
on CeOy forming a OH-PdO, complex [261]. At the same time, other ad-
sorbates such as CO promote Pd mobility on CeOo{111} [257].

Overall, the observed NP morphology in SEM and the current state of lit-
erature suggest that the (00 1) terminated film increases kinetic barriers for
sintering, by immobilizing atoms and NPs by the stronger interaction of the
more polar (001) surface. The SEM data (see Section D.3 or Figure 3.2)
supports this hypothesis, as NPs are overall homogeneously distributed and
no indication of agglomeration is observed, indicating that NPs are largely
immobile. Hence, sintering occurs via the diffusion of atomic Pd (Ostwald
ripening), which is highly dependent on the NP size. With increasing size,
the energy required for the dissolution of Pd atoms from the NP becomes
larger [257]. In addition the mobility of Pd is strongly inhibited due to the
hydroxylated surface [261]. Thus, the shape change of the histograms of NPs
on the film before and after the light-off experiment is caused by diffusion-
limited Ostwald ripening. First, larger NPs grow at the cost of smaller NPs
dissolving, leading to fewer but larger NPs. As result of the increased size,
less material is provided by the larger NPs and larger distances between the
NPs must be overcome by OH inhibited diffusion. In combination this results
in a larger number of similarly sized large NPs and fewer, smaller NPs which
would slowly dissolve as a function of time. The same argument applies to
the NPs in the holes, with one key difference: The holes pose a kinetic dif-
fusion barrier which allows material transport from the film into the hole,
but not vice-versa. In fact, this does not require a larger diffusion barrier
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Figure 3.4: Model of proposed sintering mechanism for NPs in holes and on
the CeO, film.

for the path from the hole onto the film, since the geometric confinement by
the diffusion barrier in the hole increases the probability for recombination
with the NP in the hole. Thus, the large size difference between NPs in the
holes and on the films means that the hole edges pose a significant diffusion
barrier which leads to a growth rate of NPs in the holes being two times the
growth rate of the NPs on the film when the NPs on the film approach their
size limit.
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4.1 Introduction

Catalytic CH, oxidation is a critical process for emission control and energy
conversion due to the immense global warming potential of CH4 in the atmo-
sphere [262, 263]. Currently, the most effective approach are heterogeneous
catalysts based on Pd NPs supported in a metal oxide or ceramic matrix
for increased surface area. Pd based catalysts exhibit high conversion and
excellent selectivity towards COs,, especially under lean conditions. However,
poisoning and inhibition by various contaminants of CH4 based fuels, such as
compressed or liquefied natural gas, reduce the catalysts activity over time.
A persistent issue for Pd based catalysts is inhibition by water. Since H,O is
produced by the combustion of CH, and during the catalytic conversion in
the catalyst, it is naturally present in the gas feed of CH, oxidation catalysts.
Several approaches have been explored in the past, among them the use of
PdsPt; alloy NPs instead of pure Pd. The addition of Pt to Pd based cat-
alysts for the catalytic oxidation of CH4 has several effects on the activity,
structure, and morphology of the catalyst. Motivating the addition of Pt
despite its lesser activity towards CHy oxidation [264] are the beneficiary ef-
fects on the catalysts’ resistivity towards poisoning by sulfur and crucially,
the inhibition by water [265-267]. This positive effect of Pt has been re-
ported for a variety of catalytic oxidation reactions [267], but the impact of
Pt depends strongly on size, alloy structure, and reacting atmosphere. This
is nicely illustrated by the investigations of Nie et al. who found optimal
catalyst performance for a Pd/Pt ratio of two to one. Above this ratio, the
effect of Pt diminishes, below that ratio, excess Pt only acts as a spectator
[268].

The source of the positive influence of Pt on the activity is still under discus-
sion [264], partially, because the exact mechanism, especially during transient
conditions is still not fully understood (see Chapter 2). However, several
studies have shown that Pt changes the electronic structure and thus oxi-
dation/reduction behavior of the catalytically active NPs which leads to the
coexistence of Pd and PdO in reaction conditions for which full oxidation
would be expected [266, 269, 270]. Jiang et al. observed a smaller fraction
of PdO for a Pd3Pt; catalysts in comparison with a Pd catalyst with same
amount of Pd. Furthermore, equilibration of the Pd/PdO ratio was observed
for the catalysts containing Pt, indicating a larger kinetic barrier for Pd ox-
idation in the presence of Pt [269]. Despite smaller amount of PdO which
is considered the active phase for CH4 oxidation, the activity did not break
down accordingly, which shows that the PdO fraction becomes a poor pre-
dictor for the activity Pd;Pt; alloy catalysts [269]. Closely related to this are
comparisons of Pd and Pd;Pt; catalysts at low temperatures in lean condi-
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tions. For CeOy and Al,O3 supports, the addition of Pt resulted in a smaller
fraction of PAO and worse activity than for the Pd catalyst [266, 271]. Poor
activity and the reduced PdO fraction were associated with inhibition of the
redox cycle of Pd through the presence of Pt [271]. Initially these reports
seem to be in contradiction. However, when considering that the promotional
effect of Pt becomes more pronounced for higher water concentrations in the
gas feed [266], a consolidating explanation is the improved resistance towards
water poisoning at the cost of a smaller PdO fraction.

While the effects of Pt on the activity are relatively well understood, the
structure and mechanism of the described impact of Pt are still to be elu-
cidated. An important question that arises is on the alloy composition and
differences between the surface and bulk of the NPs. While Pd and Pt mix
completely at the nanoscale [272], distinct changes in the surface alloy com-
position were observed when alloy NPs are exposed to reducing or oxidizing
environments: Exposure to Hy causes surface segregation of Pt and exposure
to O leads to the surface segregation of Pd [273]. Similarly, in catalytic CH,
oxidation conditions, the formation of a PdO shell around a Pt rich metallic
core was observed [268, 269] which is driven by the much lower surface en-
ergy in oxygen of PdO compared to Pt [268]. The high activity associated
with such core-shell structures was attributed to Pd™® and O~ undercoordi-
nated surface species of the surface PdO layer. Our combinatory HEGIXRD,
HEGISAXS and in-line mass spectrometry experiments elucidate the differ-
ence in the sinter kinetics of Pd/AlyO3 and PdsPt;/Al,O3 catalysts in a
comparative manner. Furthermore, detailed, time resolved observations on
the strain state of the metallic NP phase were recorded and correlated with
the activity and oxidation state of the particles. Overall, our experiments
reveal strong sintering inhibition for the alloy NP catalyst, and oxidation
inhibition under catalytic operation. Furthermore, the influence of water on
the strain state and NP shape were followed in a time-resolved manner.

4.2 Experiment & Steady State Comparison

The catalysts were prepared by standard a standard UHV approach (see Sec-
tion 4.5). Pd and Pd + Pt were (co-) deposited at the deposition temperature
of 923 K which is well beyond the temperatures probed during the operando
experiment to exclude thermal sintering during the experiment. The investi-
gations of NP kinetics were conducted at a pressure of 100 mbar, a constant
flow of 100 2L (20 % O,, 0.1% CH,, and 79.9% Ar). Between the first and
second cycle of the experiment, the NPs were reduced using with 2% H, in
Ar at 473K and the same pressure and flow as the catalysis reaction con-
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Figure 4.1: Ex situ AFM (A, B) and SEM (C, D) data of Pd/Al,O3 (A, C)
and Pd3;Pt;/Al,O3 (B, D) recorded prior to catalytic operation. The height
scale of the AFM images and the lateral scale of all images are identical.

ditions. An overview of the complete experiment is given in Section E.1.
NP kinetics were extracted between 573 K and 723 K in the first cycle. The
second cycle concluded at 773 K.

The same amount of material was deposited for both samples, resulting in
similar initial morphologies (see Figure 4.1). The AFM data (Figure 4.1 A,
B) revealed slightly larger NP heights for Pd3Pt;/Al,O3 compared to the
Pd/Al, O3 catalyst. The SEM data (Figure 4.1 A, B) revealed that the dif-
ference in height is at the expense of the nanoparticle diameters with the NPs
of Pd/Al,O3 exhibiting slightly larger diameters. Overall, the NPs of both
catalysts are still similar in size, with the PdsPt; NPs exhibiting a slightly
smaller height to diameter ratio (HDr) which is consistent with previous ex-
periments reporting increasing HDr with increasing Pd content [274].
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Figure 4.2: Schematic of the structural changes of Pd/Al,O3 (blue frames)
and Pd;Pt;/Al,O3 (purple frames) as a function of temperature. The top
panels pointing from left to right show the structure of the first cycle, the
bottom panels pointing from right to left show the structure of the second
cycle. Each panel shows the average metal NP diameter (gray shapes) and
the average PdO dimension (light blue circles) in top view. The starting and
ending dimensions (height and diameter) for the metal domains are shown
in side view together with the average ip (x 5 magnification) and oop strain,
indicated as horizontal and vertical bars. Green indicates tensile strain, red
compressive strain.

An overview of the catalytic activity of the catalysts is provided in Fig-
ure E.1 and Figure E.2 for Pd/Al,O3 and Pd3Pt; /Al O3, respectively, show-
ing that both catalysts are active for catalytic CH, oxidation. For a concise
summary of the large, complex HEGIXRD datasets (Figure 4.3, Figure 4.6,
Figure 4.4, and Figure 4.7) collected for the two catalysts, a schematic
overview of the general trends in structure and morphology as a function
of temperature is provided (see Figure 4.2). NP dimensions and lattice pa-
rameters were determined by extracting and fitting line scans along several
directions of the respective diffraction signals recorded at the ESRF beam-
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line. NP dimensions were determined by d = z—g and the lattice constant
by a = %, with AQ being the full width at half maximum of the fit and

Qo being the peak position (detailed description in Section E.4). The upper
box in Figure 4.2 contains information obtained during the first cycle of the
experiments, the bottom box information obtained during the second cycle.
For both cycles, the upper five panels correspond to the Pd/Al,O3 catalyst
and the bottom panels to the PdsPt;/Al,O3 (blue and purple boxes). The
temperature of each step is given between the panels corresponding to the
respective catalysts. Each panel contains the top view, which shows the av-
erage diameter of NPs over a AlyOg lattice with gray hexagons symbolizing
epitaxial metallic NPs, gray circles symbolizing randomly oriented, metallic
NPs, and blue circles corresponding to PAO NPs. The second component of
each panel is the side view of the epitactic metallic NPs constructed from
(100) and (111) facets in the [112]/[111] plane. The bars visualize the in-
plane (ip) and out-of-plane (oop) strain of the NPs with compressive strain
visualized by red bars and tensile strain by green bars. The respective lengths
correspond to the deviation from the bulk lattice constant in percent (ip com-
ponent magnified by 5x). Each panel shows two strain states corresponding
to the first measurement and the last measurement at a given condition.
Thermal expansion was accounted for by correcting the data with the ex-
pansion factor (detailed in Section E.2 for details). The bulk lattice constant
in Figure 4.7 corresponds to the linear combination of the metal content the
nominal alloy composition.

At the first temperature of 523 K, the metal NPs of both catalysts are fully
epitaxial (see Figure E.6 A for Pd/Al,O3, Figure E.7 A for Pd;Pt;/Al;,O3)
and an epitaxial component is observed throughout the experiment for all
temperatures ([275-278]). Notably, after reduction between the first and
second cycle and before the reformation of PdO in the second cycle of the
experiment, diffraction signal from randomly oriented Pd domains was ob-
served (see circular NP representations in Figure 4.2). During the first cycle,
PdO diffraction signal is observed at 573 K after 30 min in steady state
(Figure 4.3, Figure 4.4) for Pd/Al;O3 and at 623K for PdPt/Al,O3. This
apparent inhibition for Pd oxidation is even more pronounced in the sec-
ond cycle, where substantial PdO diffraction signal is observed for Pd/Al;O3
starting at 573 K like in the first cycle. Throughout both cycles no clear
epitactic PdO diffraction signal is observed. However, the weak preferential
out-of-plane orientations [00 1] and [1 1 2] were determined (see Section E.3).
Furthermore, tilted [101] and [00 1] domains that were also observed previ-
ously (Chapter 2) seem to be present as well. While PdO diffraction signal
is observed at the same temperature for PdPt/Al,O3, the diffraction signal
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was exclusively observed in the rocking scans. This suggests a very small
amount of PdO that is consumed by the reaction when ramping from 573 K
to 623 K since it is not observed in the time resolved measurements of 623 K
which were recorded with 10x larger integration times. The rocking scans
of the ROI around the PAO(101) Bragg peak position (see Figure E.6 B for
Pd/Al,O3, Figure E.7 B for Pd3Pt;/Al;O3) reveal a bimodal preferential ip
orientation which is more pronounced for Pd/Al;O3 than for the alloy NP
catalyst. Due to the setup with two detectors, the low index PdO diffraction
signal is not included in the volume of reciprocal space that was probed by
the rocking scans. Still, inspection of the diffraction patterns indicate weak
preferential (101) and (001) oop orientations ([275-278]), identical to the
observations of a catalyst (identical preparation technique, chamber, and gas
mixture) with larger particles investigated during light-off (Chapter 2). The
most prominent change in size of the metal NPs is between 723 K during the
first cycle and 523 K after reduction in the second cycle. For both catalysts
significant powder diffraction signal from the metal phase is observed, corre-
sponding to the formation of randomly oriented Pd NPs from fully oxidized
PdO NPs [279]. The randomly oriented Pd species is only present until PdO
diffraction signal is observed (at 523 K for Pd/Al;O3, from 523 K to 573 K for
Pd;Pt;/Al,O3). This exemplifies that the stronger support NP interaction
of the epitactic species is a driving factor in the stabilization of the metallic
phase. The comparison between the average NP size at the beginning of
the first cycle and beginning of the second cycle gives first indications for
the distinct behavior of the two catalysts. For Pd/Al,Og, the domain size of
randomly oriented and epitaxial Pd NPs is significantly larger after reduction
than at the same conditions during the first cycle. Specifically, the epitaxial
NP ensemble grows from 10.98 nm to 12.8 nm in diameter, from 3.71 nm to
6.0nm in height, and the average size of the randomly oriented NPs appear-
ing after reduction is 12.6 nm. This indicates significant restructuring during
catalytic operation and by the reduction step between the experiment cy-
cles. In contrast, for Pd3Pt;/Al,O3 the average metal domain size at 523 K
in the second cycle is roughly the same or slightly smaller than in the first
cycle depending on the nanoparticle model used. The epitaxial nanoparti-
cle ensemble evolves from a height and diameter of 2.6 nm and 12.47 nm to

3.75nm and 10.89 nm and the average dimension of the randomly oriented
NPs is 10.7 nm.
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4.3 Temporal Evolution of NP Dimensions
and strain

The temporal evolution of the Pd and PdO domain size and the height to
diameter ratio for the Pd phase are shown in Figure 4.3 together with the
normalized MS signal of water and CO, as a measure of activity. The left
column of panels contain data collected during the first cycle, the right col-
umn data collected during the second cycle. The panels of each cycle share
the same abscissa indicated at the bottom and top and the same parame-
ter (panels in the same row) share the ordinate. The thin, red vertical bars
indicate the time period during which the sample was heated. Complemen-
tary HEGISAXS data is presented in Figure 4.5, showing vertical line scans
recorded during the first 15 min of data acquisition at each given tempera-
ture. The top panel contains the first and last line scan, the two dimensional
plots below shows the complete dataset with an identical abscissa. Beyond
the time frame shown in Figure 4.5, no temporal changes could be observed
in the HEGISAXS data. In the horizontal line scans, no temporal changes
could be observed for either sample. Changes between temperature steps
are qualitatively shown in [280, 281]. HEGIXRD and HEGISAXS data was
recorded in parallel which allows for direct comparison of results between the
two techniques.

For Pd/Al,O3, strong changes in the average dimension of the Pd domains
were observed (Figure 4.3). Starting at the first temperature of 523 K, the
HDr first increases from 0.25 to nearly 0.4 before decreasing slightly to 0.3.
This shape change is mainly due to the changes in the NP diameter. How-
ever, no significant increase in height is observed, which is rationalized by the
formation of amorphous PdO or small PdO domains which were not resolved
by our experiment. In parallel to the decrease in diameter, the always ip
lattice constant’s tensile strain (Figure 4.4) increases further before decreas-
ing again when the domain diameter starts to rise again. Simultaneously,
the compressive oop strain counteracts the ip tensile strain with the opposite
behavior. The final data points of dimensions and lattice constant indicated
by the triangle and star, were extracted from the rocking scan and show that
lattice relaxes closer to the bulk value than at the beginning of this temper-
ature step and the diameter calculated from Pd(111) recovers fully (circles
and triangle). The significantly smaller diameter calculated from the second
order reflex (star) indicates strong ip heterogeneous strain, consistent with
the increased sensitivity of higher order reflexes to homogeneous strain. In
combination with the lack of change in the HEGISAXS data (Figure 4.5),
the evolution in the Pd domain size, particularly the diameter, and lattice
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Figure 4.3: Dimensions as function of time extracted from HEGIXRD data
recorded for Pd/Al,O3. From top to bottom, the panels contain the aver-
age PdO dimension (blue circles), the HDr (black cubes), the metal domain
height (black circles), the metal domain diameter (black circles) and the nor-
malized water (light blue line) and CO; (red line) MS signal as a measure
of activity. For NP dimensions, additional datapoints were collected from
the same plane in reciprocal space recorded during rocking scans after the
time-resolved measurements. Triangles indicate dimensions from the first or-
der Bragg peak, stars correspond to the same dimension extracted from the
second order reflex (see Figure E.9) giving insight into heterogeneous strain.
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Figure 4.4: D-spacings as function of time extracted from HEGIXRD data
recorded for Pd/Al;O3. From top to bottom, the panels contain the aver-
age PdO(101) d-spacing (blue circles), the oop component of the average
Pd(111) d-spacing (black circles), the ip component of the average Pd(111)
d-spacing (black circles) and the normalized water (light blue line) and CO4
(red line) MS signal as a measure of activity. Triangles indicate data points
extracted from the same plane in reciprocal space recorded during rocking
scans after the time-resolved measurements.
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constants suggest the formation of a disordered or highly strained surface,
as water is desorbed. At this temperature, the strain can only be caused by
replacement of the adsorbants (water with oxygen and methane) and sur-
face oxidation since no bulk PdO was observed. As the diameter and lattice
constant recover after the maximum H,O signal is reached (Figure 4.3, Fig-
ure 4.4), a slight increase in the COs (and CO, see Figure E.1) signal is
observed. Hence, the surface structure is likely meta stable and forms af-
ter the desorption of water by incorporation of O in the NP surface, which
would explain the increased activity via the MvK mechanism for PdO(101)
[264, 282]. At the following temperature of 573K an abrupt increase of the
HDr from 0.36 to nearly 0.5 (Figure 4.3). Surprisingly, the ip and oop lattice
constant are unaffected by the shape change with only a small increase and
decrease of the ip and oop lattice constants. The ip lattice is almost fully
relaxed and the oop lattice experiences compressive strain ( 1%). Again,
the strong morphological changes coincide with the water desorption peak.
In contrast to 523 K, the morphology does not recover and a strong peak
in the COs signal is observed. Furthermore, PAO(101) diffraction signal is
observed after 45 min dwell time when the CO, signal approaches an equi-
librium. At this temperature, first changes in the HEGISAXS pattern are
observed Figure 4.5. The peak maximum of the vertical line scans shifts
to larger (), which corresponds to a shift in the critical angle and thus an
increase in the electron density contrast between NPs and substrate. In ad-
dition, the first minimum behind the critical angle shifts to lower @), which
corresponds to an increase in the particle height. All observations combined
indicate vertical reorganization of material. The appearance of PdO together
with the slight decrease in height between the kinetics data (circles) and the
data from the rocking scans (triangle) indicate the formation of PdO on top
of the NPs, which was also observed during light-off (Chapter 2). During this
restructuring and PdO formation, the catalyst becomes highly active. The
flatter slope of the HyO signal which peaks after the CO, signal indicates
that the increase in temperature lifts kinetic barriers and restructuring frees
active sites. As a result the COs signal increases drastically as the activity
abruptly increases. However, the catalyst surface is slowly poisoned again by
H,0 produced by the catalytic reaction itself, because it desorbs significantly
slower than CO [283] and cannot be displaced effectively by CH, [284]. The
strong binding of HyO adsorbates is rationalized by stabilization via the for-
mation of small oligomers consisting of HoO, OH, and H adsorbates [285].

In the following temperature steps, to 623 K, 673 K, 723 K, the catalyst shows
similar trends in HEGISAXS, HEGIXRD, and MS. At each temperature step,
a peak in CO, followed by a peak in the HyO signal was observed, but with
a smaller magnitude than it was observed for 573 K. The equilibrium ac-
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tivity observed during towards the end of each temperature step increases
slightly with increasing temperature. The HDr remains roughly constant at
0.45 with a small decrease at 623 K and a small increase at 723 K, which
is mainly due to the change in height. At the same time, the equilibrium
critical angle (red line scans) observed in the HEGISAXS data (Figure 4.5)
increase between temperature steps, but a decrease is observed between the
last and first line scans two temperatures. This indicates decrease in the
vertical electron profile during heating cycles and increase as a function of
time at a set temperature. For 673 K and 723 K, the oscillation width of
the vertical line scans decreases as well, which indicates particle growth as
a function of time. The small changes observed HEGISAXS and opposite
or absent changes in the HEGISAXS data show that during the first 10 min
after reaching a set temperature, vertical material transport takes place in
a disordered, or surface oxide structure which does not contribute to the co-
herent domain size of either Pd nor PdO. Comparison of the evolution of the
NP dimensions determined from Pd(111) and Pd(222) reveal an increasing
discrepancy with increasing temperature. The much smaller lattice constant
at 723K (10.6nm and 7.6nm ip and 4.5nm and 3.5nm oop) indicate that
the particle is covered by an oxide layer, which has been shown to cause
significant stress on the next temperature step (623 K). Thus, we conclude
that Pd NPs coexist with fully oxidized Pd NPs. The PdO domain size in-
creases form initially 6nm to 11nm between its first appearance at the
end of 573 K and over the course of the slow increase in size over the course
of 60 min at 623 K indicates that smaller Pd oxidize before, larger NPs are
converted to fully oxidize first, before larger NPs oxidize. At the same time,
Pd domains covered by an oxide layer coexist, as evidenced by the immense
oop strain and discrepancy in the width of first and second order Pd Bragg
reflexes.

As a result of the reduction process between the first and second cycle, the
PdO signal fully disappeared and a Pd powder ring appeared. In Figure 4.3,
the average dimension, similar to that of PdO in the previous cycle, of this
species is displayed in gray. Furthermore, the average height and diameter
of the epitactic ensemble increased drastically while the discrepancy between
the dimensions determined from first and second order Bragg reflexes dimin-
ished significantly. The massive restructuring observed during the first cycle
does not occur again, which is likely because the initially flat particle mor-
phology was kinetically limited during growth [274].

Throughout the second cycle, the ip and oop strain are rather consistent.
The ip lattice is almost fully relaxed (Figure 4.4). and the oop lattice ex-
hibits a compressive strain of the order of 2%. Similarly, the HDr remains
roughly constant around 0.47 as well. Only at 523 K and 573 K, height and
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Figure 4.5: Summary of the HEGISAXS data of Pd/Al;O3 recorded under
operation during the first cycle (A) and second cycle (B). For each tempera-
ture step of each cycle, vertical line scans of the first 15 min after commencing
data acquisition is shown as false-color maps showing the intensity as a func-
tion of vertical momentum transfer (), and time ¢. The time axis shows the
time t after reaching the target temperature. Additionally, the first (blue)
and last (red) line scan of each false-color map is plotted on against the same

abscissa.
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diameter decrease in parallel. This is most likely the result of amorphous or
surface oxide formation. At 573 K, the Pd powder diffraction signal vanished
and instead, PdO diffraction signal is observed again. This is also reflected
in the HEGISAXS data (see Figure 4.5) as the change in the critical angle is
comparatively small and the slope beyond the critical is virtually unchanged
throughout the second cycle. Notably, the oxidation is instantaneous which
was not the case for the first cycle, indicating that the support NP interaction
poses a high kinetic barrier for oxidation. The most pronounced differences
in the activity between the first and second cycle is the lack of spikes in ac-
tivity. Instead, the CO, signal remains fairly low and increases only slightly
with increasing temperature. The H5O signal conforms to that trend and
only at the temperature step to 573 K and to 723 K, when discernible HyO
signal is observed, significant increase in the COy production was observed.
Since the PdO domains seem to behave similarly in the first and second cycle,
we attribute the gradually rising CO, signal to the activity of fully oxidized
PdO NPs and the spikes in activity during the first cycle to surface oxide
species on Pd NPs and Pd/PdO grain boundaries of partially oxidized NPs.
The absence of these species is rationalized by the unchanged strain state of
the metal phase which is also observed in the decreasing difference in the NP
size determined from first and second order Pd Bragg reflexes (triangles and
stars, see Figure 4.3).

The second catalyst with alloy NPs (Pd3Pt;/Al,O3) was investigated under
identical conditions as the previously discussed Pd/Al;O3 catalyst and anal-
ogous, the three figures Figure 4.6, Figure 4.7, and Figure 4.8 summarize
the NP dimensions, lattice constants, and HEGISAXS vertical line scans.
As for Pd/AlyO3, no temporal changes in the horizontal line scans could be
observed (see Figure E.74). Upon comparison of the HDr, height, and di-
ameter, it is apparent that the coherent domain size of the alloy NPs does
not react as severely to the HyO desorption at 523 K. The virtually identi-
cal HoO desorption peaks, indicate that there is no significant difference in
the amount or binding state of water between the two catalyst. The initial
HDr of both samples is roughly the same, but no significant reaction of the
HDr to HoO desorption was observed for PdsPt;/Al,O3. In all following
temperature steps of the first cycle, the HDr increases slowly to 0.36 which
is caused by a decrease in diameter at all temperatures starting at 573 K
and increase in height at 673 K and 723 K. As previously stated, PdO ap-
pears at 623 K with a domain size of 6 nm which increases to 9.9 nm over
time. At 673K and 723 K, no significant changes in the PdO domain size
were observed, indicating that consumption of PdO and reoxidation of oxy-
gen vacancies are in equilibrium. Information about heterogeneous strain is
obtained by comparison of heights and diameters determined from the first
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Figure 4.6: Dimensions as function of time extracted from HEGIXRD data
recorded for Pd3Pt; /Al;O3. From top to bottom, the panels contain the av-
erage PdO dimension (blue circles), the HDr (black cubes), the metal domain
height (black circles), the metal domain diameter (black circles) and the nor-
malized water (light blue line) and CO; (red line) MS signal as a measure
of activity. For NP dimensions, additional datapoints were collected from
the same plane of reciprocal space recorded during rocking scans after the
time-resolved measurements. Triangles indicate dimensions from the first or-
der Bragg peak, stars correspond to the same dimension extracted from the
second order reflex (see Figure E.9) giving insight into heterogeneous strain.
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Figure 4.7: D-spacings as function of time extracted from HEGIXRD data
recorded for PdsPt;/Al;O3. From top to bottom, the panels contain the
average PdO(101) d-spacing (blue circles), the oop component of the aver-
age metal domain (111) d-spacing (black circles), the ip component of the
average metal domain (111) d-spacing (black circles) and the normalized
water (light blue line) and CO (red line) MS signal as a measure of activity.
Triangles indicate data points extracted from the same plane in reciprocal
space recorded during rocking scans after the time-resolved measurements.
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and second order reflexes of the metal domains (triangles and stars, see Fig-
ure 4.6). Throughout both cycles, the difference in height corresponds to
3A, to 4A (1.3 to 1,8 monolayers). In contrast, the difference in diameter
at 523 K in the first cycle is 3.4 nm, gradually diminishing to 1.1 nm during
the first cycle where it remains during the second cycle. The evolution of
the size, HDr and heterogeneous strain of the metal phase indicates that no
significant reorganization of material is taking place during the first cycle.
Instead, the loss in diameter of the metal phase indicates the formation of
PdO at the edge of the particle. This is supported by the lack of change in
the critical angle of the HEGISAXS data (Figure 4.8). Strong changes in the
critical angle would have to be observed if the increase in the HDr was due
to severe vertical reorganization of material as it was observed for Pd/Al,Os.
Instead, the changes in the position of the first minimum between 623 K and
723K (Figure 4.8 A iii, iv, v) indicate isotropic sintering of the NPs. The
activity during the first cycle resembles that of Pd/Al,O3, but the overall
activity is larger, discernible from the larger signal to noise ratio.

Overall, there seems to be no apparent correlation between the domain sizes,
NP height and activity during the first cycle for Pd;Pt;/Al,O3. However,
the lattice constants (Figure 4.7) exhibit a more dynamic behavior. At the
first temperature (523 K), a similar behavior as for Pd/Al,O3 is observed:
ip and oop lattice constant increase with increasing HoO signal. However,
for PdsPt;/Al;O3, the oop d-spacing is significantly more relaxed and the
ip d-spacing al| is overall less strained and approaches the bulk value (red,
dotted lines in Figure 4.7). The correlation of the HoO MS signal with d-
spacings, NP size and HDr points towards HoO desorption and replacement
by oxygen as driving forces. This indicates that the presence of of Pt in
Pd3Pt;/Al;O3 inhibits the restructuring. At 573 K, the evolution of the CO,
and HO signal is similar between the two catalysts, however Pd3Pt; /Al;,O3 is
significantly more active (Figure E.3). Similarly to Pd/Al;O3, the oop com-
pressively strained lattice relaxes, however for the more active PdsPt; /Al,O3
catalyst, the effect is significantly more pronounced. The ip d-spacing ex-
hibits stronger compressive strain than for the previous temperature step
and behaves identical to the oop lattice constant, opposite to the observa-
tions for Pd/Al,O3. Since no PdO diffraction signal was observed for either
catalyst during the activity spike at the beginning of the temperature, a sim-
ilar mechanism like catalytic conversion of CH, by surface oxides or multi
layer surface oxides could explain the catalysts behavior since PdO is neces-
sary for the first C—H dissociation [269, 286]. However, for Pd/Al,O3 PdO
was observed in the rocking scan, which means that bulk oxidation already
commenced. This is not observed for PdsPt;/Al,O3, suggesting that the
stronger changes in d-spacing compared to Pd/Al,O3 are due to the inhibi-
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tion of bulk PdO formation by Pt. The lack of bulk PdO diffraction signal
at this stage further emphasizes the necessity of an active PdO surface struc-
ture [282, 286]. At 623K, PdO is observed for the first time, and kinetics
barriers for bulk PdO formation seem to be just overcome as the domain
size increases rapidly at this temperature. This hypothesis is supported by
the stark decrease of the PdO lattice constant which starts with an average
strain of 0.5% and ends at —0.01 % indicating a relaxation of the lattice,
consistent with the relaxation expected with increasing domain size. The
compressive strain of the metallic phase exhibits a similar trend as observed
for the previous temperature: A fast increase of the d-spacing in the first
minutes which slows down when the maximum H5O signal is reached. The
weaker spike in activity for this temperature step compared to the previous
step indicates that a surface species of the metallic NPs is indeed responsible
for the activity spikes at the beginning, since the magnitude in change of the
d-spacings correlates well with the activity spikes. The highly active surface
species is then quickly poisoned or depleted by the reactants or products of
the reaction which causes the decrease in activity. Between temperatures,
the equilibrium activity which is approached at the end of each temperature
increases throughout the experiment and strong increases are observed when
PdO is observed. Hence, we attribute the overall gradual increase in activity
at the end of the temperature step to the bulk oxide which is more stable
and thus less susceptible to poisoning. In the last two temperature steps, the
trends in the evolution of the d-spacing are broken. Instead of an increase
in d-spacing decreasing the magnitude of compression both ip and oop, the
oop d-spacing decreases in the first 15 min before stabilizing, correspond-
ing to an increase in compression. In contrast, the ip d-spacing decreases
monotonously at 673 K and increases at 723 K. Furthermore, the PdO lattice
constant starts with compressive strain but recovers over a period of 45 min
at both temperatures. For both catalysts, changes in d-spacing observed dur-
ing the first cycle correlate with the activity of the catalyst: The spikes in
activity always occur simultaneously with strong changes in d-spacing in the
first 15 min of each temperature. However, for Pd;Pt;/AlyO3 the activity
is significantly stronger (see Figure E.3) and the activity at 673 K and 723 K
decay slower. At 673 K, this correlates with a strong decrease in diameter,
indicating the formation of PdO. Since homogeneous compressive strain in-
creases and heterogeneous strain (from comparison of the (111) and (222)
diameters) increases, the strain state is likely related to chemical changes in
PdO in contact with the Pt rich core of the NPs [268, 269]. The evolution of
the heterogeneous strain in combination with diameter and height and the
HEGISAXS data indicate that larger PAO domains which can be observed
by HEGIXRD are mostly located next to the Pt rich core, since no oop ma-
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terial distribution was observed in HEGISAXS and the appearance of PdO
correlates with the loss in diameter.

Analogous to Pd/Al,O3 PdO is fully reduced in the reduction process and
diffraction signal corresponding to randomly oriented metallic domains ap-
pears. Diffraction signal from the randomly oriented domains persists during
the first two temperature steps (523 K and 573 K) until it becomes too weak
to quantify at 623 K. The first appearance of PdO in the rocking scan at
573 K during the second cycle indicates that a kinetic barrier for PdO for-
mation present in the first cycle is partially lifted during the second cycle.
Since the randomly oriented domains are formed through reduction of PdO,
the oxidation of these domains is facilitated in the second cycle, due to the
lack of Pt. The loss of PdO signal in the temperature step from 573 K to
623 K indicates that the spike in activity at 623 K is due to consumption of
PdO. This observation further emphasizes the earlier hypothesis that spikes
during the first cycle are caused by consumption or poisoning of highly active
PdO species. The overall increased activity at 623 K after the activity spike
indicates the reformation of (surface) PdO, rationalized by the significant
decrease in diameter between 623 K and 673 K and PdO. At the final two
temperatures 673 K and 723 K, the HDr increases again, reaching 0.45 at the
end of the experiment, caused by an increase in height by 5 A. The PdO do-
main size is around 8 nm at both temperatures. Again, the peaks in activity
are not correlated with morphological changes but instead with the changes
in the strain state, consistent with the correlation of the spikes with surface
species of the metallic domains.

Overall, the activity as a function of time for the set temperature steps in the
first cycle evolves similarly for both catalysts, although the overall activity
is higher for the alloy catalyst (Figure E.3). The activity during the second
cycle is lower for both catalysts, however, the degree of sintering alone is
not sufficient to explain this change. Instead, comparison of the two cata-
lysts can provide some insight. The most striking difference between the two
experiment cycles is the absence of activity spikes during the second cycle
for Pd/Al;O3 and the massively reduced magnitude for PdsPt;/Al,O3. The
overall activity starts increasing at lower temperatures for Pd/AlyO3, which
we attribute to the formation of bulk PdO which is observed at 673 K for
Pd;Pt;/Al,O3. The absence of spikes for Pd/Al,O3 indicates that the sur-
face species to which these features where assigned during the first cycle are
either poisoned or not present at all, possibly by the incorporation of H in
the NP surface or the formation of aliphatic carbon by reduction of partial
CH, oxidation products. Since the spikes are present starting from 623 K for
Pd;Pt; /Al O3, the presence of the active species is related to the influence of
Pt either stabilizing the active species or preventing poisoning of the active
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Figure 4.8: Summary of the HEGISAXS data of Pd3Pt;/Al,O3 recorded
under operation during the first cycle (A) and second cycle (B). For each
temperature step of each cycle, vertical line scans of the first 15 min after
commencing data acquisition is shown as false-color maps showing the inten-
sity as a function of vertical momentum transfer (), and time t. The time
axis shows the time t after reaching the target temperature. Additionally,
the first (blue) and last (red) line scan of each false-color map is plotted on
against the same abscissa. Due to experimental complications, no data is
available for the blank area in cycle II, 623 K. For comparability between
cycles, the ordinate range of t was left at 15 min.
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species. This is also clearly observed in the d-spacings of Pd/Al,O3 which
remain roughly constant throughout the second cycle. In contrast, a more
dynamic behavior is observed for Pd3Pt;/Al,O3 which is rationalized by Pd
surface diffusion in reaction gas mixture at 523 K and 573 K after the reduc-
tion treatment that caused Pt surface diffusion in the metallic domains [273].
Starting at 623 K, the changes in d-spacing are again related to the activity
of the surface species and the chemical changes of the surface influencing the
d-spacing.

4.4 Summary & Conclusion

With this operando investigation of NP morphology and structure we eluci-
date NP dynamics and their influence on activity in transient temperature
regimes. This was achieved by comparative analysis of a Pd/Al,O3 and
Pd3;Pt;/Al;O3 model catalyst. For the first time, simultaneous measurement
of HEGIXRD, HEGISAXS, and MS were conducted on CH, catalysts under
operation providing a unique and comprehensive dataset on the influence of
Pt on NP dynamics and activity of Pd based CH, oxidation catalysts. Our re-
sults reveal persistent of epitaxial metal domains across all temperatures (up
to 723 K) for both catalysts. In addition, the Pd/Al,O3 catalyst exhibits less
pronounced changes in NP size compared the previous study (Chapter 2). In
combination, this indicates superior stabilization of the metallic phase com-
pared to earlier studies using larger NPs (Chapter 2) [287]. The addition
of Pt further improved resistance towards adsorbent driven restructuring as
NP size and HDr are stabilized for PdPt/Al,O3. This effect is particularly
evident for sintering as a consequence of the reduction treatment and the
initial HoO desorption event at 523 K.

Oxidation of Pd to bulk PdO is delayed for the catalyst containing Pt, sug-
gesting that Pt inhibits bulk oxide formation. This can be rationalized by (i)
limitation of bulk oxide formation for small NPs [287], (ii) intra particle dif-
fusion of Pd to the surface [273], and inhibition of oxidation by Pt [288]. The
PdO domains did not show distinct orientations typical for PAO formation
purely on the Al,O3 support [279] or the NPs [289], implying either rapid for-
mation and decomposition to form mostly randomly oriented domains [279]
or the formation at the NP support interface where complex interactions be-
tween metal, oxide, and support cause formation of heterogeneous domains.
Furthermore, significant restructuring of the catalyst surface as observed in
HEGISAXS was only present for Pd/Al;O3. This highlights the role of Pt
in the suppression of NP growth and migration, thus serving as a powerful
tool for catalyst design.
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During the first cycle, strong catalytic activity was observed for both cat-
alysts just after reaching each target temperature, starting at 573 K. This
activity is attributed to highly active PdO surface species, which are slowly
poisoned by OH and H,O produced by the reaction. When the tempera-
ture is increased, the sites are rapidly freed causing a spike in activity. As
a function of time, the activity decreases again due to the aforementioned
poisoning effect of the reaction. The spikes are absent during the second cy-
cle, which was explained by poisoning of the surface which did only occur for
Pd/Al,O3. Overall, the Pd3Pt;/Al,O3 catalyst outperformed the Pd/Al,O4
catalyst. The superior performance is attributed to the improved stability
of PdO surface species such as surface oxides or very small crystallites [288].
This is supported by the pronounced changes in the lattice constant of the
metallic domain in case of PdPt/Al,O3 in both experimental cycles. In con-
trast, the metal and oxide domains of Pd/Al,O3 relax over the course of
the experiment yielding a comparatively inactive catalyst. These findings
underscore the importance of alloying and nanoscale structural control in
designing thermally and chemically stable catalysts for dynamic oxidation
environments.
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4.5 Methods

Sample Preparation

The two catalyst samples were prepared with a standard UHV approach
utilizing a UHV chamber with a base pressure of < 1 x 107'%mbar. The
Al,O3(0001) single crystals were first annealed at 823 K in UHV by e-beam
heating and then in O, at 523 K. Nanoparticle deposition was conducted at
a temperature of 923 K with an e-beam evaporator capable of co-deposition
of Pd and Pt. For consistency in regard to particle morphology both samples
were grown with a rate of 0.5 % and identical nominal thickness of 1.5 nm.

MS

Inline mass spectrometer data presented in this work was recorded with a
resolution of 0.1a.m.u.. For the pressure versus time plots, spectra were
integrated with a range of £0.3a.m.u. around the respective molar masses
of the molecules. For CHy, instead of the molar mass, the mass 15a.m.u.
was chosen to avoid overlap with signal from atomic O fragments from reac-
tants and products. Fragmentation of CO, causes increased signal in mass
28 a.m.u., assigned to CO which was corrected as described in Chapter C.
Trends in the mass spectrometer signal were enhanced by normalizing to the
maximum and minimum of the data presented in the respective figures.

Operando Scattering Data Acquisition

For kinetics measurements, the sample was heated rapidly by 50°C to 100 °C.
After reaching the target temperature, the sample position was corrected by
the previously calibrated, expected thermal expansion of the setup. During
acquisition of the scattering data (HEGIXRD and HEGISAXS), the sample
position was continuously corrected, by small scans of the sample height fur-
ther optimizing data acquisition. The Pilatus3 X CdTe 2M detector (172 pm
pixel size) used for HEGIXRD measurements was positioned 2.8 m behind
the sample and off the direct beam path to allow the small-angle scattering
data to pass. The Perkin Elmer XRD 1621 detector (200 pm pixel size) was
positioned at a distance of 8.3m from the sample. Between the two detec-
tors, a flytube was placed to minimize isotropic scattered intensity in the
HEGISAXS data.

The change in sample height was calibrated prior to the first measurements,
by following the height changes between the relevant temperature steps of the
experiment. For the actual kinetics measurement, the data acquisition fol-
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lowed a series of steps, identical for both samples and all temperature steps.
First, the sample was heated to the target temperature with a temperature
ramp of 20 % Small differences of < 5 % between different temperature
steps are due to the slightly non-linear resistance of the resistive heater.

AFM

The AFM measurements were conducted using tapping mode in air at the
DESY NanoLab. Oxide-sharpened silicon cantilevers (tip radius 8 nm) with
a resonance frequency of 300 kHz [290] and a scanning speed of 0.5 Hz were
used for all shown AFM data. A polynomial plane fit was used to account
for sample tilt during the measurement.

SEM

All SEM data was recrorded at the DESY NanolLab with a high resolu-
tion field-emission SEM. All images were recorded using a concentric back-
scattered (CBS) detector and an accelerating voltage of 5kV, yielding an
effective lateral resolution of ~ 1nm [290].
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4.6 Concluding Remarks

This dissertation explored the structure-activity relationship of Pd based cat-
alysts with focus on the influence of the support and addition of Pt. The
combination of tight control over the model catalyst supports and NPs by
UHV based synthesis approaches with sophisticated operando characteriza-
tion techniques contributes to the understanding of structure, morpholgoy,
and dynamics in industrially relevant pressure and temperature regimes and
their influence on the activity and stability of the catalysts. Four intercon-
nected studies elucidate the support structure, NP morphology in transient
conditions, the influence of geometrical constraints on sintering, and NP dy-
namics under catalytic operation.

In Chapter I a straight-forward synthesis procedure for the preparation
of fully oxidized CeO2(001) thin films supported by YSZ(001) is presented.
The films characterized by a dislocation lattice at the interface to the support
relieving the lattice mismatch between CeOy and YSZ, a coherent bulk lat-
tice with minimal strain and an atomically smooth surface. Comprehensive
analysis of the film revealed sparse local interruptions in the shape of rect-
angular holes that later revealed significantly impact on sintering behavior.
Spectroscopic and structural investigation of the surface confirmed a defect
free, highly polar, hydroxylated surface. The simplicity and robustness of
the presented synthesis route in comparison to existing protocols yielding
comparable film properties is ideal for the use as a catalyst support.

In chapter II, light-off experiments utilizing Al;O3 single crystals and the
CeOs, thin films as supports for Pd model catalysts are presented. The struc-
ture, morphology, and activity of the catalysts were monitored up to a tem-
perature of 827, K under catalytic operation by HEGIXRD and MS. Both
catalysts exhibited complex dynamic phase transitions between Pd and PdO
which occurs simultaneously, but spatially separated. Both catalysts were
active for full oxidation and the partial oxidation products carbon monox-
ide and formaldehyde of full catalytic CHy4 conversion were observed for the
first time. The results point towards oxygen mobility and support specific
reactions as key factors determining activity. Moreover, OH and H;O self-
poisoning is discussed as source for diminished active site density in transient
conditions. In the applied lean reaction gas mixture, the thermodynami-
cally unstable AIO(OH) and Ce,Pd, were observed for the Pd/Al,O3 and
Pd/CeO; catalyst, respectively. In conjunction with the simultaneous pro-
duction of CO and COs, normally associated with CHy4 rich gas feeds, these
results provide novel information on the structure, activity, and local chemi-
cal potential to improve mechanistic models for heterogeneous CHy oxidation
over Pd based catalysts.
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Chapter III focuses on the sintering behavior of Pd NPs supported by the
previously developed CeO2(100) thin films during the also previously de-
scribed light-off experiment. SEM analysis revealed that sintering proceeds
predominantly by Ostwald ripening, which is connected to the limited mo-
bility of the NPs on CeO,. The geometric confinement of NPs in the holes of
the CeO; thin film lead to an increased NP size for the NPs in the holes of
the film. A mechanistic diffusion model is proposed to explain distinct size
distributions. The chapter demonstrated how support engineering at the
nanometer scale can influence sintering kinetics and can potentially serve as
a tool in catalyst design.

In Chapter IV, the role of alloying with Pt for the stabilization of NPs in
Pd based catalysts was investigated by operando analysis of Pd/Al,O3 and
Pd3Pt;/Al;O3 model catalysts. For the first time HEGIXRD, HEGISAXS,
and MS measurements were combined to provide a uniquely comprehensive
dataset that enabled the correlation of structural dynamics with catalytic
activity. The incorporation of Pt significantly suppressed sintering and re-
structuring of Pd NPs. In addition, the formation of bulk PdO was inhibited.
The stabilizing influence of Pt is rationalized by the inhibition of bulk oxide
formation in small particles, direct stabilization of Pd by Pt and internal dif-
fusion of Pd and Pt respectively. These results demonstrate the importance
of electronic and geometric effects introduced by secondary metals, offering a
strategy to enhance thermal and chemical robustness of Pd based catalysts.
Altogether, the presented studies emphasize the necessity to follow structural
and morphological dynamics on an atomic level to fully understand the pro-
cesses occurring in heterogeneous catalysts for CH, oxidation. By combining
intelligent catalyst design with sophisticated X-ray scattering methods, de-
tailed structural information was extracted from catalysts under operation
which are inaccessible in ex situ experiments or more conventional catalysis
reactor geometries. The insights obtained from the investigation of these
model system successfully bridge the temperature, pressure, and complexity
gap between idealized single crystal studies and monolith reactors, which
can inform intelligent design of industrial catalysts. In addition to the im-
provement in the understanding of processes in catalytic conversion of CHy
through Pd based catalysts, this work also reveals limitations in conventional
approaches to catalytic investigations. The inherent complexity of real-world
catalysts limits the available methods for detailed atomistic structural inves-
tigation and the identification of relevant parameters for catalyst activity
and stability. In contrast, insights from the investigation of idealized sys-
tems, like single crystals surfaces may not be applicable to hierarchically
structured catalysts. The investigations in this work are a compromise of
both, which introduces a new obstacle: The knowledge of mechanistic stud-
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ies from idealized model systems and activity, deactivation, and sintering
studies performed with real-world catalysts need to be reconciled. Instead of
homogeneous activity of NPs the presented results point towards a nuanced,
highly dynamic picture with strong local heterogeneity in oxidation state, ac-
tivity, reaction intermediate desorption, and H,O inhibition. Future avenues
for research emerge directly from insights presented in this dissertation. A
conservative approach could be the incremental investigation of parameter
space, by variation of supports, alloying metals, or nanoparticle size. An-
other idea is to expand on the complexity of the system by investigating NPs
on defined islands or introducing defects to the support to potentially act as
anchor points for nanoparticles, simulating porous structures of hierarchical
catalysts. Finally, experiments could be coupled with computational model-
ing to help quantify energetics in order to guide future catalysis investigations
and catalyst design.
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A. Appendix of the Preamble

A.1 Temperature Calibrations

Temperature calibrations for a variety of mounting styles and substrates are
shown in Figure A.1.

Temperature calibration of heating cross in 100mL/min Ar flow at 0.1bar.

Heater power supply and temperature ramps

Temperature calibration of 0.5mm Al;03 + 1mm Al;03
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Figure A.1: Sample temperature calibration for multiple configurations.

A.2 Height Calibrations for Operando mea-
surements
Example of a height calibration (Figure A.2) conducted for operando mea-

surements. Previous knowledge of the expected sample z-position allows for
more rapid alignment procedures leaving more time for data collection.
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A.3 Determination of layer thickness

To estimate the thickness of layered materials from measured XPS core-
level intensities, a numerical approach based on Lambert-Beer’s law and a
minimizing function was implemented. The approach is outlined in Section
B.12.1 alongside the fit parameters used in the code below. Due to the
problem being inherently non-deterministic as a result of the interdependence
of the attenuation and layer thicknesses a cost function is used to minimize
the deviation between simulated and experimental intensities. The following
code is included as a practical example of this method so it may serve as a
useful starting point for others facing similar inverse problems in surface or
interface analysis.

A.3.1 Script for Layer Thickness Determination by
Minimization of a Cost Function

The following pages contain the python script used for layer thickness deter-
mination by minimization of a cost function.
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import numpy as np
from scipy.integrate import quad
from scipy.optimize import minimize

# Lambert-Beer
def attenuate(x, imfp, emissionangle):
return np.exp(-x / (imfp*np.cos(emissionangle)))

# Compute ares from zl and z2
def compute_areas(xl, x2):

area_l, _ = quad(attenuate, 0, x1, args=(25,50))
area_2, _ = quad(attenuate, x1, x2, args=(11,50))
area_3, _ = quad(attenuate, x2, le3, args=(11,50))

return area_1, area_2, area_3

# Cost function

def cost_function(x):

# Calculate the difference between the actual and target ratios
x1, x2 = x
area_1, area_2, area_3 = compute_areas(xl, x2)

# Normalize the areas to compute the ratios

actual_ratios = [area_l / area_l, area_2 / area_l, area_3 / area_1]

—Normalize by area_1

# Calculate the difference between actual and target ratios

ratio_diff = np.sum((np.array(actual_ratios) - np.array(target_ratios))**2)

return ratio_diff # Minimize the squared difference

I_h20 = 18310.81
I_o = 17839.56
I_oh = 4915.35

measurement_error = .05

err_o = np.sqrt(0.0175%*2+measurement_error**2)
err_h2o0 = np.sqrt(0.0559**2+measurement_error**2)
err_oh = np.sqrt(0.0302**2+measurement_error**2)

# Initial guess for zl and z2
initial_guess = [5, 6]
bounds = [(0, 1e3), (0, 1e3)] # Limits

#Ratios

ratio_h20_h20 = I_h20/I_h20

ratio_h2o_oh = I_oh/I_h20

ratio_h2o0_o = I_o/I_h20

target_ratios = [ratio_h2o_h2o0,ratio_h2o0_oh,ratio_h2o0_o]
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# Minimize cost function
result = minimize(cost_function, initial_guess, bounds=bounds,method='SLSQP')

# Eztract the optimized z! and z2
x1_solution, x2_solution = result.x

# Calculate the actual areas with the optimized zl1 and 2
actual_area_1, actual_area_2, actual_area_3 = compute_areas(xl_solution,,
~x2_solution)

# Display results

print (f"Optimized Integration boundaries:")

print (£"x1 = {x1_solution} +/- {x1_solution*err_h20l}")
print (f"x2 = {x2_solution} +/- {x1_solution*err_oh}")
print (f"Actual Area 1: {actual_area_1}")

print (f"Actual Area 2: {actual_area_2}")

print (f"Actual Area 3: {actual_area_3}")

# Calculate and display the actual ratios

actual_ratios = [actual_area_1 / actual_area_1, actual_area_2 / actual_area_1,,
—actual_area_3 / actual_area_1]

print (f"Actual Ratios: {actual_ratiosl}")

print (' B}

print (f"Number of H20 MLs = {x1_solution/3} +/- {x1_solution/3%err_h2o0}") # 3 isy
—approzimate h2o monolayer thickness

print (f"Number of OH layer without expansion = {(x2_solution-x1_solution)/(2.
~705)} +/- {((x2_solution-x1_solution)*np.sqrt(err_h2o**2+err_oh**2))/(2.
~705)}")

Optimized Integration boundaries:

x1 = 5.633480835625392 +/- 0.4225039268692542

x2 = 8.216546560249817 +/- 0.32906665620566367

Actual Area 1: 5.024060404199098

Actual Area 2: 1.3485638836297038

Actual Area 3: 4.894710308783195

Actual Ratios: [1.0, 0.26842111263283724, 0.9742538733595257]

Number of H20 MLs = 1.877826945208464 +/- 0.1408346422897514
Number of OH layer without expansion = 0.9549226338722461 +/-
0.09077718769771007
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B. SI: Atomically Smooth Fully
Hydroxylated CeO2(001) Films
on YSZ(001)

B.1 CeO,(111) single crystal surface.

Figure B.1: SEM image of the CeOy(111) single crystal surface. A large
number of craters, cracks, and contrast variation on the flatter areas are
observed.

In Figure B.1 an overview scanning electron microscopy (SEM) image
of a CeOy(111)single crystal is shown. The inset shows a close up of the
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central area marked by a the red rectangle. The images highlight the poor
surface quality of commercial, polished CeO, single crystal substrates. While
the majority of the surface is the flat areas between the cracks, the size and
depth of the cracks is of the order of several pm. In addition, the flat areas
are covered by larger, circular dark spots and lines of black spots. The latter
appear to be small holes in the surface.

B.2 Awuger Electron Spectrum of cleaned
YSZ substrate.

The AES data of the cleaned YSZ single crystal, shown in Figure B.2, was
measured in two parts with an overlap region between 150eV and 200eV
in order to record high quality data with different instrument settings in
both energy regimes. The left part of the spectrum was adjusted with a
factor of 2.2 and an offset of 15 to match the right spectrum in the overlap
region. Vertical dashed lines indicate the Mo, Zr, Y, C and O lines in the
spectrum [291]. Mo lines are due to the fact that the spectrum was measured
at the edge of the sample as measurements in the center of the sample were
impossible due to charging. Despite that, clear Y signal at low energy (77eV)
confirms that a significant amount of the signal is from the YSZ single crystal
sample. From the presented data it is clear that the majority of carbon
contamination was removed by the cleaning procedure as the signal in the C
region is within the error of the measurement.
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Figure B.2: AES spectrum showing typical Mo, Zr, Y and O signal indicated
by the vertical, dashed lines. C signal is within the error of the measurement.
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B.3 AFM overview

In Figure B.3 an overview AFM image of the same sample as Figure 1.1 is
shown. The RMS roughness of the full film with the two holes in the center
and the top masked, is 0.27 nm, without mask the RMS roughness is 0.58 nm,
the FWHM of the height distribution profile is 0.486 nm.
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Figure B.3: Overview AFM image with the high resolution image in Fig-
ure 1.1 indicated by the dashed square.
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B.4 AFM height distribution profiles

In Table B.1, the fit parameters of the height distribution profiles in Fig-
ure 1.1 and of the image in Figure B.3 are compiled. For all profiles, a single
Gaussian profile was used:

A
oV 2T

Here, A denotes the amplitude, 1 the center of the Gaussian profile and
20 = FWHM.

fla, A p, o) = el (r’ /2], (B.1)

Table B.1: Full set of fit parameters of the height distribution profile fits
shown in Figure 1.1 D.

Before tube furnace annealing
Amplitude 0.996 + 0.003
Center 1.307 + 0.001
FWHM 0.740 + 0.002

After tube furnace annealing
Amplitude 0.951 £ 0.004
Center 1.744 4+ 0.001
FWHM 0.388 + 0.002

After tube furnace annealing for the overview image in Figure B.3
Amplitude 0.970 £ 0.003
Center 0.0157 £ 0.001
FWHM 0.486 £ 0.002

B.5 Film thickness of sample for hole analysis

In order to determine the depth of the hole, the film thickness of the sample
was determined by scanning the (11 1) Bragg peak along the L direction. The
data was fitted using one Pseudo Voigt profile to model the (11 1) Bragg peak
and a second Pseudo Voigt profile with a constant background to account for
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Figure B.4: Fit of the (111) Bragg peak of the sample used for the detailed
investigation of the hole. The top panel shows the data as black dots, the fit

as a red line and the components as brown lines. The bottom panel shows
the relative residual.

diffuse scattering and the (11 L) CTR. Thus, full model of is

1=1

(1 — az)Az (x— )2 /252
x, A pu,0,,8,¢) = @)/ 20y,
Sz, A p ) g P

L ot { ( 7 ] +e (B.2)

T |(z — w)? + o?

so that o, = \/ﬁ and 20 = FWHM. The variable A denotes the ampli-
tude, « the fraction of Gaussian and Lorentzian contribution. For o = 0 the
Pseudo-Voigt profile becomes fully Gaussian, for a = 1, the profile becomes
fully Lorentzian. The full set of fit parameters is given in Table B.2.
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Table B.2: Full set of fit parameters of scan through the (111) Bragg peak
in Figure B.4.

(111) Bragg peak

Amplitude  3664.935 £+ 334.656
Center 1.012 + 0.001
Fraction 0+ 0.130

FWHM 0.044 + 0.001

Rod and background
Amplitude 978.688 £ 301.764
Center 1.029 £ 0.004
Fraction 0.389 £ 0.127
FWHM 0.115 + 0.005
Y-intercept —13.14 £ 31.25

B.6 XRR fit parameters

In Table B.3, the fit parameters of bulk and film layers corresponding to the
fits in Figure 1.3 are shown. The reduced x? values for the fits are 0.0178
and 6.63 x 107* before and after the furnace annealing (Figure 1.3 (A) and
(B)), respectively. The density of the material is given as the real part of the
refractive index in the formn = 1 — § +if).

Table B.3: Fit parameters of the material for the XRR data displayed in
Figure 1.3. The data in the column labeled Before(after) contains the data
before (and after) the tube furnace anneal.

Layer Parameter | Before After
YSZ o in [A] 12.04 £ 1.67 10.26 + 0.67
CeO2 (1) || din [A] 38.49 £ 4.74

o in [A] 10.7 4 1.47

5 1.78 x 107% £ 7.09 x 10~ 7
CeO2 (2) || din [A] 90.65 + 1.77 122.78 £ 0.65

o in [A] 2.84 + 0.32 2.70 £ 0.137

5 1.94 x 1075 £ 5.16 x 1077 | 1.94 x 107% £ 0.0
CeO2 (3) || din[A] 20.11 + 0.39 12.87 + 0.193

o in [A] 9.51 £ 0.13 4.41 £ 0.020

5 1.79 x 1075 £4.91 x 1077 | 1.84 x 107% £ 0.0

190



B.7 Fitting results of CeO3(111) Bragg peak
profiles

In Table B.4 we present the complete fit parameters of line scans through
the CeO2(111) Bragg peak shown in Figure 1.4. Each fit was set up using a
constant, linear background, and Pseudo-Voigt profile. Thus the full model
of each scan is

(1 -wA (o —p)? 202
z, A p,0,0,8,¢) = ——F—e @ )? /202
t 8 ) gV 2m
OéA o
Tt + sz + ¢, (B.3)
T (z — p)?+ o?
so that o, = \/201W and 20 = FWHM. The variable A denotes the ampli-

tude, « the fraction of Gaussian and Lorentzian contribution.

In Table B.5, the diffraction angles for the lattice constant refinement dis-
cussed in the main text are listed. For the in-plane lattice constant, all
positions were used, for the out-of-plane lattice constant only the (111) and
(111) reflections were used.

Table B.4: Full set of fit parameters for all line scans through the CeOq
(111) Bragg peak shown in Figure 1.4. The labels before and after denote
before and after the furnace annealing.

Dataset Parameter Value Standard Error
L before Slope 317.12 260.69
Y-intercept -398.17 258.51
Amplitude 2175.32 22.69
Center 0.996 0.000
Fraction 0.420 0.024
FWHM 0.048 0.000
L after Slope 2142.03 952.38
Y-intercept -1808.07 942.19
Amplitude 5979.56 74.27
Center 0.999 0.000
Fraction 0.557 0.0281
FWHM 0.043 0.000
H before Slope 722.24 299.51
Y-intercept -618.42 300.34
Amplitude 730.31 6.78
Center 1.002 0.000
Fraction 0.248 0.023
FWHM 0.025 0.000
H after Slope 1909.03 783.34
Y-intercept -1620.62 784.69
Amplitude 1289.09 14.07
Center 1.002 0.000
Fraction 0.024 0.031
FWHM 0.020 0.000
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Table B.5: Diffraction angles for lattice constant refinement. + is the altitude
angle, 0 the azimuthal angle and 6 the sample rotational angle. The subscript
of the reflection indicates whether the data was recorded before or after the
tube furnace annealing.

Reflection || ~ ) 0

(11 1)pesore || 16.557 23.6465 17.4205
(11 1)before || 16.561 23.5795 107.491
(202)pesore || 34.6700 34.380 0.000
(222)pesore | 51.2200 34.317 0.000
(11 1)afeer || 16.4468 23.66 17.6606
(11 0)apter || 16.341 23.6055 107.666

B.8 Fitting results of mosaic distribution
around preferential orientations.

In order to quantify the mosaic distribution of the film crystal structure we
performed fits of the diffraction peaks in Figure 1.4 A and C of the {200}
and {220} in plane peaks. The fitted data is shown in Figure B.5, the full
set of fit parameters in Table B.6. The data with the fitted model using a
Gaussian model with a constant background:

A
oV 21

Here, A denotes the amplitude, ¢ the constant offset, and 20 = FW HM.

(=207

flz, A jp,0) = (B.4)

Table B.6: Full set of fit parameters of the data shown in Figure B.5.

Fitted values
Parameter (200) before (220) before (200) after (220) after
C: 46.30 £ 5.28 38.63 £3.13 57.12 £12.29 48.74 £9.25
Amplitude: 2401.71 £124.44 | 1733.04 £ 71.83 | 4429.89 £229.31 | 3513.74 £170.17
Center: —28.31 +0.033 —66.14 £ 0.025 —28.55 +0.021 —66.36 £ 0.019
FWHM: 1.29 +£0.077 1.225 £ 0.058 0.812 £ 0.048 0.789 £ 0.044
C: 45.58 £4.76 39.75 £ 3.51 54.80 £ 10.99 48.11 £8.83
Amplitude: 2538.77 £ 106.64 | 1519.48 +79.61 | 4869.54 £+ 201.34 | 3633.95 £ 160.27
Center: 61.69 £ 0.024 23.863 £ 0.0305 | 61.46 £0.016 23.645 £0.017
FWHM: 1.169 £ 0.056 1.195 £ 0.072 0.783 £ 0.037 0.768 £ 0.039
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Figure B.5: Fits of the in-plane diffraction peaks of CeO,.
furnace anneal, G, H: (220) after furnace anneal.
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B.9 Dislocation network periodicity

From the relativ distance between the film or bulk reflection to the dislocation
peak, the periodicty can be calculated [292]. For this purpose, the data was
fitted using two Pseudo Voigt profiles, one fore the CeOy (220) reflection,
one for the dislocation peak. The model is identical to Equation B.2. In
Figure B.6, the fitted data is shown, and in Table B.7, the fit parameters are

listed for all fits.

L=0.06 L=0.08 L=0.1
g g g
.7 o S
2 2 2
= = c
Q Q
E £ =
2.0 2.1 2.0 2.1
H,K=H in [r.L.u.] H,K=H in [r.L.u.]
L=0.12 L=0.14 L=0.16
3 ‘ 8
g 7 ® 8 g g |
© @ o] ©
= 8 A ° =] =
21 % o - -
B 8 B B
c 8 QO c c
3 Q5 2 o]
c | @ Y c <
£ > 2 = | £
2.0 21 2.0 21
H,K=H in [r.l.u.] H,K=H in [r.L.u.]
L=0.18
S 35 ]
2 2
S, S
2 2
‘B ‘@
o o
2 | 2
£ =

H,K=H in [r.l.u.]

Figure B.6: Fits of the (220) of CeO, reflection and the dislocation peak at

different values of L.

H,K=H in [r.l.u.]
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Table B.7: Full set of fit parameters of the data shown in Figure B.6.

L=0.06 Amplitude Center FWHM Fraction
Ce02(220) | 232.31 £+ 2.94 2.0028 + 0.00008 0.0235 + 0.00019 0.24 + 0.012
Disl. peak | 9.67 £+ 0.487 2.0565 £+ 0.00035 0.0265 £+ 0.00119 1.00 £ 0.100
BG const. —20.35 + 5.260

L=0.08 Amplitude Center FWHM Fraction
Ce02(220) 47.99 + 0.85 2.0024 + 0.00012 0.0258 £+ 0.00031 0.29 + 0.030
Disl. peak | 7.23 + 0.23 2.0574 + 0.00026 0.0225 £ 0.00099 0.93 £+ 0.084
BG const. 3.23 4+ 2.8728

L=0.1 Amplitude Center FWHM Fraction
Ce02(220) | 28.64 + 0.83 2.0032 + 0.00017 0.0258 £+ 0.00045 0.21 + 0.051
Disl. peak | 4.66 £ 0.27 2.0570 £ 0.00031 0.0216 £ 0.00097 0.43 + 0.16
BG const. 13.89 £ 3.09

L=0.12 Amplitude Center FWHM Fraction
Ce02(220) | 21.40 + 0.68 2.0023 + 0.00020 0.0240 £ 0.00053 0.28 £+ 0.0545
Disl. peak | 4.18 £+ 0.22 2.0574 £ 0.000385 0.0215 + 0.00138 0.74 + 0.1416
BG const. 7.03 + 2.402

L=0.14 Amplitude Center FWHM Fraction
Ce02(220) | 8.47 £+ 0.49 2.0022 £ 0.000338 0.0253 + 0.00094 0.35 + 0.1232
Disl. peak | 2.60 + 0.22 2.0564 + 0.00053 0.0220 £+ 0.00178 0.61 + 0.224
BG const. 11.26 £ 2.472

L=0.16 Amplitude Center FWHM Fraction
Ce02(220) | 7.12 + 0.47 2.0037 + 0.00034 0.0257 £+ 0.00096 0.23 £+ 0.142
Disl. peak 1.58 + 0.18 2.0553 £+ 0.00065 0.0206 £ 0.00206 0.60 £+ 0.289
BG const. 11.43 £ 2.343

L=0.18 Amplitude Center FWHM Fraction
Ce02(220) 6.16 £ 0.51 2.0022 £ 0.00036 0.0260 £ 0.00097 0.00 £ 0.181
Disl. peak 1.15 £+ 0.26 2.0551 + 0.00080 0.0248 £ 0.00215 0.00 £ 0.645
BG const. 10.42 + 2.698

L=0.2 Amplitude Center FWHM Fraction
Ce02(220) | 4.14 £+ 0.31 2.0009 + 0.00046 0.02457 4+ 0.00148 0.60 £+ 0.151
Disl. peak | 0.71 £ 0.173 2.0575 + 0.00085 0.02393 + 0.00252 0.00 + 0.698
BG const. 7.31 + 1.765

B.10 HR-STEM and geometrical phase anal-
ysis

In Figure B.7 we present high resolution scanning transmission electron mi-
croscopy (STEM) micrographs used for determining the misfit dislocation
spacing. The micrograph in Figure B.7 (A) was filtered using an average
background subtraction filter (ABSF), the micrograph in Figure B.7 (B) was
filtered using a convolutional neural network filter [293]. The extracted dis-
tances are listed in Table B.8.
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Figure B.7: HR-STEM images of the area 1 (A) and area 2 (B) of the
[110]/[001] specimen.

From the distances listed in Table B.8 the probability density, shown in
Figure 1.6 was calculated using

pla) = =3 K, (B.5)

where n is the number of dislocations, A is the window width, x is the disloca-
tion distance, and K is a Gaussian profile with the property ffooo K(x)dx =
1. The window width was chosen by halving the Scotts factor n'/ (@449 with
d = 1 being the number dimensions of the dataset [294]. In Figure B.8 we
present the remaining strain field vector maps of the micrograph analyzed in
the main text.

Table B.8: Full set of dislocation distances extracted from Bragg filtered
images depicted in Figure B.7.

Distances in area 1 [A] Distances in area 2 [A]
Reflection pair #1 Reflection pair #2 Reflection pair #1 Reflection pair #2
8.90 9.51 7.43 6.45
8.18 3.20 11.87 6.97
3.05 6.71 7.87 5.22
7.23 7.75 8.80 7.7
7.76 8.50 8.39 10.14
8.85 7.23 7.72 7.49
6.57 7.35 7.84
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Figure B.8: Geometric phase analysis of the data HR-STEM data presented
in Figure 1.6 A in the main text. A: Compressive/tensile strain along in-
terface normal. B: Shear strain along the interface normal. C: Shear strain
perpendicular to the surface normal.

B.11 XPS survey scan

This survey scan was used for the elemental analysis and confirm that the
sample is clean. The data was recorded in the same experiment as the core
spectra shown in Figure 1.7. Peaks were identified using [295].
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Figure B.9: XPS survey scan of CeOs/YSZ with all contributions identified.

B.12 XPS Ce 3d, O 1s, and C 1s core levels

All XPS core levels were deconvoluted using a Shirley background and a
number of Pseudo-Voigt profiles

(1 — a)A —( — )2 2 C(A o
2, A 0,08, c) = 2o @mw? /205 4 T
f( 1% ) OgV 2 T (ZE _ M)Q + 02
(B.6)
with oy = \/;W and 20 = FW HM. The variable A denotes the peak area,

a the fraction of Gaussian and Lorentzian contribution.
The fit of the Ce 3d core level spectrum in Figure 1.7 A, described in the
main text, yielded the fit parameters given in Table B.9.
For the fit of the O 1s core level spectrum shown in Figure 1.7 B, Pseudo-
Voigt line shapes with @ = 0.5 were chosen on the basis of the tails of

Table B.9: Fit parameters of Ce 3d core level fit.

Name Position | FWHM | Area
v 882.20 1.57 24251

v’ 388.81 3.90 30430
v 898.04 1.91 35291
u 900.60 1.57 16167
u”’ 907.21 3.90 20286
u”’ 916.44 1.91 23527

asymm 1 | 883.87 4.00 25125
asymm 2 | 902.27 4.00 14169
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Table B.10: Fit parameters of O 1s core level fit.

Name Position | FWHM | Area
02- 528.98 1.28 6088.6
O-H 530.16 1.18 1677.6
H20 531.18 1.70 6249.4
C-0, C-O-H | 532.73 3.31 771.5

the rightmost peak at 528.98eV. In addition, the spectrum was corrected
by the sensitivity factor of 2.93 (1 for the C 1s spectrum) and the sum of
the oxygen containing components from the Cls spectrum where used as
an upper limit for the peak at 532.82eV in the O 1s spectrum. The fit
parameters are listed in Table B.10. For the fit of the C 1s spectrum, shown
in Figure B.10, « = 0.5 was chosen on basis of the shape of the rightmost
peak at 284.82eV. The full set of fit parameters is listed in Table B.11. We
assign the rightmost component to species containing C—C and C—-H and
the other two components to species containing C—0O and C=0 in different
chemical environments.

CPS [arb.]

29'7.5 29:5.0 29I2.5 29IO.0 28'7.5 285.0 28'2.5 286.0
Binding Energy [eV]

Figure B.10: C 1s core level (black dots) including fit (red line), and fitted
components (colored peaks).

Table B.11: Fit parameters of C 1s core level fit.

Name ‘ Position ‘ FWHM ‘ Area

C-H,C-C | 284.82 2.42 1490.70
C-0,C=0 | 289.24 3.96 1145.43
C-0,C=0 | 293.75 1.37 109.79
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B.12.1 XPS layer analysis

To better understand the O 1s spectrum, layer analysis based on Lambert-
Beer’s law

I Ty,

A = =2 = / e Aicos(©) (B?)

Iy .
was carried out. Here, I and [ are the transmitted and initial intensity, x
the distance travelled, A the inelastic mean free path (25 A for H,0[296], and
11 A for Ce05[297]), and © the emission angle. The index i denotes a layer
of the model. The layer model consists of an HyO layer (zy = 0, 25 = 1),
an OH layer (zy = o, vy = x3) terminating the surface of the thin film
and the bulk O layers (zo = z, 2y = 100). With z; = 100 instead of oo
for the final layer, the problem remains discrete and the error is negligible.
The ratios of the measured intensities, given in Table B.10 are compared to
the ratios of calculated intensities using Equation B.7 by

[(HO0) A
1(H,0) A
[(OH) | A

= L2 _p
T Imo) T oA,

_107) 1 Ay _
T Im0) A,

The solution is found by minimizing the cost function
C(x1,22) = (Ro(wy,22) — 12)° + (Ry(w1,22) — 73)° (B.8)

using the least mean square method. The result of Equation B.8 is 1 =
5.634+0.42 A and 2o = 8.22+0.33 A. The errors are calculated from the area
uncertainties and 5 % measurement error. For the HyO layer this corresponds
to 1.83 £ 0.14 monolayers, approximating the thickness of one monolayer
with 3A[298]. Considering the expansion of the top layer determined by
CTR analysis (see Figure 1.5), the OH layer has a thickness of 0.95 £+ 0.09
monolayers.
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B.13 S-polarized IRRAS spectrum

In Figure B.11 the s-polarized spectrum of the 0.1 L dosing step shown in
Figure 1.8 is presented. As for all other presented IRRAS spectra, no signal
CO vibration could be observed.

12><1o—4

Absorbance [arb.]

2240 2200 2150 2110
Wavenumber in [cm™1]

Figure B.11: S-polarized IRRAS spectrum of the 0.1 L dosing step shown in
Figure 1.8.
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C. SI: Complex Evolution of
Oxide Supported Pd Catalysts
During Methane Oxidation
Light-oft
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C.1 Pd nominal thickness

The NPs of the two catalysts Pd/Al,O3 and Pd/CeO, were deposited using e-
beam MBE evaporation (see Methods section in the main text). The amount
of Pd was calibrated with a prior experiment, depositing Pd on Al,O3(0001).
For both catalysts, a nominal thickness of 2nm was chosen based on the
calibration shown in Figure C.1. Fit parameters are shown in Table C.1

S 1.5
©
106 4 S
2 1.0
X
>
— =
2 1054 v 0.5
© (]
- ?
% I‘v 0.0 -
@ .
£ 10%4
103_

20 [°]

Figure C.1: X-ray reflectivity measurement of Pd/Al,03(0001) of the cali-
bration sample.

Table C.1: Fit parameters for the XRR fit shown in Figure C.1

o(Al,03) | 9.74 £ 0.221A
d(Pdy) 75.195 £ 0.239 A
o(Aly0s0) | 2.171 £ 0.094 A
(Pd,) 6141.511 & 44.275 -&;
(Pd,) 26.283 + 0.845 A
o(Pdy) 11.6 = 0.0A
) 1143.602 £ 36.789 -£;
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C.2 Pd epitaxy

The Pd nanoparticle majority ensembles for both samples are (111) ori-
ented relative to the sample normal and the in-plane [110]-type directions
are aligned with the [1120] direction for the alumina sample and the [100]
and [010] directions for the ceria sample. A second minority out-of-plane
ensemble of [001] oriented particles with the [110] axis being aligned with
the [100] axis of CeOy was found. Detailed description and analysis is given
in the supplementary in Figure C.3 and accompanying text. In order to de-

6
B 3 10

2
10°

1

104
0% ' . - 10
0 1 2 3

[Qxyl [A71] [Qxy| [A71]

A

Q2| [A1]
1Q| [A~1]

Figure C.2: Summed w (sample rotation) scans of Pd/Al,O3 (A), and
Pd/CeO, (B), recorded at 411 K.

termine the epitaxial relationship between substrate and particles, rocking
scans (Figure C.2 A for Pd/Al,O3 and B for Pd/CeO,) of the sample rota-
tion were performed and ROIs around the Pd (Figure C.3 B and C) signal(s)
were summed. The integrated intensities were normalized by the peak inten-
sity of the Pd(111) Bragg peak rocking scan. In case of the alumina sample,
a single Pd(111)-type Bragg peak was found over the 100 ° scan. The Bragg
peak position is in line with (111) oriented nanoparticles. In the detector
image in Figure C.3 B the CTR signal of the (110 L) rod around the blocked
(1102) Al,O3 reflection can be seen. Hence, the (11 1) nanoparticles in plane
[110] direction is aligned with the [1100] direction of Al,O3. The epitaxial
relationship of Pd and CeQOs is more complicated with two particle orienta-
tions relative to the sample normal (black and gray ROIs in Figure C.3 C).
The Bragg peak in the black ROI originates from (111) oriented particles,
while the gray peak originates from (00 1) oriented particles. A plethora of
peaks were observed in the rocking scan of the (111)-type Bragg peak of
(111) oriented nanoparticles. The scan is dominated by 30° spaced peaks
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corresponding to the in-plane [1 1 0] direction being aligned with the in-plane
[100]-like directions of the CeO4 substrate. In between this majority species
a second set of much smaller peaks was found with 15° spacing in respect
to the majority ensemble. These (111) oriented particles have the in-plane
[110] direction aligned with the [110] direction of the substrate. The third
ensemble gives rise to the small side peaks spaced 6.35° from the majority
ensemble peaks and represent a the smallest ensemble with the [110] in plane
direction at an angle of +6.35° in-plane in respect to the [100] and [010]
CeOy directions. The largest peak of the rocking scan labelled Pd(111)*
is at the same position as the CeO9(2 2 2)-type Bragg peak which is in line
cube-on-cube epitaxy, i.e. the [100] axes of CeOy and Pd nanoparticles are
aligned.

= A
5 07 Pd(111) 3
> - 10° €
= | —
%]
S 0.5 = 2
£ ° = 10% G
< o 5
£ 101 £
5 001 - - - - - 1.5 2.0 25
0 20 40 60 80 100 0l A-1]
ulel Y
- C
2
5 1.01 . 15° — Pd(111) P
2 5 — Pd(111)* 0 10° &
UC'I g >
T 0.5 - Ce0,(222) | = 2
- N
= A \ g 104 8
£ ] £
o 0.0 T T T — T
z 0 20 40 60 80 100 2.5 3.0 3.5
ul°] [Qxy| [A71]

Figure C.3: Rocking scans of the sample rotation (A, C) of the alumina and
ceria sample. In B and D, the respective ROIs are shown in detector images
corresponding to maxima of the Pd(111) rocking scans.
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C.3 NP diameters from SEM

Confirmation of good agreement between the average domain size, deter-
mined by HEGIXRD, and the NP size was achieved by comparing results
from HEGIXRD and the initial and final NP shape observed by SEM (see
Figure C.6 A-C). The isolating substrates and charge trapping at the NP
substrate interface for metallic NPs on oxide substrates, made data pretreat-
ment necessary before collecting NP statistics. This entailed background
subtraction, by blurring the images using a gaussian filter with a width of
1.1 px, carefully masking the area between the NPs by thresholding and sub-
sequently setting the values to zero. This procedure was repeated up to
three times, until a mask which reproduced the NP size well was obtained
by thresholding. Original SEM micrographs and the micrographs with the
overlayed mask are shown in Figure C.4 (as prepared catalysts) and Fig-
ure C.5 (catalysts after light-off). For both images, A and B shows data
for Pd/Al,03 and C and D shows data for Pd/CeO;y. For both SEM mi-
crographs of the as-prepared catalysts (Figure C.4 A and C), some NPs in
the original image were not separated by the mask. In order to avoid over-
estimating the NP diameter, NPs that could be unambiguously be identified
as isolated NPs in the original images were separated by hand. A linewidth
of 1px was chosen to avoid underestimating the NP diameter by removing
significant areas in the mask. For the mask in Figure C.5, B, only features of
the mask that can be unambiguously be identified as Pd NPs in Figure C.5 A
were considered for the histogram in Figure C.6 B. Furthermore, all NPs at
the edge of the images were removed from the mask in order to avoid to skew-
ing the average size towards smaller values. The histograms in Figure C.6
show the NP diameter, calculated from the masked areas in Figure C.4 and
Figure C.4, assuming a circular shape. The panels contain data for Pd/Al,O3
(A and B, before and after light-off experiment) and Pd/Al,O3 (C and D,
before and after light-off experiment). The bin size was chosen at 20 % of
the sample size (rounded to the nearest 10). The vertical, dashed lines show
the respective mean size, the solid lines shows the coherent domain size ob-
tained by HEGIXRD (Figure 2.3) at 411 K and 827K and steady state in
reaction gas mixture. Overall, the size determined from HEGIXRD agrees
well with the diameters from SEM. Especially after light-off (B, D), the do-
main size determined by HEGIXRD is smaller than the NP size determined
by SEM. In the case of Pd/Al,O3, this is due to agglomeration, in case of
Pd/CeO; the summed domain size from Pd and PdO agrees remarkably well
with the diameter obtained by SEM analysis. In sum, the comparison of
SEM and HEGIXRD results confirms that the coherent domain size serves
as a excellent indicator of the NP size.
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Figure C.4: SEM image of Pd/Al,O3 and Pd/CeO; (A,C) recorded ex situ
before the light-off experiment. B and D show the same images with the
masks used to quantify NP diameter.

Figure C.5: SEM image of Pd/Al;O3 and Pd/CeO; (A,C) recorded ex situ
after the light-off experiment. B and D show the same images with the
masks used to quantify NP diameter.
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Figure C.6: Histograms of the NP diameters determined from the data pre-
sented in Figure C.4 and Figure C.5. The dotted vertical line indicates the
mean diameter determined by the SEM data, the solid dotted line indicates
the diameter determined at 827 K after dwell time in reaction gas mixture
by HEGIXRD.
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C.4 AFM line scans

An estimate of the agglomerate height of the particles of Pd/Al,O3 was
attained by extracting line scans through the agglomerates Figure C.7. For
comparison, a line scan through the smaller particles is also shown in blue.
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Figure C.7: Line scans (A) extracted from AFM image. Larger frame of the
SEM in image in Figure 2.4 in the main text (B). The position of the line
scans in A are indicated by lines of the same color in B.
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C.5 Data treatment of mass Spectrometry
signal

The normalization of the MS data was achieved by first subtracting a baseline
value, the mean value of the 50 smallest data points, and then divided by
the mean value of the 50 largest datapoints. For the purpose of clarity, the
mass spectrometry data was smoothened with a Savitzky—Golay filter with
the window width 50 (20 for HoO due to more dynamic changes in the signal)
and the polynomial order 3 was chosen to smoothen the data.

C.6 0O, Mass Spectrometry signal

Due to the 100-fold higher O, flow throughout the experiment no relevant
changes in the O, signal were observed (see Figure C.8). The slight changes
in the O, mass spectra or smaller or of the the order of the error of the
measurement.
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1.200 - . | ,
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Temperature in °C
B le—6 CeO>
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130 190 250 310 370 430 490 550 At
Temperature in °C

Figure C.8: Oy mass spectrometry signal of Pd/Al,O3 (A) and Pd/CeO,
(B).
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C.7 CO; fragmentation and CO signal

An intrinsic error in mass spectrometry is the fragmentation of molecules
during the measurement process. This is especially crucial in regard to CO,
and CO,. For this purpose we subtract the expected CO signal from frag-
mentation of COy [299] from the CO signal. A comparison of the two signals
is given in Figure C.9 illustrating that CO is produced by both samples dur-
ing COy light-off. Throughout this work the corrected intensity will be used.
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Figure C.9: Comparison of the CO and corrected CO signal for Al,O3 (A)
and CeO (B).
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C.8 Identification of phases during light-off

The data presented in Figure 2.1 A and the data from Bragg peak analysis
in Figure 2.3 was extracted from high-symmetry planes of reciprocal space,
namely the [110]/[001] (in CeOy coordinates) plane for the CeOy sample
and the [0110]/[0001] plane (in Al,O3 coordinates). The full set of im-
ages is displayed in Figure C.10 and Figure C.11 for the Al;O3 sample and
Figure C.12, Figure C.13, and Figure C.14. All panels are labeled with a
running index corresponding to the order in which the data was recorded
and the the temperature.
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Figure C.10: Planes of reciprocal space of the Al,O3 sample recorded at the

first 9 temperature steps of the light-off experiment.
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Figure C.11: Planes of reciprocal space of the Al,O3 sample recorded at the
last 8 temperature steps of the light-off experiment.
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Figure C.12: Planes of reciprocal space of the CeO, sample recorded at the
first 9 temperature steps of the light-off experiment.
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Figure C.13: Planes of reciprocal space of the CeOy sample recorded from
the 10th to the 19th temperature step of the light-off experiment.
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Figure C.14: Planes of reciprocal space of the CeOy sample recorded at the
last 8 temperature steps of the light-off experiment.
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C.9 Pd and PdO nanoparticle size determi-
nation

The nanoparticle size of Pd and PdO was determined from the FWHM of
the (002) Bragg peak for Pd and the (011) Bragg peak for PdO using
AQ = 22[300]. For conditions where the investigated species is (partially)
epitaxial, Bragg peak analysis was conducted in-plane as well as out-of-plane
giving insight into both diameter and height of the particles (compare i.e.
Figure C.15 #0). In conditions with no epitaxial relationship between par-
ticles and substrate the diffraction signal is distributed on a Debye-Scherrer
ring, meaning that only a radial cut through the ring was performed giving
in sight into the average particle dimension (compare i.e. Figure C.15 #1).
For all fits presented in the following figures, the Bragg peaks were modeled
using a linear background combined with a Pseudo-Voigt profile

(I — A
Vo
N aA [ o 1 (C.1)

7 |(z — p)? + o2
+ sz + ¢,

x—p)? /20

f(x,A,M,O',Oé,S,C):

where that o, = \/ﬁ and 20 = FWHM. The variable A denotes the
amplitude, u the peak position, o the fraction of Gaussian and Lorentzian
contribution, so that for & = 0 the Pseudo-Voigt profile becomes fully Gaus-
sian and for @ = 1, the profile becomes fully Lorentzian. The variable s is
the slope and ¢ the constant offset of the background.

In Figure C.15 and Figure C.16, the fits through the linescans around the
Pd(002) and the PAO(011) Bragg peaks of the Al,O3 sample are presented.
Consistent with Figure C.10 and Figure C.11, the plots are labelled with a
running index and the temperature. and Figure C.16
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Figure C.15: Fits of linescans extracted from the Pd(002) Bragg peak of the
Al,O3 sample along radial or in-plane and out-of-plane direction. Datapoints
considered in the fit are black, datapoints that were excluded. The fit is
shown in red. In the case (#1) that mulitple components are fitted, the fit
is shown in blue and the component of interest (here: Pd(111)) is red.
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Table C.2: Fit parameters of the data presented in Figure C.15 (#0 to #11).

1D Parameter  Result 1D Parameter  Result
#0  Amplitude 1328.149 4+ 146.317 | #6 Amplitude 3.0 +0.048
Center 2.64+0.0 Center 3.236 + 0.0
Fraction 0.0£+0.0 Fraction 0.0£0.0
FWHM 0.02 +£0.0 FWHM 0.038 + 0.0
Amplitude  7202.421 + 406.803 Amplitude  49.683 £+ 0.554
Center 1.879 £ 0.001 Center 5.359 + 0.0
Fraction 0.0£+0.0 Fraction 0.0£0.0
FWHM 0.124 + 0.002 FWHM 0.032 + 0.0
#1  Amplitude 0.12540.018 #7 Amplitude  2.525 £ 0.035
Center 3.24 £ 0.001 Center 3.237 £ 0.0
Fraction 0.0+ 0.0 Fraction 0.0+0.0
FWHM 0.056 + 0.003 FWHM 0.037 £ 0.0
Amplitude  272.659 4 2.446 Amplitude  64.272 £ 0.629
Center 5.358 0.0 Center 5.357 £ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.036 £+ 0.0 FWHM 0.033 £ 0.0
#2  Amplitude 0.12 +0.027 #8 Amplitude  2.978 +0.036
Center 3.238 4+ 0.002 Center 3.238 £ 0.0
Fraction 0.0£+1.0 Fraction 0.0£0.0
FWHM 0.044 £ 0.005 FWHM 0.033 £ 0.0
Amplitude  319.401 £ 2.727 Amplitude  104.783 4+ 1.028
Center 5.36 £ 0.0 Center 5.355 + 0.0
Fraction 0.0£+0.0 Fraction 0.0£0.0
FWHM 0.037 £ 0.0 FWHM 0.032 + 0.0
#3  Amplitude 0.113 +0.024 #9 Amplitude  6.304 £ 0.05
Center 3.239 4+ 0.001 Center 3.238 + 0.0
Fraction 0.0+1.0 Fraction 0.0+ 0.0
FWHM 0.042 + 0.004 FWHM 0.035 + 0.0
Amplitude  270.01 &+ 2.068 Amplitude  32.289 + 0.385
Center 5.357 + 0.0 Center 5.353 + 0.0
Fraction 0.0£+0.0 Fraction 1.04+0.0
FWHM 0.036 £ 0.0 FWHM 0.029 + 0.0
#4  Amplitude 0.41 4+ 0.026 #10  Amplitude 10.286 + 0.09
Center 3.242 4+ 0.0 Center 3.237+ 0.0
Fraction 0.0£+0.0 Fraction 0.0£0.0
FWHM 0.045 £ 0.001 FWHM 0.032 + 0.0
Amplitude 76.189 + 0.511 Amplitude  29.286 + 0.364
Center 5.361 + 0.0 Center 5.352+ 0.0
Fraction 0.0£+0.0 Fraction 0.0£0.0
FWHM 0.033 £ 0.0 FWHM 0.026 + 0.0
#5 Amplitude 2.293 £ 0.038 #11  Amplitude 3.143 +0.054
Center 3.238 4+ 0.0 Center 3.2374+ 0.0
Fraction 0.0+0.0 Fraction 0.0+ 0.0
FWHM 0.038 + 0.0 FWHM 0.032 + 0.0
Amplitude  53.601 £ 0.558 Amplitude  2.752 4+ 0.063
Center 5.361 + 0.0 Center 5.351 + 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.031 £ 0.0 FWHM 0.035 + 0.0
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Table C.3: Fit parameters of the data presented in Figure C.15 (#12 to

#16).

ID Parameter  Result ID Parameter  Result
#12  Amplitude 0.97 £ 0.046 #15  Amplitude 1.692 4 0.045
Center 3.234 + 0.0 Center 3.226 +£ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.036 + 0.001 FWHM 0.022 + 0.001
Amplitude  1.158 +0.082 Amplitude  1.046 4+ 0.062
Center 5.347 + 0.0 Center 5.334 + 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.04 £+ 0.001 FWHM 0.032 £ 0.001
#13  Amplitude 0.783 £0.052 | #16 Amplitude 0.779 £ 0.04
Center 3.229 + 0.0 Center 3.231+0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.025 + 0.001 FWHM 0.022 + 0.001
Amplitude  0.58 £ 0.067 Amplitude  0.374 +0.034
Center 5.346 4+ 0.001 Center 5.343 + 0.0
Fraction 1.0£0.0 Fraction 0.0+0.0
FWHM 0.029 4+ 0.002 FWHM 0.025 4+ 0.001
#14  Amplitude  1.342 & 0.044
Center 3.227+ 0.0
Fraction 0.0+0.0
FWHM 0.023 + 0.001
Amplitude  0.977 4+ 0.064
Center 5.339 £ 0.0
Fraction 0.0+ 0.0
FWHM 0.03 £0.001

221



— #1 598K #2 617K #3 634K
2 D, D D
8 67\ 100 & ¢ 100 4
iy
@ 50 50
c
B el mamacies
= 2.4 2.5 2.3 2.4 2.5 2.4 2.5
Q] [1/4] Q| [1/A] [Q] [1/4]
_ #5 666K
g =3
5, 100 50 & o
2 50
o 25
2 : i e
£ 2.4 2.5 2.4 2.5 2.4 2.5
Q] [1/4] Q| [1/A] Q] [1/A]
— #7 698K #8 714K #9 730K
e 40 A O 4D
S 5 0 40 &\ 40 \‘\\
b Q
@ 20 20 20
8 ot Emereen s e (ot
= 2.3 2.4 2.5 2.3 2.4 2.5 2.3 2.4 2.5
Q] [1/A] Q| [1/A] |Q| [1/A4]
— #10 747K #11 763K #12 779K
o S5 yoy T
E. 40 & ‘-.‘ 40 & 30 feon
b \
g’ 20 20 20
3
= 2.4 2.4
Q] [1/4] [Q] [1/4]
— #13 795K
g 2255
5 Z
> 20.0
é 17.5 1 s,
£

2.4
QI [1/A]

Figure C.16: Fits of linescans extracted from the PAO(011) Bragg peak of
the Al,O3 sample along radial direction.
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Table C.4: Fit parameters of the data presented in Figure C.16.

Condition = Parameter  Result Condition Parameter  Result
#0 Amplitude 3.9+ 0.149 #7 Amplitude  2.294 4+ 0.093
Center 2.384+ 0.0 Center 2.383+ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.053 £ 0.0 FWHM 0.058 4+ 0.001
#1 Amplitude  6.087 +0.398 | #8 Amplitude  2.407 + 0.091
Center 2.385 4+ 0.0 Center 2.385+ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.05 £ 0.001 FWHM 0.061 4+ 0.001
#2 Amplitude 6.436 £0.414 | #9 Amplitude  2.414 £+ 0.085
Center 2.385+ 0.0 Center 2.386 + 0.0
Fraction 0.0+0.0 Fraction 0.0£0.0
FWHM 0.05 £ 0.001 FWHM 0.059 4+ 0.001
#3 Amplitude  5.181 +0.263 | #10 Amplitude  1.981 £+ 0.064
Center 2.385+ 0.0 Center 2.385 + 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.051 + 0.001 FWHM 0.056 + 0.0
#4 Amplitude  2.949 + 0.19 #11 Amplitude  1.294 + 0.042
Center 2.384 + 0.0 Center 2.384 + 0.0
Fraction 0.0£0.0 Fraction 0.0+£0.0
FWHM 0.051 + 0.001 FWHM 0.051 +0.001
#5 Amplitude  1.78 +0.064 #12 Amplitude 0.213 £0.024
Center 2.383+ 0.0 Center 2.384 + 0.001
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.054 + 0.0 FWHM 0.044 4+ 0.001
#6 Amplitude 1.701 £ 0.069
Center 2.382+ 0.0
Fraction 0.0+ 0.0
FWHM 0.056 £+ 0.0

Analogous to the AlyO3 sample, in Figure C.17 and Figure C.19, the fits
through the linescans around the Pd(002) of the CeO, sample are presented.
In Figure C.20, the line scans through the PAO(011) Bragg peaks are pre-
sented. Again, indices between Figure C.12, Figure C.13, Figure C.14 and
Figure C.17, Figure C.19 and Figure C.20 are identical.
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Figure C.17: Fits of linescans extracted from the Pd(002) Bragg peak of the
CeO, sample along radial or in-plane and out-of-plane direction.
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Figure C.18: Fits of linescans extracted from the Pd(002) Bragg peak of the
CeOy sample along radial or in-plane and out-of-plane direction.
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Figure C.19: Fits of linescans extracted from the Pd(002) Bragg peak of the

CeOy sample along radial or in-plane and out-of-plane direction.
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Table C.5: Fit parameters of the data presented in Figure C.17.

ID Parameter  Result ID Parameter  Result
#0 Amplitude 11.5754+1.211 | #6 Amplitude  4.947 4+ 0.41
Center 2.619 + 0.0 Center 2.63 +£0.0
Fraction 0.0£0.0 Fraction 1.0+ 0.0
FWHM 0.044 + 0.001 FWHM 0.063 + 0.002
Amplitude 19.064 + 1.57 Amplitude  5.446 £ 0.439
Center 1.89 + 0.0 Center 1.868 £ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.12 4+ 0.002 FWHM 0.1 £ 0.001
#1  Amplitude 10.314 +0.923 | #7 Amplitude  3.519 4+ 0.243
Center 2.616 + 0.0 Center 2.628 + 0.0
Fraction 1.0£0.0 Fraction 1.0£0.0
FWHM 0.048 + 0.001 FWHM 0.064 + 0.001
Amplitude  15.241 £+ 1.201 Amplitude  3.728 £ 0.355
Center 1.894 £ 0.0 Center 1.87+ 0.0
Fraction 0.0£0.0 Fraction 0.0+0.0
FWHM 0.121 £ 0.002 FWHM 0.105 £ 0.001
#2  Amplitude 17.169 +2.226 | #8 Amplitude  2.79 £+ 0.181
Center 2.619 + 0.0 Center 2.63 +£0.0
Fraction 1.0+ 0.0 Fraction 1.0+ 0.0
FWHM 0.065 £ 0.003 FWHM 0.062 + 0.001
Amplitude 16.43 £+ 1.281 Amplitude  3.127 £0.341
Center 1.893 £ 0.0 Center 1.867 £ 0.0
Fraction 0.0£0.0 Fraction 0.0+0.0
FWHM 0.117 £+ 0.001 FWHM 0.101 + 0.002
#3  Amplitude 18.915 4+ 2.377 | #9 Amplitude  1.847 +0.12
Center 2.622 +0.0 Center 2.635+ 0.0
Fraction 1.0£0.0 Fraction 1.0£0.0
FWHM 0.066 + 0.003 FWHM 0.063 + 0.001
Amplitude  19.521 £+ 1.356 Amplitude  2.307 £ 0.182
Center 1.891 £ 0.0 Center 1.864 £ 0.0
Fraction 0.0£0.0 Fraction 0.0+0.0
FWHM 0.114 £ 0.001 FWHM 0.093 + 0.001
#4  Amplitude 16.903 +2.195 | #10 Amplitude 0.543 £+ 0.037
Center 2.625 + 0.0 Center 2.638 0.0
Fraction 1.0+ 0.0 Fraction 0.0£0.0
FWHM 0.062 + 0.003 FWHM 0.07 £0.001
Amplitude  18.271 + 1.356 Amplitude 0.624 £+ 0.149
Center 1.884 +0.0 Center 1.866 4+ 0.001
Fraction 0.0+0.0 Fraction 0.0+1.0
FWHM 0.111 + 0.001 FWHM 0.097 + 0.003
#5 Amplitude 7.486 £ 0.735 #11  Amplitude 0.398 £ 0.037
Center 2.628 0.0 Center 2.639 4+ 0.001
Fraction 1.0£0.0 Fraction 1.0£0.0
FWHM 0.064 + 0.002 FWHM 0.074 + 0.002
Amplitude  7.824 £ 0.704 Amplitude  0.328 £0.112
Center 1.872 £ 0.0 Center 1.867 £ 0.002
Fraction 0.0£0.0 Fraction 0.0£1.0
FWHM 0.104 £ 0.001 FWHM 0.092 + 0.005
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Table C.6: Fit parameters of the data presented in Figure C.18.

ID Parameter  Result 1D Parameter  Result
#0  Amplitude 10.263 4+ 1.005 #6 Amplitude  2.603 +0.123
Center 3.261 £ 0.0 Center 3.236 £ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.062 + 0.001 FWHM 0.067 + 0.001
#1  Amplitude 9.321 +1.014 #7 Amplitude  1.866 + 0.085
Center 3.263 £ 0.0 Center 3.238 £ 0.0
Fraction 0.0£0.0 Fraction 0.0£0.0
FWHM 0.067 £ 0.002 FWHM 0.071 £ 0.001
#2  Amplitude 10.857 £0.936 | #8 Amplitude  1.557 £ 0.084
Center 3.253 £ 0.0 Center 3.235+ 0.0
Fraction 0.0£0.0 Fraction 0.0+0.0
FWHM 0.074 £ 0.002 FWHM 0.068 + 0.001
#3  Amplitude 11.63 4+0.859 #9 Amplitude  1.34 4+ 0.052
Center 3.249 + 0.0 Center 3.229 + 0.0
Fraction 0.0+0.0 Fraction 0.0+0.0
FWHM 0.071 + 0.001 FWHM 0.064 + 0.001
#4  Amplitude 9.692 £ 0.6 #10  Amplitude 0.502 £ 0.033
Center 3.247+ 0.0 Center 3.228 £ 0.0
Fraction 0.0£0.0 Fraction 1.0+ 0.0
FWHM 0.069 + 0.001 FWHM 0.064 + 0.001
#5 Amplitude 4.408 £+ 0.155 #11  Amplitude 0.38 £+ 0.03
Center 3.238 £ 0.0 Center 3.227 £+ 0.001
Fraction 0.0£0.0 Fraction 1.0+ 0.0
FWHM 0.069 + 0.001 FWHM 0.064 + 0.002
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Table C.7:

Fit parameters of the data presented in Figure C.19.

1D Parameter  Result 1D Parameter  Result
#12  Amplitude 0.306 £ 0.021 #19  Amplitude 0.161 +0.072
Center 3.226 + 0.001 Center 3.223 + 0.003
Fraction 1.04+0.0 Fraction 1.0+ 0.0
FWHM 0.061 + 0.002 FWHM 0.1 +0.017
#13  Amplitude 0.2524+0.025 | #20 Amplitude 0.116 £+ 0.072
Center 3.225 + 0.001 Center 3.226 + 0.005
Fraction 1.04+0.0 Fraction 1.0+1.0
FWHM 0.06 £ 0.003 FWHM 0.1 +0.023
#14  Amplitude 0.218 £0.03 #21  Amplitude 0.062 £0.013
Center 3.224 4+ 0.001 Center 3.221 + 0.002
Fraction 1.04+0.0 Fraction 1.0£0.0
FWHM 0.061 + 0.005 FWHM 0.032 £ 0.006
#15 Amplitude 0.228 £0.022 | #22 Amplitude 0.105 £ 0.047
Center 3.223 + 0.001 Center 3.217 £+ 0.004
Fraction 1.04+0.0 Fraction 1.0+ 1.0
FWHM 0.053 + 0.003 FWHM 0.073 £ 0.015
#16  Amplitude 0.338 £0.019 | #23  Amplitude 0.059 + 0.01
Center 3.224+ 0.0 Center 3.217 £+ 0.001
Fraction 1.04+0.0 Fraction 1.0+ 0.0
FWHM 0.047 + 0.001 FWHM 0.027 £ 0.005
#17  Amplitude 0.351 £0.02 #24  Amplitude 0.106 £ 0.01
Center 3.224+ 0.0 Center 3.219 + 0.001
Fraction 1.04+0.0 Fraction 1.0+ 0.0
FWHM 0.046 + 0.001 FWHM 0.026 + 0.002
#18  Amplitude 0.192 £ 0.022
Center 3.223 + 0.001
Fraction 1.0+ 0.0
FWHM 0.051 4+ 0.004
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Figure C.20: Fits of linescans extracted from the PAO(011) Bragg peak of
the CeO4 sample along radial direction.
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Table C.&:

Fit parameters of the data presented in Figure C.20.

1D Parameter  Result 1D Parameter  Result
#9 Amplitude  0.036 £ 0.012 #18  Amplitude 0.081 +0.012
Center 2.383 + 0.002 Center 2.379 +0.001
Fraction 0.0£1.0 Fraction 1.0+ 0.0
FWHM 0.06 £ 0.004 FWHM 0.049 + 0.003
#10  Amplitude 0.08 £+ 0.012 #19  Amplitude 0.06 £ 0.009
Center 2.379 + 0.001 Center 2.378 +0.001
Fraction 1.04+0.0 Fraction 0.0£0.0
FWHM 0.051 + 0.004 FWHM 0.046 + 0.002
#11  Amplitude 0.072+£0.013 | #20 Amplitude 0.075+0.011
Center 2.379 + 0.001 Center 2.378 +0.001
Fraction 1.04+0.0 Fraction 1.0£0.0
FWHM 0.061 + 0.004 FWHM 0.049 + 0.003
#12  Amplitude 0.044 £0.013 | #21  Amplitude 0.061 £ 0.01
Center 2.381 + 0.001 Center 2.378 +0.001
Fraction 0.0£1.0 Fraction 0.0£0.0
FWHM 0.057 + 0.004 FWHM 0.046 + 0.003
#13  Amplitude 0.0524+0.019 | #22 Amplitude 0.059 + 0.01
Center 2.375 + 0.002 Center 2.379 + 0.001
Fraction 0.0£1.0 Fraction 0.0£0.0
FWHM 0.065 =+ 0.005 FWHM 0.047 £ 0.002
#14  Amplitude 0.053 £0.016 | #23 Amplitude 0.064 £ 0.008
Center 2.377 + 0.001 Center 2.378 +0.001
Fraction 0.0+£1.0 Fraction 1.0+ 0.0
FWHM 0.062 + 0.004 FWHM 0.044 + 0.002
#15  Amplitude 0.07 +0.012 #24  Amplitude 0.033 £0.014
Center 2.376 + 0.001 Center 2.383 4+ 0.002
Fraction 1.0+ 0.0 Fraction 0.0+1.0
FWHM 0.053 + 0.004 FWHM 0.054 + 0.005
#16  Amplitude 0.038 £0.013 | #25 Amplitude 9.7 £+ 1.666
Center 2.38 +£0.002 Center 2.403 4+ 0.001
Fraction 0.0£1.0 Fraction 0.0£0.0
FWHM 0.057 + 0.004 FWHM 0.065 + 0.002
#17  Amplitude 0.054 £ 0.009
Center 2.377 + 0.001
Fraction 1.04+0.0
FWHM 0.041 + 0.003
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C.10 Pd nanoparticle height, diameter, and
aspect ratio

Additionally to the average dimension mostly discussed in the main text,
height, diameter and the aspect ratio was determined for conditions for which
Bragg peaks were observed. The results are displayed in Figure C.21. The
fitting procedure and fits are presented in Section C.9
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Figure C.21: Height (red), diameter (blue) and aspect ratio (gray) of the Pd
NPs of Pd/CeO,.
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C.11 Azimuthal distribution of Pd and PdO

The mobility of the Pd and PdO nanoparticles was captured by analysis
of the azimuthal distribution of the diffraction signal around Bragg peaks
associated with the respective epitaxial species.
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Figure C.22: Data and fits of the distribution of diffraction signal around the
Pd(111) Bragg peak position. Gray datapoints were not considered during
the fit.
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Table C.9: Fit parameters of the data presented in Figure C.22.

1D Parameter  Result D Parameter  Result
#0  Amplitude 7.061 +49.167 #7 Amplitude  18.486 + 0.596
Center 16.873 + 0.547 Center 19.819 + 0.052
Fraction 0.0£4.0 Fraction 1.0+ 0.0
FWHM 20.0 £+ 56.639 FWHM 4.558 +0.133
#1  Amplitude 0.665 4 0.275 #8 Amplitude  18.751 + 0.636
Center 18.91 £0.579 Center 19.933 + 0.059
Fraction 0.0 £8.0 Fraction 1.0+ 0.0
FWHM 3.932 +1.122 FWHM 2.601 +£0.173
#2  Amplitude 0.65 + 0.249 #9 Amplitude  18.345 + 2.081
Center 18.957 + 0.579 Center 19.945 + 0.072
Fraction 0.0£1.0 Fraction 1.0+ 0.0
FWHM 3.725 + 1.095 FWHM 1.606 £ 0.419
#3  Amplitude 14.516 £156.282 | #10 Amplitude 6.248 +0.721
Center 18.689 + 0.193 Center 20.412 £0.124
Fraction 1.0+ 8.0 Fraction 1.0+ 0.0
FWHM 20.0 £ 15.718 FWHM 3.768 £+ 1.065
#4  Amplitude  39.365 + 14.044 #11  Amplitude 11.244 + 18.227
Center 19.45 £+ 0.046 Center 20.541 £ 0.206
Fraction 0.0£0.0 Fraction 1.0+ 0.0
FWHM 13.968 + 1.294 FWHM 12.829 + 6.587
#5  Amplitude 41.552 £ 8.81 #12  Amplitude 11.61 £ 140.741
Center 19.632 + 0.043 Center 21.418 £0.333
Fraction 0.0£0.0 Fraction 1.0+7.0
FWHM 12.224 + 0.563 FWHM 17.504 + 74.183
#6  Amplitude 29.171 + 4.359
Center 19.921 + 0.041
Fraction 0.0£0.0
FWHM 11.105 + 0.307
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Figure C.23: Data and fits of the distribution of diffraction signal around the
Pd(111) Bragg peak position. Gray datapoints were not considered during

the fit.
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Table C.10: Fit parameters of the data presented in Figure C.22.

1D Parameter  Result 1D Parameter  Result

#0  Amplitude 5093.973 +170.399 | #7 Amplitude  5101.944 + 202.197
Center 37.101 £ 0.026 Center 36.796 £ 0.055
Fraction 0.0£0.0 Fraction 1.0+ 0.0
FWHM 9.233 + 0.091 FWHM 11.488 4+ 0.298

#1  Amplitude 8455.043 £ 249.861 | #8 Amplitude  4875.615 + 389.813
Center 37.112 £ 0.024 Center 38.04 +0.12
Fraction 0.0£0.0 Fraction 1.0+ 0.0
FWHM 9.555 + 0.085 FWHM 16.233 + 0.621

#2  Amplitude 9225.788 £ 223.343 | #9 Amplitude  3633.989 + 1892.68
Center 37.105 £ 0.021 Center 40.739 4+ 0.348
Fraction 0.0£0.0 Fraction 0.0+£1.0
FWHM 9.572 + 0.073 FWHM 22.908 £ 2.313

#3  Amplitude 8312.918 +196.596 | #10 Amplitude 3708.811 4+ 3133.141
Center 37.055 4+ 0.021 Center 42.0 £0.917
Fraction 0.0+ 0.0 Fraction 0.0£1.0
FWHM 9.689 + 0.08 FWHM 24.217 £4.375

#4  Amplitude 5622.922 +191.594 | #11  Amplitude 3135.938 £ 4768.133
Center 36.893 4+ 0.029 Center 42.0+2.4
Fraction 0.0£0.0 Fraction 0.0 £720.0
FWHM 9.586 + 0.117 FWHM 28.078 £ 8.801

#5 Amplitude 3545.29 + 116.121 #12  Amplitude 3648.343 + 5091.675
Center 36.933 £ 0.03 Center 42.0 £0.11
Fraction 0.0£0.0 Fraction 1.0+ 1.0
FWHM 9.868 + 0.125 FWHM 22.944 + 10.075

#6  Amplitude 4373.658 + 151.93
Center 36.605 £ 0.039
Fraction 1.0+ 0.0
FWHM 10.43 £0.187
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C.12 Palladium oxide orientation

During methane oxidation, both catalysts exhibited diffraction signal from
textured or epitaxial PdO. For Pd/Al,O3, textured PdO signal is observed
between 597 K and 730 K. Between these temperatures, the signal becomes
increasingly distributed on the powder ring as a function of temperature
and the off-specular (101) Bragg peak vanished at 698 K. Since all PdO
orientations are present at 597 K, the identification of orientations will be
presented on the example of data recorded at this temperature (Figure C.24
A). For Pd/CeOs4, PAO occurs first at 561 K in the form of randomly oriented
crystallites. Gradually, The intensity distribution on the powder ring changes
and a clearly epitactic oxide species can be observed starting at a temperature
of 748 K. A second species appears at prolonged operation at 827 K. Hence,
for Pd/CeO, the last datapoint of the light-off experiment at 827K is used
for the identification of the orientations Figure C.24.

The expected PdO Bragg peak positions of three out-of-plane orientations,
(101) in red, (001) in green, and (100) in light and dark blue for two

O PdO(101) || CeO,(001) O PdO(100) || Ce0,(001) L PdO(010)
O PdO(001) || CeO,(001) O PdO(100) || Ce0,(001) L PdO(001)

B

3 e
— (10 1) \7 *£102) —
o o)
& 52 O 5
> <, X [(100) _1\(110) >
2 g 1 @O 10 e
L = (100) \ 6x1022
= 3 £

§R 7Y
0 = 4 %102
0 1 2 3
|Qxy| [A71]

Figure C.24: High-symmetry planes of reciprocal space of Pd/Al;O3 (A) and
Pd/CeO,y (B) catalysts recorded under operation at 597K (A) and 826 K
(B), respectively. In B, a non-linear colormap with tight boundaries was
chosen for better contrast. Data points below and above the colormap’s limits
are colored black and white, respectively. The positions of the Bragg peaks
were calculated with an according to measurement temperature expanded
PdO lattice [301]. Bragg peaks marked with * scatter at least two magnitudes
less than unmarked Bragg peaks.
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in-plane orientations are compared with the measured diffraction patterns
in Figure C.24. For PdAl;O3, the low-index orientations indicated by the
circles do not match the observed diffraction signal precisely. Instead, the
texture is assigned to two orientations, tilted relative to the substrate normal:
(101) textured PdO with a 4° tilt and (100) textured PdO with a tilt
of 8°. For Pd/CeO,, a combination of (100) and (001) oriented PdO is
consistent with the observed diffraction pattern. No evidence for the (101)
sample could be found for this sample due to the lack of (101) Bragg peak
at Qqy. = (1.03,1.81).
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C.13 Analysis of Diaspore

The signal attributed to the (101)-type reflection of diaspore (Figure 2.5
A) emerges during the CHy oxidation light-off. The intensity evolution was
followed by integrating intensity within a large annulus sector ROI as de-
picted in Figure C.25 A in blue. Slight misalignment and change in thermal
diffuse scattering during the fast pace light-off experiment was accounted for
by the background ROI close to the first ROI (Figure C.25 A, green). As-
suming a linear change in thermal diffuse scattering, the difference between
the linear fit (Figure C.25 B, red) and background (Figure C.25 C) is used
as a measure of the quality of each image from which data was extracted.
The fit parameters can be found in Table C.11. In Figure C.25 D, the in-
tensity of the two ROIs is shown to illustrate the relative intensities after
correcting the background intensity by the difference in side length and an-
gle range of the two ROIs. In Figure C.26, the evolution of the AIO(OH)

led B Area corr. BG
104

]

6 x103

4x103
3x103

|Q| [A~1]
ntensity [arb
Intensity [arb.]

2x103~

0.0 05 1.0 1.5 ;\ &) ,’76 07'\/ /\”) O’V © n;\ n)’\
o Y X o A o N2 oy
Qx| [A71] NEDYRLEESEH
Temperature [°C]
Corr. BG,
1e4 C BG derivation 1e4 D AIO(OH) intenstiy

Mean deviation:
1951.158

Intensity [arb.]

Figure C.25: A: ROIs used for analysis of AIO(OH) intensity evolution. B:
Corrected background and linear fit. C: Deviation of background intensity
from fit. D: Background intensity and AIO(OH) intensities.

239



Table C.11: Fit parameters of the data presented in Figure C.25 B.

Parameter Value
Slope 1263.60 + 127
y-intercept 36457.98 + 1.190
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Figure C.26: Evolution of the AIO(OH) intensity after corrected background
subtraction (black) and domain size (blue) calculated from the FWHMs listed
in Table C.12 determined from the fits in Figure C.27.

intensity from 598 K to 827K is shown in black. The errorbars are com-
bined errors of the respective intensities and the measure of image quality
err = > \/1(AIO(OH)) + /I(BG,corr) + 1951.158. In the same figure,
the blue datapoints are the domain size of the diaspore which was calculated
with D = 2% from the FWHMs of the fits (modelled by Equation C.1).

The fits are shown in Figure C.27, the resulting parameters are given in
Table C.12.

240



Intensity [arb.]

Intensity [arb.]
N
o

20 A

15 A

#10, 489.4°C

#11, 505.5°C

Q: [11/'/?]

Q- [11/'116]

22.5 4
20.0 A
17.5 1

15.0 1 &P

20.0 A
17.5 A1

15.0 1

1.
Q. (1)
#15, 553.7°C

Q: [ll/fl

Figure C.27: Fits of radial line scans through the diaspore powder ring at
the same position as the ROI in Figure C.25 A.

Table C.12: Fit parameters of the data presented in Figure C.27.

1D Parameter Result 1D Parameter Result

#10 Amplitude 1.413+0.342 | #13 Amplitude 2.303 4+ 0.528
Center 1.559 + 0.001 Center 1.548 + 0.001
Fraction 1.0+ 0.0 Fraction 1.0£+0.0
FWHM 0.100 £ 0.008 FWHM 0.087 + 0.007

#11  Amplitude 2.36 + 0.58 #14  Amplitude 2.774 £0.413
Center 1.56 4 0.001 Center 1.544 £+ 0.001
Fraction 1.0£+0.0 Fraction 1.0£+0.0
FWHM 0.097 £ 0.008 FWHM 0.063 £ 0.004

#12 Amplitude 1.622 £0.539 | #15 Amplitude 0.52 +0.178
Center 1.554 4+ 0.001 Center 1.549 £ 0.001
Fraction 1.0+ 0.0 Fraction 1.0£0.0
FWHM 0.098 +0.011 FWHM 0.064 + 0.006
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C.14 Optimization of diaspore and reduced
CePdx structures

For the calcuation of the enthalpy of formation of diaspore and reduced
CePd, species (Figure 2.5 B, D), the lattice parameters of the bulk phases
of a number of materials was optimized. The optimized lattice constants are
listed in Table C.13.

Table C.13: Optimized unit cell parameters of all materials for which the the
thermodynamic stability was calculated (see Figure 2.5 B and D).

Material | Cell type UC parameters [A]

Pd cubic a=0b=c=477T7

Pd;Ce hexagonal a =b= 15259 ¢ = 4.463
PdsCe cubic a=b=c= 4115

PdCe orthorombic | a = 3.771, b = 10.799, ¢ = 4.571
Ce(bce) | cubic a=0b=c=23748

Ce(dhep) | hexagonal a=0b= 3349, c = 11.178
Ce(fcc) cubic a = 4.754

PdO tetragonal a =0b= 3.053, c = 5.399

CeO, cubic a =0b=c¢= 5471

Cey0O3 hexagonal a=0b=3817,¢c = 6.176
AlO(OH) | orthorombic | a = 4.382, b = 9.440, ¢ = 2.852
a-Al;O3 | hexagonal a =b= 4776, c = 13.036
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C.15 Substrate CTRs

A qualitative measure for the substrate roughness are CTRs of the substrate
that were captured at the fixed detector position during light-off. While a
large part of the CTR is captured due to the low curvature of the Ewald
sphere, quantitative analysis would only be possible by scanning the sam-
ple rotation. Still, the scattered intensity of the (31) rod (Figure C.28) can
serve as a measure of surface quality. Since the absolute intensity is consid-
erably differing between images due to experimental reasons (see methods),
the complete data set is presented with relative limits. The lower end of the
scale is defined by the mean intensity in the bottom left corner of each image
(5px x x15px). the upper limit is defined as 10 % of the maximum intensity
of each image. Up to 523 K, the CTR appears to be unchanged, indicating
no changes in the overall surface quality of the film. With increasing temper-
ature, the first CO light-off starts and the film thickness oscillations become
more pronounced but the overall signal decreases, indicating a more homo-
geneous film thickness, but higher roughness. Starting at roughly 617 K, the
signal at (), = 1, the lower end of the image vanishes and the CTR and film
thickness oscillations become less pronounced until vanishing at 827 K. Over-
all, the qualitative analysis of the CTR could show that structural changes
occur with the onset of activity of the catalyst.

Temperature [°C]

N (D A A% D D AG D DD S A DD O A DD
NN N D A AC AR AP A AR O AD OV WO RN R P GV P

Q.| [A71]

Imin

|Qxy| from 4.26 to 2.4 [A71]

Figure C.28: Close-up of the HEGIXRD diffraction data of the (31) rod of
the CeO, thin film.
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D. SI: Methane Induced
Sintering of Catalytic
Nanoparticles in Spatially
Confined Geometries on CeQO32
Supports

D.1 Semi automatic SEM analysis of NPs in
CeO5 thin film.

The following pages contain the Python code and its outputs used for semi-
automatic analysis of NPs in holes of the CeO, thin film. This analysis
routine was developed in order to cope with three issues. (1) The contrast
within the individual images in Section D.3 made quantitative analysis of
the NPs in holes impossible. Standard data processing procedures such as
thresholding, filtering and blurring applied in consecutive order did not re-
solve this issue. (2) With the images extracted, individual analysis with
software such as Gwyddion remains tedious. (3) While Gwyddion can be im-
plemented in scripts, the data processing remains difficult, since processing
operations first need to be concluded before another operation can com-
mence. The script below allows simple selection of areas in big overview
images and saves the image data in separate files. The second part of the
script uses the images prepared before and allows for dynamic image modi-
fication using K-means clustering, gaussian blurring, thresholding, and Otsu
thresholding. This means that the listed operations are applied in this order,
but the respective parameters can be changed dynamically

D.1.1 Details on Usage

Note that positions of the extracted images are not stored automatically in
this version and need to be added manually in the appropriate cell. Fur-
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thermore, in the same cell, the resolution of each large-scale image must be
given, as the individual images do not contain information on the size of the
image. The current version of the script does not allow changing the order
of operations without modifying core elements of the script. The following
pages contain the Python script used for analysis.
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[1:

[1:

Jmatplotlib widget

import sys
import os
from copy import deepcopy

from PIL import Image
import cv2

import numpy as np

from scipy.interpolate import interp2d
import matplotlib.pyplot as plt

import matplotlib.colors as colors
import matplotlib.gridspec as gridspec
from matplotlib.lines import Line2D

import pickle
import pylab
import ipywidgets as widgets

from jansPrettyPlots.functionality import savefigbutton, smallPreview
import xrayutilities as xu

from janspythonutility.unitconv import x*

from janspythonutility.utility import printFiles, number_selector, ensurelist,
—pol2cart, printList, ensurelist, findClosest

from janspythonutility.prettyplots.aesthetics import add_colorbar

sys.path.append('/home/schoberj/function_rep')
from roi_handler import rectROI_centered, integrateROI, showROI, mask2D,,
—getProfiles, roiPreview

import matplotlib as mpl
mpl.rcParams.update({'font.size': 10})

#Kmeans

def kmeans_color_quantization(image, clusters=8, rounds=1):
h, w = image.shape[:2]
samples = np.zeros([h*w,3], dtype=np.float32)
count = 0O

for x in range(h):
for y in range(w):
samples[count] = image [x] [y]
count += 1
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compactness, labels, centers = cv2.kmeans(samples,
clusters,
None,
(cv2.TERM_CRITERIA_EPS + cv2.TERM_CRITERIA_MAX_ITER, 10000, 0.0001),
rounds,
cv2.KMEANS_RANDOM_CENTERS)

centers = np.uint8(centers)
res = centers[labels.flatten()]
return res.reshape((image.shape))

def find_outline(arr):
# Get the shape of the input array
rows, cols = arr.shape

# Initialize the output array with zeros
outline = np.zeros((rows, cols), dtype=int)

# Directions for the netghboring cells (top, bottom, left, right)
directions = [(-1, 0), (1, 0), (0, -1), (0, 1)]

# Iterate over each cell in the tnput array
for r in range(rows):
for ¢ in range(cols):
# Check 1f the current cell has the wvalue 255
if arr[r, c] > 0:
# Check all neighboring cells
for dr, dc in directions:
nr, nc = r + dr, ¢ + dc
# Check ©f the neighbor ©s within bounds and is zero
if 0 <= nr < rows and 0 <= nc < cols and arr[nr, nc] ==
# Mark the current cell in the outline array
outline[r, c] = 1
break

return outline

[ 1: # Load tmage
def to_rgbl(im):
# I think this will be slow
w, h = im.shape
ret = np.empty((w, h, 3), dtype=np.uint8)
ret[:, :, 0] = im
ret[:, :, 1] = im
ret[:, :, 2] = im
return ret
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# Update function
def on_button_clicked(b):
with output:
outline_arr = outline
outline_file = cutfiles[currentimageidx].replace('.txt','_outline.txt')
np.savetxt(os.path.join(cutdir,outline_file), outline_arr)
with open(file_path, 'a') as file:
value = diam_text.get_text().split(':')[1]
filenumber = '_'.join(cutfiles[currentimageidx] .replace('.txt',"'"').
—split('_')[-2:1)
file.write(f'{filenumber} {value}\n')
file.close()

def updateBlur(val):
global number_text,diam_text,area_text

if vall2 == 1:
(
kmeans_im,blur_im,thresh_im,otsuthresh_im,result_im,
original_im,outlineoverlay_im,points,sizes,outline_im
) = findParticles(original_image.get_array(),clusterSlider.
—value,val,threshSlider.value,otsuthreshSlider.value)

kmeans_image .set_array(kmeans_im)
blur_image.set_array(blur_im)
otsuthresh_image.set_array(otsuthresh_im)
thresh_image.set_array(otsuthresh_im)
result_image.set_array(result_im)
#overlay_image.set_array(ortginal_im)
#outline_image.set_array(outline_im)
outlineoverlay_image.set_array(outlineoverlay_im)

number_text.set_text(f'Number of particles: {len(points)}')

diam_text.set_text(f'Particle area: {[np.round(2 * np.sqrt(area/np.
—pi),3) for area in sizes]}')

area_text.set_text(f'Particle diameters: {sizes}')

analyse_fig.canvas.draw()

else:
pass

def updateCluster(val):
(kmeans_im,blur_im,thresh_im,otsuthresh_im,result_im,
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original_im,outlineoverlay_im,points,sizes,outline_im
) = findParticles(original_image.get_array(),val,blurSlider.
—value,threshSlider.value,otsuthreshSlider.value)

kmeans_image.set_array(kmeans_im)
blur_image.set_array(blur_im)
otsuthresh_image.set_array(otsuthresh_im)
thresh_image.set_array(otsuthresh_im)
result_image.set_array(result_im)
#overlay_image.set_array(original_im)
#outline_image.set_array(outline_im)
outlineoverlay_image.set_array(outlineoverlay_im)

number_text.set_text (f'Number of particles: {len(points)}')

diam_text.set_text(f'Particle area: {[np.round(2 * np.sqrt(area/np.pi),3),
—for area in sizes]}')

area_text.set_text(f'Particle diameters: {sizesl}')

analyse_fig.canvas.draw()

def updateOtsuThresh(val):
(kmeans_im,blur_im,thresh_im,otsuthresh_im,result_im,
original_im,outlineoverlay_im,points,sizes,outline_im
) = findParticles(original_image.get_array(),clusterSlider.value,blurSlider.
—»value,threshSlider.value,val)

kmeans_image.set_array(kmeans_im)
blur_image.set_array(blur_im)
otsuthresh_image.set_array(otsuthresh_im)
thresh_image.set_array(otsuthresh_im)
result_image.set_array(result_im)
#overlay_image.set_array(original_1im)
#outline_image.set_array(outline_im)
outlineoverlay_image.set_array(outlineoverlay_im)

number_text.set_text (f'Number of particles: {len(points)}')

diam_text.set_text(f'Particle area: {[np.round(2 * np.sqrt(area/np.pi),3),
—for area in sizes]}')

area_text.set_text(f'Particle diameters: {sizes}')

analyse_fig.canvas.draw()

def updateThresh(val):
(kmeans_im,blur_im,otsuthresh_im,thresh_im,result_im,
original_im,outlineoverlay_im,points,sizes,outline_im
) = findParticles(original_image.get_array(),clusterSlider.value,blurSlider.
—»value,val,otsuthreshSlider.value)
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kmeans_image.set_array(kmeans_im)
blur_image.set_array(blur_im)
otsuthresh_image.set_array(otsuthresh_im)
thresh_image.set_array(otsuthresh_im)
result_image.set_array(result_im)
#overlay_image.set_array(original_1im)
#outline_image.set_array(outline_im)
outlineoverlay_image.set_array(outlineoverlay_im)

number_text.set_text (f'Number of particles: {len(points)}')

diam_text.set_text(f'Particle area: {[np.round(2 * np.sqrt(area/np.pi),3),
—for area in sizes]}')

area_text.set_text(f'Particle diameters: {sizes}')

analyse_fig.canvas.draw()

# Function to handle button click
def on_button_click(index):
def handle_click(button):
global selected_image, images
selected_image = images[index]

global currentimageidx

currentimageidx = index

analyse_fig.suptitle(f'Image #{currentimageidx}')

analyse_image = to_rgbl(selected_image/np.max(selected_image)*255)
original_image.set_array(analyse_image)

(kmeans_im,blur_im,thresh_im,otsuthresh_im,result_im,
original_im,outlineoverlay_im,points,sizes,outline_im
) = findParticles(original_image.get_array(),
clusterSlider.value,blurSlider.value,threshSlider.
—value,otsuthreshSlider.value)

kmeans_image.set_array(kmeans_im)
blur_image.set_array(blur_im)
thresh_image.set_array(thresh_im)
otsuthresh_image.set_array(otsuthresh_im)
result_image.set_array(result_im)
#overlay_image.set_array(ortginal_im)
#outline_image.set_array(outline_im)
outlineoverlay_image.set_array(outlineoverlay_im)

number_text.set_text (f'Number of particles: {len(points)l}')
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diam_text.set_text(f'Particle area: {[np.round(2 * np.sqrt(area/np.
<pi),3) for area in sizes]}')
area_text.set_text(f'Particle diameters: {sizes}')

analyse_fig.canvas.draw()

return handle_click

def findParticles(animage,clusters,blur,scalar_threshold,AREA_THRESHOLD) :

original = animage.copy()

# blur
if blur %2 == 1:

blurred = cv2.GaussianBlur(animage, (blur,blur), 0)
else:

blurred = cv2.GaussianBlur(animage, (blur-1,blur-1), 0)

# kmeans segmentation

kmeans = kmeans_color_quantization(blurred, clusters=clusters)

# scalar thresholding

gray = cv2.cvtColor(kmeans, cv2.COLOR_BGR2GRAY)

gray_filter = cv2.inRange(gray, scalar_threshold[0], scalar_threshold[1])

grayl[gray_filter!=255] = 0

gray_filtered = gray

# otsu thresholding

thresh = cv2.threshold(gray_filtered, O, 150, cv2.THRESH_BINARY + cv2.
—THRESH_OTSU) [1]

# Find contours, remove tiny specs using contour area filtering, gathery,
—points

points_list = []

size_list = []

cnts, _ = cv2.findContours(thresh, cv2.RETR_EXTERNAL, cv2.
—CHAIN_APPROX_SIMPLE) [-2:]

for ¢ in cnts:

area = cv2.contourArea(c)

if area < AREA_THRESHOLD:
cv2.drawContours(thresh, [c], -1, 0, -1)

else:
(x, y), radius = cv2.minEnclosingCircle(c)
points_list.append((int(x), int(y)))
size_list.append(area)
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# Apply mask onto original image
result = cv2.bitwise_and(original, original, mask=thresh)
try:
result [thresh==255] = (36,255,12)
except:
result = result

# Overlay on original
try:

original [thresh==255] = (36,255,12)
except:

original = original

global outline
outline = find_outline(np.sum(result,axis=2))

outlineoverlay = animage.copy()
outlineoverlay[outline>0]=(36,255,12)

return (kmeans,blurred,gray_filtered,thresh,result,
original,outlineoverlay,points_list,size_list,outline)

1 Cutout sections

[ 1: fdir,files = printFiles('./Pictures/31_sem_selection/',ftype="tif')
file = {"which": 0}
s = number_selector(files,file,width=1000)

1.0.1 Position selection

[ 1: def on_click(event):
# Check ©f the click is within the azes
if event.inaxes is not None:
# Store the position of the click
positions.append((event.xdata, event.ydata))
# Print the positionl
print(£"Clicked at x={event.xdatal}, y={event.ydatal}")

im = Image.open(os.path.join(fdir,file['which']))
imarr = np.array(im) [:][:1024]

fig = plt.figure(figsize=[12,8])

ax = plt.gca()

ax.imshow(imarr)

ax.set_aspect (1)

plt.tight_layout ()
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plt.show()
positions=[]

cid = fig.canvas.mpl_connect('button_press_event', on_click)

1.0.2 Extracted Positions

positionsO = [(414.99516148397134, 361.2484229360242), (192.53021766440492, 898.

—7568896801947), (98.56986872197925, 22.714812775814153),

(193.91198750179353, 898.7568896801947), (428.8128598578577, 531.
—2061129348236), (251.9463206721153, 687.3461045597369),

(544.8815261985012, 616.8758428529177), (633.3147957913725, 743.
—99866789267), (560.0809944097759, 912.5745880540808),

(452.3029470934641, 8.897114401927865), (854.3979697735505, 322.
—55886748914304) , (929.0135409925356, 169.18241553900702),

(1093.4441516417805, 984.4266195982887), (1107.2618500156666, 683.
—2007950475711), (1237.1482147301963, 721.8903504944522),

(1203.9857386328695, 370.9208117977445), (1119.6977785521642, 381.
—9749704968534), (1416.778293590716, 390.2655895211851)]

positionsl = [(55.73500376293222, 18.56950326364813), (46.06261490121196, 446.

—91815285411826) , (250.56455083472667, 954.0276831757392),

(272.67286823294444, 589.2404461051453), (261.61870953383556, 314.
—26824846481145), (185.62136847746183, 104.23923318174229),

(356.96082831364987, 61.40436822269521), (485.46542319079083, 231.
—36205822149464), (687.2038194495284, 25.478352450591274),

(988.4296440002458, 837.9590168350957), (1150.0967149747137, 806.
—1783105751576), (938.6859298542558, 727.4174298440066),

(941.4494695290332, 120.82047123040559), (924.8682314803698, 171.
—94595521378426) , (1082.3899929426716, 86.27622529569032),

(1122.4613182269413, 123.58401090518282), (1302.0913970874608, 242.
—41621692060346) , (1353.2168810708395, 322.5588674891429),

(1440.268380826322, 69.6949872470268), (1517.6474917200844, 556.
—0779700078185), (1452.7043093628197, 898.7568896801945),

(1512.12041237053, 962.3183022000708), (1087.9170722922258, 333.
—61302618825187) 1]

positions2 = [(46.06261490121196, 17.187733426259683), (155.22243205491236, 61.

—40436822269521) , (44.68084506382334, 173.32772505117293),

(65.40739262465252, 377.8296609846876), (292.017645956385, 178.
—8548044007273), (279.5817174198875, 369.5390419603559),

(188.38490815223906, 691.4914140719027), (164.89482091663265, 895.
—9933500054174), (405.3227726222513, 759.1981361039448),

(492.374272377734, 846.2496358594274), (580.8075419706051, 701.
—163802933623), (463.35710579257307, 580.9498270808137),
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(479.93834384123636, 539.4967319591553), (500.6648914020654, 486.
—9894781383879), (540.7362166863352, 318.41355797697713),

(537.972677011558, 148.4558679781777), (732.8022240833524, 119.
—43870139301691) , (579.4257721332164, 51.73197936097495),

(689.9673591243053, 198.19958212416782), (789.4547874162854, 428.
—9551449680662), (817.0901841640577, 524.2972637478805),

(866.8338983100477, 522.9154939104918), (794.9818667658399, 789.
—5970725264941), (960.7942472524734, 661.0924776493532),

(1081.008223105283, 699.7820330962343), (1137.660786438216, 351.
—57603407430383), (1147.3331752999363, 265.9063041562099),

(1201.2221989580921, 395.7926688707395), (1168.0597228607655, 478.
—6988591140562), (1248.202373429305, 299.0687802535366),

(1112.7889293652208, 158.12825683989809), (1302.0913970874608, 167.
—80064570161835) , (1423.687142777659, 84.89445545830154),

(1495.5391743218665, 521.5337240731033), (1414.0147539159384, 590.
—6222159425339), (1463.7584680619286, 687.3461045597368),

(1159.7691038364337, 792.3606122012714), (1215.0398973319782, 800.
—651231225603), (1339.3991826969534, 1006.5349369965064) ,

(989.8114138376344, 227.2167487093286)]

positions3 = [(178.7125192905188, 69.69498724702692), (387.35976473619934, 10.

—27888423931654) , (191.1484478270163, 446.91815285411826),

(444.0123280691324, 616.8758428529177), (354.19728863887264, 813.
—0871597621007), (250.56455083472667, 900.1386595175833),

(267.14578888339, 971.9906910617912), (569.7533832714962, 844.
—8678660220387), (812.9448746518921, 521.5337240731033),

(973.2301757889712, 11.660654076704986), (1378.088738143835, 194.
—05427261200202) , (1517.6474917200849, 196.81781228677926) ,

(1357.3621905830057, 643.1294697633012), (1502.4480235088101, 662.
—4742474867419), (1360.125730257783, 757.8163662665561)]

positions4 = [(163.51305107924404, 28.241892125368622), (473.02949465429333, 220.

—3078995223857), (405.3227726222513, 514.6248748861602),

(336.23428075282067, 568.5138985443161), (258.8551698590583, 601.
—676374641643), (32.24491652732581, 752.2892869170016),

(251.9463206721153, 819.9960089490437), (850.2526602613847, 538.
—1149621217667), (835.0531920501099, 381.9749704968534),

(975.9937154637483, 445.5363830167296), (846.1073507492189, 542.
—2602716339326) , (887.5604458708772, 107.00277285651941),

(1173.5868022103202, 837.9590168350958), (1501.0662536714215, 710.
—8361917953433), (1472.0490870862607, 919.4834372410239)]

positions5 = [(119.29641628280842, 153.9829473277323), (261.61870953383556, 202.
—34489163633373), (377.6873758744791, 227.21674870932884),
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[1:

(419.1404709961374, 138.78347911645756), (257.4734000216697, 340.
—521875375195), (87.51571002287034, 593.3857556173111),

(279.5817174198875, 797.8876915508259), (579.4257721332166, 621.
—0211523650835) , (660.9501925391447, 521.5337240731034),

(1340.7809525343423, 202.34489163633373), (1438.8866109889339, 271.
—43338350576437), (1208.1310481450353, 872.503262769811),

(974.6119456263599, 627.9300015520265), (648.5142640026471, 54.
—49551903575207) 1]

#positions6 = [(91.66101953503616, 18.56950326364813), (450.92117725607557, 8.
—897114401927865), (193.91198750179353, 895.9933500054174),

# (413.61339164658295, 365.3937324481901), (424.6675503456919, 528.
+4425732600464), (518.6278992881175, 394.4108990333509),

# (543.4997563611124, 615.494073015529), (629.1694862792065, 741.
,2351282178928), (562.8445340845531, 907.0475087045263),

# (673.3861210756421, 420.6645259437346), (862.6885887978822, 318.
41355797697713), (924.8682314803698, 159.51002667728665),

# (1121.0795483895527, 379.2114308220762), (1192.9315799337605, 365.
.39373244819), (1105.880080178278, 690.1096442345141),

# (1223.3305163563102, 719.126810819675), (1092.0623818043919, 984.

—4266195982887), (1407.1059047289957, 384.73851017163065)]

allresolutions = [3/(1497-1135), 3/(1497-1135), 3/(1497-1135), 2/(1444-1203), 2/
—(1447-1206), 3/(1497-1135)1#, 3/(1497-1135)]

allpositions = [positionsO, positionsl, positions2, positions3, positions4,
—positions5] #, positions6]

index = [i for i,f in enumerate(files) if file['which']==f][0]

filepositions = allpositions[index]

fileresolution = allresolutions[index]

1.0.3 Extract Cuts from Positions and Save

rois = []
for i,pos in enumerate(filepositions):
rois.append([f'{i}', rectROI_centered(pos[0],pos[1],70,70)]1)

im = Image.open(os.path.join(fdir,file['which']))

imarr = np.array(im) [:][:1024]

fig = plt.figure()

ax = plt.gca()

ax.imshow(imarr)
showROI(ax,rois,np.full(len(rois),1500),np.full(len(rois),1500))
plt.show()
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[1:

[1:

[1:

for f,positions,resolution in zip(files,allpositions,allresolutions):
im = Image.open(os.path.join(fdir,f))
imarr = np.array(im) [:][:1024]
for i,position in enumerate(positions):
x0,y0,x1,y1l = rectROI_centered(position[0],position[1],70,70)
if x0<0:
x0=0
if x1>np.shape(imarr) [1]:
x1=np.shape (imarr) [1]

if y0<O0:
y0=0

if yi>np.shape(imarr) [0]:
y1=np.shape (imarr) [0]

cut = imarr[int(y0):int(y1),int(x0) :int(x1)]

fname = f.replace('.tif','")

np.savetxt(f'./Pictures/31_sem_selection/cuts/{fname}_{i}.txt', cut,y
~fmt="'%d', delimiter=',',header=f'{resolution} um')

1.0.4 Load cuts and do stuff

cutdir,cutfiles = printFiles('./Pictures/31_sem_selection/cuts',ftype='txt"')
cutfiles.sort()
cutfiles = [f for f in cutfiles if 'outline' not in f]

images = []
resolutions = []
for cutfile in cutfiles:
loaded_array = np.loadtxt(os.path.join(cutdir,cutfile), delimiter=',')
images.append(loaded_array)
with open(os.path.join(cutdir,cutfile)) as f:
content = f.readlines()
resolution = content[0] .replace('\n','")
resolutions.append(resolution)

fig,axs = plt.subplots(int(len(cutfiles)/6),6,figsize=(12,36))
axs = axs.ravel()

for ax,im,res in zip(axs,images,resolutions):

sres = res.split()
if 'um' in sres[2]:
resolution_um = float(sres[1].replace(' um',''))
resolution_nm = resolution_um*le3
x = np.linspace(0,np.shape(im) [0]*resolution_nm,np.shape(im) [0])
y = np.linspace(0,np.shape(im) [1]*resolution_nm,np.shape(im) [1])
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ax.pcolormesh(y,x,im,cmap="'gray')
ax.set_aspect (1)
plt.tight_layout()
plt.show()

2 Cutout analysis

[ 1: | # Create buttons dynamically based on the length of images and store in buttons
buttons = []
for i in range(len(images)):
button_layout= widgets.Layout (width="'50px")
button = widgets.Button(description=f'{i}',layout=button_layout)
button.on_click(on_button_click(i))
buttons.append (button)

# Display the buttons in a horizontal box

box_layout = widgets.Layout(width='1007%"',display="'inline-flex"',flex_flow='row
—wrap')

carousel = widgets.Box(children=buttons, layout=box_layout)

display(widgets.VBox([widgets.Label('Select number:'), carousel]))
CEAE TSR TS TS T AT A S TS ST ST LS T AT T A ST AT LT TS TIESTTE ST L ST L T4

# Define image variables for analysis

currentimageidx = 0

selected_image = images[currentimageidx]

analyseimage = to_rgbl(selected_image/np.max(selected_image)*255)
clusterpar = 40

blurpar = 1

scalarthresh = (0,255)

areathresh = 70

kmeans_im,blur_im,thresh_im,otsuthresh_im,result_im,
overlay_im,outlineoverlay_im,points,sizes,outline_im
) = findParticles(analyseimage,clusterpar,blurpar,scalarthresh,areathresh)

analyse_fig = plt.figure(figsize=(8,5))

gs_datapanels = gridspec.GridSpec(2,1, height_ratios=[1,.2])
image_gs = gs_datapanels[0].subgridspec(2, 4,hspace=.5)

axs = [analyse_fig.add_subplot(image_gs[i]) for i,gs in
—enumerate(list(image_gs))]

output_gs = gs_datapanels[1].subgridspec(l, 1)

oax = analyse_fig.add_subplot(output_gs[0])

oax.set_axis_off ()
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#Plot stuff
original_image = axs[0].imshow(analyseimage)
axs[0] .set_title('Original')

blur_image = axs[1].imshow(blur_im,cmap="'gray')
axs[1] .set_title('Blur')

kmeans_image = axs[2].imshow(kmeans_im)
axs[2] .set_title('kmeans')

thresh_image = axs[3].imshow(thresh_im)
axs[3] .set_title('Threshold"')

otsuthresh_image = axs[4].imshow(otsuthresh_im)
axs[4] .set_title('Otsu threshold')

result_image = axs[5].imshow(result_im)
axs[5] .set_title('Result')

outlineoverlay_image = axs[6].imshow(outlineoverlay_im,cmap='gray')
axs[6] .set_title('Outline')

axs[7] .set_axis_off()

clusterSlider = widgets.IntSlider (min=1, max=70, step=1, description='Clustering:
—', value=clusterpar)

global clusterSlider

widgets.interact(updateCluster, val=clusterSlider)

blurSlider = widgets.IntSlider(min=1, max=50, step=1, description='Blurring:',
—value=blurpar)

global blurSlider

widgets.interact(updateBlur, val=blurSlider)

threshSlider = widgets.IntRangeSlider(min=0, max=255, step=1,,
—description='Scalar threshold:', value=scalarthresh)

global threshSlider

widgets.interact(updateThresh, val=threshSlider)

otsuthreshSlider = widgets.FloatSlider(min=1, max=500, step=.1,.
—description="'Area threshold:', value=areathresh)

global otsuthreshSlider

widgets.interact(updateOtsuThresh, val=otsuthreshSlider)

particle_sizes = sizes
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[1:

[1:

number_text = oax.text(.5, .3, f'Number of particles: {len(points)}',
fontsize=12,
—horizontalalignment='center',verticalalignment='center', transform=oax.
—transAxes)
area_text = oax.text(.5, .5, f'Particle area: {sizes}',
fontsize=12,
—horizontalalignment='center',verticalalignment='center', transform=oax.
—transAxes)
diam_text = oax.text(.5, .7, f'Particle diameters: {[np.round(2 * np.sqrt(area/
—np.pi),3) for area in sizes]}',
fontsize=12,
—horizontalalignment='center',verticalalignment='center', transform=oax.
—transAxes)

analyse_fig.suptitle(f'Image #{currentimageidx}')

file_path = './Pictures/31_sem_selection/cuts/diameters.dat’
# Make, display, and interact with button

button = widgets.Button(description='Save diameter.')
output = widgets.Output()

display(button, output)

button.on_click(on_button_clicked)

plt.show()

plt.figure()
plt.imshow(outline)
plt.show()

with open(os.path.join(cutdir, 'diameters.dat')) as f:
content = f.readlines()
f.close()
d = 1]
for line in content:
sLine = line.replace('\n','").split()[1]
if ',' in sLine:
values = sLine[1:-2].split(',")
for value in values:
d.append(float (value))
else:
d.append(float(sLine[1:-2]))

fig = plt.figure()
ax = plt.gca()
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bins = ax.hist(np.array(d)*0.008298755186721992%1000, bins=20, edgecolor='black')
ax.set_xlabel('Particle diameter [nm]')

ax.set_ylabel('Frequency"')

t = ax.text(x=80,y=16,s=f'{153-12} analyzed particles')

plt.show()

3 Big image analysis

[ 1: def update_bigb(val):
if val %2 == 1:
blurred = cv2.GaussianBlur (imarr, (val,val), 0)
else:
blurred = cv2.GaussianBlur(imarr, (val-1,val-1), 0)
bim.set_array(blurred)
bfig.canvas.draw()

def update_bigk(val):
# kmeans segmentation
kmeans = kmeans_color_quantization(bim.get_array(), clusters=val)
kim.set_array(kmeans)
kfig.canvas.draw()

def update_bigts(val):

gray = cv2.cvtColor(kim.get_array(), cv2.COLOR_BGR2GRAY)
gray_filter = cv2.inRange(gray, val[0], val[1])
grayl[gray_filter!=255] = 0

gray_filtered = gray

tim.set_array(gray_filtered)
tfig.canvas.draw()

[ 1: file_sembig = '31_A_04_cutout2.tif'
im = Image.open(os.path.join('./Pictures/sem',file_sembig))
imarr = np.array(im)[:][:1024]
imarr.astype('uint8"')
imres = 1447-1206 # for lum
fig,ax = plt.subplots(l,1)
ax.imshow(imarr)

plt.show()
[ 1: row_Of = [120,240]
col_0f = [170,300]

# remove To1
for i,row in enumerate(imarr):
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[1:

[1:

[1:

[1:

for j,col in enumerate(row):
if j>row_O0f[0] and j<row_Of[1] and i>col_Of[0] and i<col_Of[1]:
imarr[i][j] = O

imarr = imarr[300::,150::]

fig,ax = plt.subplots(l,1)
cim = ax.imshow(imarr)
plt.show()

bfig,bax = plt.subplots(l,1)

bim = bax.imshow(cim.get_array())
plt.tight_layout()

plt.show()

bigb = widgets.IntSlider(min=1, max=50, step=2, description='Blurring:', value=3)
widgets.interact (update_bigb, val=bigb)

kfig,kax = plt.subplots(l,1)

kim = kax.imshow(bim.get_array())
plt.tight_layout()

plt.show()

bigk = widgets.IntSlider(min=1, max=20, step=1, description='Kmeans clustering:
', value=5)
widgets.interact (update_bigk, val=bigk)

tfig,tax = plt.subplots(l,1)

tim = tax.imshow(kim.get_array())
plt.tight_layout()

plt.show()

bigts = widgets.IntRangeSlider(min=0, max=255, step=1, description='Scalar,
—threshold:', value=(100,255))
widgets.interact (update_bigts, val=bigts)

AREA_THRESHOLD = 5

# otsu thresholding

thresh = cv2.threshold(tim.get_array(), O, 150, cv2.THRESH_BINARY + cv2.
—THRESH_OTSU) [1]

# Find contours, rTemove tiny specs using contour area filtering, gather points

points_list = []

size_list = []

cnts, _ = cv2.findContours(thresh, cv2.RETR_EXTERNAL, cv2.
—CHAIN_APPROX_SIMPLE) [-2:]
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for c in cnts:

area = cv2.contourArea(c)

if area < AREA_THRESHOLD:
cv2.drawContours (thresh, [c], -1, 0, -1)

else:
(x, y), radius = cv2.minEnclosingCircle(c)
points_list.append((int(x), int(y)))
size_list.append(area)

# Apply mask onto original image
result = cv2.bitwise_and(imarr, imarr, mask=thresh)
try:
result [thresh==255] = (36,255,12)
except:
result = result

# Overlay on original
try:

imarr [thresh==255] = (36,255,12)
except:

imarr = imarr

outline = find_outline(np.sum(result,axis=2))

outlineoverlay = imarr.copy()
outlineoverlay[outline>0]=(0,255,255)

bigfig = plt.figure()
ax = plt.gca()

plotim = cv2.cvtColor(imarr, cv2.COLOR_BGR2GRAY)

ax.pcolormesh(np.linspace(0,np.shape(plotim) [1]/imres,np.shape(plotim) [1]),
np.linspace(0,np.shape(plotim) [0] /imres,np.shape(plotim) [0]),
plotim,cmap="'gray"')

newoutline = np.full_like(outline,np.nan, dtype=np.float32)

for i,row in enumerate(outline):
for j,val in enumerate(row):
if val ==
newoutline[i] [j]
else:
newoutline[i] [j] = np.nan

Il
-

cmap = mpl.colors.LinearSegmentedColormap.from_list("", ["cyan","violet","blue"])

ax.pcolormesh(np.linspace(0,np.shape(plotim) [1]/imres,np.shape(plotim) [1]),
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[1:

np.linspace(0,np.shape(plotim) [0] /imres,np.shape(plotim) [0]),
newoutline, cmap=cmap)

ax.set_xlabel('X [$\mu$m]')

ax.set_ylabel('Y [$\mu$m]')

plt.tight_layout ()

plt.show()
savefigbutton(bigfig,'./Pictures/31_sem_selection/','outline_large.png')

size_large_diam = [np.round(2 * np.sqrt(area/mnp.pi),3) for area in size_list]

np.savetxt('./Pictures/sem/diamters_{}.txt'.format(file_sembig.replace('.
—tif','')),size_large_diam,header=f'{imres} um')
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D.2 NP outlines

The complete set of NPs in holes that were extracted from the images listed
in Section D.3. The light blue colored outline shows the shape that is used
for the diameter determination.
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250 nm
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Figure D.1: Figure 1 of 5 containing the cuts taken from images in Section
D.3.
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2

250 nm 250 nm 250 nm

Figure D.2: Figure 2 of 5 containing the cuts taken from images in Section
D.3.
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Figure D.3: Figure 3 of 5 containing the cuts taken from images in Section
D.3.
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Figure D.4: Figure 4 of 5 containing the cuts taken from images in Section
D.3.
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Figure D.5: Figure 5 of 5 containing the cuts taken from images in Section

D.3.

D.3 SEM images of NPs in holes

This section contains the full set of SEM images from which the cutouts in
Section D.2 were extracted using the code in Section D.1.1

Figure D.6: Image 1 of 7 from which NP sizes of NPs in holes were extracted.
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Figure D.8: ITmage 3 of 7 from which NP sizes of NPs in holes were extracted.
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Figure D.10: Image 5 of 7 from which NP sizes of NPs in holes were extracted.
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Figure D.12: Image 7 of 7 from which NP sizes of NPs in holes were extracted.
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E. SI: Pd,Pt,/Al203
Nanoparticle Sintering Kinetics
During Catalytic CHy4
Oxidation

E.1 Activity Overview

An overview over the operando kinetics experiments discussed in Chapter 4
are presented in Figure E.1 and Figure E.2. Here, the temperature is indi-
cated at the border between the top and bottom graph and by the background
color becoming intenser with increasing temperature. The top panels show
the evolution of CHy, HyO and CO,, the main reactants and products. Par-
tial catalytic CH, oxidation products CO, and CO, are shown in the bottom
panes.

A direct comparison of the activity of the catalysts for full oxidation is shown
in Figure E.3. The data is normalized to the CO5 background pressure during
reduction between the cycles.

—— CHy H,0 —— CO —— CH,0 — CO;
1.00 [ 1.00
0.75 Fo.75
o 0.50 F0.50 o
@
0.25 Fo255
g g
5 0.00 i . § i v . [0-00 5
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2 0.75 Fo.75 &
& g
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Figure E.1: Overview over the activity of Pd/AlyO3 from the first heating
cycle (A) and the second cycle (B).
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Figure E.2: Overview over the activity of Pd3Pt;/Al,O3 from the first heat-
ing cycle (A) and the second cycle (B).
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Figure E.3: Comparison of the COy mass spectrometer signal recorded for
Pd/Al, O3 (bright red) and Pd3Pt;/Al;O3 (dark red). The data is scaled and
normalized to the base pressure of this mass.

E.2 Thermal Expansion

The thermal expansion of Pd was calculated based on the polynomial fit for
thermal expansion reported in [302]. For the alloy nanoparticles, a weighted
linear combination of the expansion factor for Pd and Pt [303] was used.
The linear combination approximation introduces only a minuscule error as
magnitude and curvature of the expansion factor is very similar in the probed
temperature range (see Figure E.4). For the analysis described in the main
text, the expansion factor of Pd was used for the Pd/Al,O3 catalyst and
the linear combination of the expansion factors of Pd and Pt weighted by
the nominal composition of the alloy NPs was used. This is illustrated in
Figure E.4, which shows the expansion factors of Pd, Pd3;Pt; and Pt. The
difference in expansion between Pd and the alloy is 0.015% and 0.036 % at
523 K and 723 K, and the difference between the alloy and Pt is 0.046 % at
523K and 0.107 % at 723 K. Thermal expansion is considered in Figure 4.4
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Figure E.J: Expansion in percent for the temperatures probed in the exper-
iment.

and Figure 4.7, by correcting the lattice constant according to where

1
] ] ] Jeap(T)?
fexp(T) is the expected expansion factor at a given temperature 7.

E.3 Epitaxy of metal NPs and PdO

Rocking scans of the rotation around the sample normal were conducted to
follow the epitaxial relationship of the metal nanoparticles and PdO domains.
Figure E.5 shows the relevant section of the summed rocking scan recorded
at 573 K with the ROI for the Pd in gray and the ROI for PdO in light blue.
The rocking scans for all conditions of Pd/Al,Oj is shown in Figure E.6, the
rocking scans of PdPt/Al;O3 are shown in Figure E.7. For both catalysts the
metallic NPs are [111] oriented which is consistent with previous work (see
Chapter 2). The in-plane [110] direction of the metal domains are aligned
with the axes [1000], and [1120] of the Al,O3 substrate. For Pd/Al,O3
another small peak is observed at 6 ~ 162° at 523 K during the first cycle.
This peak corresponds to a minority ensemble with the same out of plane
orientation as the main ensemble and the [110] axis of the metal domain is
aligned with the [1210] axis of the Al,O3 substrate. The orientation of
PdO is more complicated with a wide bimodal peak shape (see Figure E.6
and Figure E.7). For this purpose, two reciprocal space separated by 30°
are compared to the expected peak positions for multiple out of plane ori-
entations ([001], [100], [110], [101], [112]) (see Figure E.8). The weak
preferential orientation observed in-plane is also observed out-of plane where
PdO diffraction signal is characterized by broad altitudal distribution. Com-
parison of the diffraction patterns with the theoretical Bragg peak positions
for the above listed out-of-plane orientations indicate coexisting preferential
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Figure E.5: Summed rocking scan of Pd/Al,O3 recorded at 573 K under
operation with the ROIs (red rectangles).

[001] [112] orientation. Additional (101) and (110) diffraction is visible
at |Q| approx 2.38. Comparison with the diffraction data for the AlyO3 sup-
ported catalyst in Chapter 2 suggests that this signal belongs to tilted [101]
and [00 1] oriented domains. For reference, the apparent angle to the in-plane
direction is given for the textured (101) diffraction signal.
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Figure E.6: Rocking scans of Pd/Al,O3 for all temperatures, recorded during
operation (color codes of temperatures in legend). A: Rocking scans with
the Pd(111) roi. B Rocking scans with the PAO(101) roi. Rectangles on
the left side indicate the cycle, labels at the right edge indicate the Bragg
reflex position.
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Figure E.7: Rocking scans of Pd3Pt;/Al,O3 for all temperatures, recorded
during operation (color codes of temperatures in legend). A: Rocking scans
with the Pd(111) roi. B Rocking scans with the PAO(101) roi. Rectangles
on the left side indicate the cycle, labels at the right edge indicate the Bragg
reflex position.
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Figure E.8: Planes of reciprocal space extracted from rocking scans recorded

at 573 K during the first cycle with 30° spacing for Pd/Al,O3 (A, B) and
Pds;Pt;/Al,O3 (A, B).
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E.4 Bragg peak analysis

Bragg peak analysis was conducted at several positions, which yielded in-
form for different nanoparticle ensembles (see Figure E.9). The position
and length of the line scans are identical for Pd/Al,O3 and PdzPt;/Al;Os.
Diffraction signal from metal of either sample will from now on be referred
to as the PdPt since the experiment was not sensitive to the alloy compo-
sition. In total, line scans were extracted at four positions, corresponding
to the PdPt(111) Bragg peak position (green lines), the PAPt(111) powder
ring signal (yellow line), the PdO(101) powder ring (purple line), and the
PdPt(222) Bragg peak (pink lines). Two lines were extracted for epitaxial
diffraction signal, yielding diameter and height from horizontal and vertical
line scans, whereas only an average nanoparticle dimension is deduced from
the radial lines extracted for the PAO(101) or Pd(111) powder ring signal.
The exact position of the lines were determined individually for each image,
because static line positioning did not capture physically relevant changes
but only the shift of the Bragg peak on the detector. The position of the line
scans was recursively checked by comparing fitted peak positions with the
estimated peak positions used to attain the data for the fits. The line width
of epitaxial PdPt(111) diffraction signal is one pixel, the line width of the
diffraction signal of all other lines is 3 pixel. This corresponds to linewidth of
roughly 0.007 A™" and 0.002 A_l, respectively. All line scans were modelled
by a Pseudo-Voigt profile and a linear background with the expression

(1 - a)Ae—($—;t)2/2crg
gV 2T
N aA [ o (E.1)
(

f([E,A,/,L,O',Oé,S,C) =

T [(x — pu)? + o2
+ sxr + ¢,
where that o, = \/ﬁ and 20 = FWHM. The variable A denotes the

amplitude, p the peak position, o the fraction of Gaussian and Lorentzian
contribution, so that for & = 0 the Pseudo-Voigt profile becomes fully Gaus-
sian and for @ = 1, the profile becomes fully Lorentzian. The variable s is
the slope and ¢ the constant offset of the background. For select line scans
multiple Pseudo-Voigt profiles were combined to account for crystal trunca-
tion rod signal of the substrate overlapping with the diffraction signal from
the nanoparticles.
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Figure E.9: Summed 6 rocking scan over 75° of Pd3Pt;/AlyO3, recorded
under operation at 573 K with lines indicating the position of the line scans

that were extracted for data analysis.
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E.4.1 HEGIXRD line scan analysis of Pd/Al,O3
Pd/Al,0O3 - Pd(111) in plane
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Figure E.10: In plane scans along @), recorded at 523 K.
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Table E.1: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.10. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.61853  8e-05 0.04489  0.00024 #1 2.61705  9e-05 0.04535  0.00028
#2 2.6163 9e-05 0.04614  0.00031 #3 2.61562  0.00011 | 0.04722  0.00037
#4 2.61503  0.00013 | 0.04843 0.00046 #5 2.61467  0.00015 | 0.04937  0.00052
#6 2.61432  0.00018 | 0.0502 0.0006 #7 2.61393  0.0002 0.05176  0.00069
#8 2.61352  0.00023 | 0.05267 0.00078 #9 2.6132 0.00025 | 0.0539 0.00085
#10 2.61291 0.00026 0.05485  0.00088 #11 2.61257  0.00028 0.05605  0.00094

#12 | 2.61218 0.0003 0.05733  0.001 #13 | 2.61184 0.00031 | 0.05814  0.00103
#14 | 2.61149 0.00033 | 0.05949 0.00107 #15 | 2.6112 0.00034 | 0.06038 0.0011
#16 | 2.61087 0.00035 | 0.06124  0.0011 #17 | 2.61063 0.00035 | 0.06187  0.00111

#18 | 2.61056 0.00036 | 0.06235 0.00113 #19 | 2.61032 0.00036 | 0.06292 0.00114
#20 | 2.61027 0.00038 | 0.06308  0.00117 #21 | 2.61017 0.00038 | 0.06383  0.00116
#22 | 2.61014 0.00037 | 0.0636 0.00114 #23 | 2.61017 0.00038 | 0.06377 0.00118
#24 | 2.61006 0.00037 | 0.06407 0.00114 #25 | 2.61036 0.00037 | 0.06363 0.00114
#26 | 2.6105 0.00036 | 0.06346  0.00112 #27 | 2.61082 0.00036 | 0.06263 0.00112
#28 | 2.6109 0.00037 | 0.06255 0.00114 #29 | 2.6109 0.00036 | 0.06292 0.00112
#30 | 2.61116 0.00036 | 0.06239  0.00112 #31 | 2.61136 0.00035 | 0.06196 0.0011

#32 | 2.61141 0.00035 | 0.06175 0.0011 #33 | 2.61155 0.00035 | 0.06153  0.00108
#34 | 2.61161 0.00034 | 0.06124 0.00106 #35 | 2.61154 0.00033 | 0.06102 0.00105
#36 | 2.61168 0.00034 | 0.06081  0.00107 #37 | 2.61194 0.00032 | 0.06051  0.00102
#38 | 2.61199 0.00032 | 0.06 0.00103 #39 | 2.61233 0.00032 | 0.05956  0.00102
#40 | 2.61262 0.00031 | 0.05835 0.00102 #41 | 2.61268 0.00031 | 0.05833  0.00102
#42 | 2.61306 0.00029 | 0.05728  0.00095
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Figure E.11: In plane scans along )y, recorded at 573 K.
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Table E.2: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.11. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 2.62515 0.0001 | 0.04794 0.0003 #1 2.62563  9e-05 0.04876  0.00028

#2 2.62587  9e-05 0.05014  0.00026 #3 2.62625  8e-05 0.05137  0.00023
#4 2.62658  7e-05 0.0522 0.00021 #5 2.62677  7e-05 0.05258  0.00022
#6 2.62685  8e-05 0.05294  0.00024 #7 2.62703  8e-05 0.05299  0.00023
#8 2.6271 8e-05 0.05322  0.00024 #9 2.62709  8e-05 0.05359  0.00025
#10 | 2.62703  9e-05 0.05367  0.00026 #11 | 2.62711  8e-05 0.05357  0.00025
#12 | 2.62706  9e-05 0.05395  0.00026 #13 | 2.62701  9e-05 0.05403  0.00027
#14 | 2.62695  9e-05 0.05416  0.00026 #15 | 2.62701  8e-05 0.05429  0.00025
#16 | 2.62693 9e-05 0.0544 0.00026 #17 | 2.627 9e-05 0.05456  0.00027
#18 | 2.62692 0.0001 | 0.0543 0.00028 #19 | 2.62685  9e-05 0.05444  0.00028
#20 | 2.62697 8e-05 0.05446  0.00025 #21 | 2.62697  9e-05 0.05483  0.00027
#22 | 2.62692  9e-05 0.05482  0.00026 #23 | 2.62694  9e-05 0.05495  0.00028
#24 | 2.62708  9e-05 0.05476  0.00025 #25 | 2.62692 0.0001 | 0.05496  0.00029
#26 | 2.62696  9e-05 0.05487  0.00027 #27 | 2.62694 0.0001 | 0.05493  0.00029
#28 | 2.6269 9e-05 0.05487  0.00027 #29 | 2.62686 9e-05 0.05471  0.00027
#30 | 2.62684 0.0001 | 0.05532  0.00029

Table E.3: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.12. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error | Value Error Value Error | Value Error
#0 2.62193 Te-05 | 0.05639  0.00021 #1 2.622 7e-05 | 0.05691  0.00019
#2 2.62229 Te-05 | 0.0571 0.0002 #3 2.62251 T7e-05 | 0.05744  0.00021

#4 2.6227 7e-05 | 0.05739  0.00021 #5 2.62283  8e-05 | 0.0573 0.00024
#6 2.62289  9e-05 | 0.05789  0.00025 #7 2.62303 8e-05 | 0.0579 0.00022
#8 2.62328 8e-05 | 0.05817  0.00023 #9 2.6234 Te-05 | 0.05827  0.00021
#10 | 2.62349 8e-05 | 0.05863  0.00023 #11 | 2.62348 Te-05 | 0.05843  0.0002

#12 | 2.62361 8e-05 | 0.05834  0.00022 #13 | 2.62373  Te-05 | 0.0582 0.00021
#14 | 262396 T7e-05 | 0.05859  0.0002 #15 | 2.62404 8e-05 | 0.05881  0.00023
#16 | 2.62411 7e-05 | 0.05869  0.00021 #17 | 2.62435 Te-05 | 0.05873  0.00022
#18 | 2.62431 9e-05 | 0.05876  0.00026 #19 | 2.62464 8e-05 | 0.0586 0.00022
#20 | 2.6244 6e-05 | 0.05815  0.00017 #21 | 2.62443 Te-05 | 0.05859  0.00021
#22 | 2.62478 Te-05 | 0.05843  0.00021 #23 | 2.62476 8e-05 | 0.05917  0.00022
#24 | 262481 7e-05 | 0.05856  0.00021 #25 | 2.62483 Te-05 | 0.05869  0.00019
#26 | 2.62505 9e-05 | 0.05901  0.00025 #27 | 2.62485 Te-05 | 0.05839  0.00021
#28 | 2.62526 7e-05 | 0.05838  0.00022 #29 | 2.62512 T7e-05 | 0.0581 0.0002

#30 | 2.62525 8e-05 | 0.05857  0.00023 #31 | 2.6253 8e-05 | 0.05841  0.00023
#32 | 2.62554 T7e-05 | 0.0584 0.0002 #33 | 2.62575 6e-05 | 0.05829  0.00018
#34 | 2.62564 9e-05 | 0.0579 0.00025 #35 | 2.62589 6e-05 | 0.05821  0.00019
#36 | 2.6259 8e-05 | 0.05777  0.00023 #37 | 2.62594 6e-05 | 0.05807 0.00019
#38 | 2.62603 8e-05 | 0.05791  0.00023 #39 | 2.62599 Te-05 | 0.05825  0.00022
#40 | 2.62622 Te-05 | 0.0581 0.00019 #41 | 2.62613 8e-05 | 0.058 0.00022
#42 | 2.62622 T7e-05 | 0.05758  0.0002 #43 | 2.62613 Te-05 | 0.05741  0.00022
#44 | 2.62621 Te-05 | 0.05755  0.0002 #45 | 2.62631  Te-05 | 0.05786  0.00021
#46 | 2.62641 8e-05 | 0.05774  0.00024
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Table E.4: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.13. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 2.62456  8e-05 0.05728  0.00023 #1 2.62488  0.0001 0.05787  0.0003
#2 2.62508  9e-05 0.05706  0.00026 #3 2.62584  8e-05 0.0577 0.00025
#4 2.62597  Te-05 0.05771  0.00022 #5 2.62576  9e-05 0.05756  0.00026
#6 2.62645  9e-05 0.05756  0.00027 #7 2.62664  9e-05 0.05755  0.00026
#8 2.62667  0.0001 0.05805  0.00031 #9 2.62695  8e-05 0.05768  0.00024
#10 | 2.62688 0.00012 | 0.05799  0.00034 #11 | 2.62719 0.0001 0.05846  0.0003
#12 | 2.6271 0.00011 | 0.0581 0.00032 #13 | 2.62761 0.0001 0.059 0.0003
#14 | 2.62696 0.0001 0.05803  0.00029 #15 | 2.62717  0.0001 0.05934  0.0003
#16 | 2.62727 0.00011 | 0.05814  0.00034 #17 | 2.62717 0.00012 | 0.05845 0.00037
#18 | 2.62728 0.00013 | 0.05796  0.00038 #19 | 2.62777 0.00012 | 0.05867  0.00036
#20 | 2.62754 0.00012 | 0.05902 0.00034 #21 | 2.62779 0.00011 | 0.05849  0.00032
#22 | 2.62774 0.00013 | 0.05947  0.00038 #23 | 2.62769 0.00013 | 0.0591 0.00037
#24 | 2.6275 0.00015 | 0.05895  0.00046 #25 | 2.62752 0.00013 | 0.05886  0.0004
#26 | 2.62798 0.00012 | 0.05951  0.00036 #27 | 2.62801 0.00012 | 0.05848 0.00036
#28 | 2.62764 0.00014 | 0.06039  0.0004 #29 | 2.62775 0.00012 | 0.05941 0.00035
#30 | 2.6277 0.00013 | 0.05958  0.00038 #31 | 2.6281 0.00014 | 0.05909 0.0004
#32 | 2.62797 0.00013 | 0.05984  0.00039 #33 | 2.62798 0.00014 | 0.05893  0.0004
#34 | 2.62769 0.00014 | 0.05862  0.00042 #35 | 2.62811 0.00015 | 0.05906 0.00043
#36 | 2.62774 0.00014 | 0.05905 0.00041 #37 | 2.62741 0.00014 | 0.05968  0.0004
#38 | 2.62756 0.00015 | 0.05944  0.00043 #39 | 2.62811 0.00016 | 0.05984  0.00046
#40 | 2.62803 0.00017 | 0.05916  0.0005 #41 | 2.62803 0.00014 | 0.05894  0.00041
#42 | 2.62761 0.00011 | 0.05899 0.00032 #43 | 2.62804 0.00013 | 0.05981 0.00036
#44 | 2.62804 0.00016 | 0.05799  0.00047 #45 | 2.62801 0.00014 | 0.05858  0.00041
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Table E.5: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.14. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.62411  8e-05 0.05979  0.00023 #1 2.62446  9e-05 0.06044  0.00027
#2 2.62479  9e-05 0.06081  0.00028 #3 2.62489 0.00014 | 0.06111  0.0004

#4 2.62543  0.00013 | 0.06111  0.00037 #5 2.62551  0.00013 | 0.05995  0.00038
#6 2.62549  0.00016 | 0.06074  0.00046 #7 2.62568  0.00014 | 0.06089  0.0004

#8 2.6256 0.00015 | 0.0607 0.00044 #9 2.62543  0.00014 | 0.06058  0.00042
#10 | 2.62565 0.00017 | 0.0619 0.00049 #11 | 2.62639 0.00016 | 0.06104 0.00047
#12 | 2.62573  0.00017 | 0.0619 0.00048 #13 | 2.62521 0.00017 | 0.06186  0.00049
#14 | 2.626 0.00018 | 0.0627 0.00052 #15 | 2.6258 0.00016 | 0.06226  0.00045
#16 | 2.62633 0.00015 | 0.06133  0.00045 #17 | 2.62561 0.00016 | 0.06154  0.00045
#18 | 2.62577  0.0002 0.06203  0.00058 #19 | 2.62597 0.00016 | 0.0602 0.00048
#20 | 2.62593  0.0002 0.06132  0.00058 #21 | 2.62565 0.00017 | 0.06152  0.0005

#22 | 2.6258 0.00019 | 0.06207  0.00056 #23 | 2.62578  0.0002 0.06179  0.00058
#24 | 2.62595 0.00022 | 0.06201 0.00063 #25 | 2.62619  0.0002 0.06115  0.00059
#26 | 2.6258 0.00021 | 0.06083  0.00059 #27 | 2.62634 0.00022 | 0.06118 0.00066
#28 | 2.62583 0.00021 | 0.06089 0.00063 #29 | 2.6255 0.00021 | 0.06106  0.00063
#30 | 2.62629 0.00023 | 0.06108 0.00066 #31 | 2.62615 0.00021 | 0.06238 0.00061
#32 | 2.62573 0.00021 | 0.06109 0.00063 #33 | 2.62607  0.0002 0.0619 0.00057
#34 | 2.62606 0.00023 | 0.06174 0.00068 #35 | 2.62579 0.00023 | 0.06331 0.00064
#36 | 2.62573  0.0002 0.06052  0.0006 #37 | 2.62602 0.00019 | 0.06193 0.00055
#38 | 2.62574 0.00022 | 0.06276 0.00064 #39 | 2.6262 0.00024 | 0.06243 0.00072
#40 | 2.62652 0.00023 | 0.06179  0.00068 #41 | 2.62612 0.00021 | 0.06068 0.00064
#42 | 2.62601 0.00022 | 0.06103 0.00067 #43 | 2.62643  0.0002 0.06284  0.00057
#44 | 2.62574 0.00024 | 0.06095 0.0007

Table E.6: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.15. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error | Value Error Value Error | Value Error
#0 2.62578  3e-05 0.0484 8e-05 #1 2.62567  3e-05 0.04865  8e-05
#2 2.62559  3e-05 | 0.04872  8e-05 #3 2.62556  3e-05 | 0.04877  8e-05
#4 2.62546  3e-05 | 0.04896 8e-05 #5 2.62542  3e-05 | 0.04882  8e-05
#6 2.62537  3e-05 | 0.04909 8e-05 #7 2.62534  3e-05 | 0.04908 8e-05
#8 2.62536  3e-05 | 0.04903  8e-05 #9 2.62536  3e-05 | 0.04906 8e-05
#10 | 2.62532 3e-05 | 0.04914  9e-05 #11 | 2.62528 3e-05 | 0.04913  8e-05
#12 | 2.62533 3e-05 | 0.04913  8e-05 #13 | 2.62528  3e-05 | 0.04915  9e-05
#14 2.62534  3e-05 0.04913  8e-05 #15 2.62527  3e-05 0.04909  9e-05
#16 | 2.62536 3e-05 | 0.04922  8e-05 #17 | 2.62534  3e-05 | 0.0492 8e-05
#18 | 2.6253 3e-05 | 0.04928  9e-05 #19 | 2.62534 3e-05 | 0.04931 8e-05
#20 | 2.62535 3e-05 | 0.04919  8e-05 #21 | 2.62531 3e-05 | 0.0493 9e-05
#22 | 2.62539  3e-05 | 0.04922  9e-05 #23 | 2.62538 3e-05 | 0.04918 8e-05
#24 | 2.62541 3e-05 | 0.04931  9e-05 #25 | 2.62537 3e-05 | 0.04927 8e-05
#26 | 2.62535 3e-05 | 0.04916 8e-05 #27 | 2.62537 3e-05 | 0.04916  9e-05
#28 2.62538  3e-05 0.04931 8e-05 #29 2.62539  3e-05 0.04921 8e-05
#30 | 2.62537 3e-05 | 0.04928  9e-05 #31 | 2.62541 3e-05 | 0.04924  8e-05
#32 | 2.62544  3e-05 | 0.04921 9e-05 #33 | 2.62544  3e-05 | 0.04923 8e-05
#34 | 2.62539 3e-05 | 0.04923  9e-05 #35 | 2.62542  3e-05 | 0.04924  9e-05
#36 | 2.62547 3e-05 | 0.0492 9e-05 #37 | 2.62547  3e-05 | 0.04927  9e-05
#38 | 2.6255 3e-05 | 0.04927  8e-05 #39 | 2.62544 3e-05 | 0.04913  8e-05
#40 | 2.62552 3e-05 | 0.04937 0.0001
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Center FWHM Center FWHM

Value Error | Value Error Value Error | Value Error
#0 2.62389  4e-05 | 0.04889  0.00011 #1 2.62366  4e-05 | 0.04932 0.00011
#2 2.62356  4e-05 | 0.05025 0.00013 #3 2.62369 5e-05 | 0.05104 0.00014
#4 2.62387  5e-05 | 0.05214  0.00014 #5 2.62408 6e-05 | 0.05287 0.00018
#6 2.62414  6e-05 | 0.05324  0.00017 #7 2.62415  6e-05 | 0.05337  0.00018
#8 2.62428  6e-05 | 0.05338 0.00017 #9 2.62431 5e-05 | 0.05362 0.00016
#10 2.62435  6e-05 0.05335  0.00018 #11 2.62432  6e-05 0.05375  0.00018
#12 | 2.62437 6e-05 | 0.05395 0.00019 #13 | 2.62434 6e-05 | 0.05383  0.00019
#14 | 2.62433 Te-05 | 0.05414  0.00021 #15 | 2.62441 6e-05 | 0.05416 0.00019
#16 | 2.62443 6e-05 | 0.05381  0.00018 #17 | 2.62431 8e-05 | 0.05406  0.00023
#18 | 2.62449 6e-05 | 0.05404 0.00019 #19 | 2.62449 6e-05 | 0.054 0.00018
#20 | 2.6244 6e-05 | 0.05409  0.00019 #21 | 2.62443 Te-05 | 0.0541 0.00021
#22 | 2.62465 6e-05 | 0.05391  0.0002 #23 | 2.62456 6e-05 | 0.05412  0.0002
#24 2.62475  6e-05 0.05407  0.00018 #25 2.62458 7e-05 0.05417  0.00022
#26 | 2.6246 7e-05 | 0.05411  0.00022 #27 | 2.62477 Te-05 | 0.05422  0.0002
#28 | 2.62456 Te-05 | 0.05424  0.00022 #29 | 2.62465 T7e-05 | 0.05401  0.00021
#30 | 2.62465 Te-05 | 0.05413  0.00021 #31 | 2.62476  6e-05 | 0.0541 0.00019
#32 | 2.62474 T7e-05 | 0.0541 0.00022 #33 | 2.62475 6e-05 | 0.05407 0.00019
#34 | 2.62475 8e-05 | 0.05408  0.00023 #35 | 2.62458 Te-05 | 0.05443  0.00021
#36 | 2.62476 T7e-05 | 0.05407  0.00022 #37 | 2.62467 Te-05 | 0.05414  0.0002
#38 | 2.62489 T7e-05 | 0.05433  0.0002 #39 | 2.62465 Te-05 | 0.05382  0.00021

Table E.7: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.16. For fits with multiple components, only fit results of
the relevant component is shown.

Table E.8: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.17. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error | Value Error Value Error Value Error

#0 2.62435 6e-05 | 0.05514  0.00019 #1 2.62424  Te-05 0.05525  0.0002

#2 2.62414  T7e-05 | 0.05479  0.00021 #3 2.62391  6e-05 0.0549 0.0002

#4 2.62378 8e-05 | 0.05464 0.00024 #5 2.62366  Te-05 0.05511  0.00022
#6 2.62354  T7e-05 | 0.05454  0.00021 F#7 2.6237 6e-05 0.05464  0.0002

#8 2.62352  T7e-05 | 0.05455  0.00021 #9 2.62376  Te-05 0.05467  0.00022
#10 | 2.62361 7e-05 | 0.05476  0.00021 #11 | 2.62366 6e-05 0.05464  0.00019
#12 | 2.62352 T7e-05 | 0.05459  0.00021 #13 | 2.62372 T7e-05 0.05498  0.00022
#14 | 2.6237 7e-05 | 0.05477  0.00021 #15 | 2.62363 7e-05 0.05478  0.00023
#16 | 2.62358 7e-05 | 0.05471  0.00021 #17 | 2.624 7e-05 0.05452  0.00022
#18 | 2.62364 6e-05 | 0.05473  0.00019 #19 | 2.62351 7e-05 0.05459  0.00023
#20 | 2.62363 7e-05 | 0.05516  0.00021 #21 | 2.62366 8e-05 0.05542  0.00024
#22 | 2.62365 8e-05 | 0.05516  0.00024 #23 | 2.62381 8e-05 0.05477  0.00023
#24 | 2.62368 8e-05 | 0.05471  0.00026 #25 | 2.62361 7e-05 0.05603  0.00022
#26 | 2.62379 9e-05 | 0.05579  0.00027 #27 | 2.6235 8e-05 0.05528  0.00025
#28 | 2.62362 8e-05 | 0.05502  0.00023 #29 | 2.62395 8e-05 0.05587  0.00023
#30 | 2.62382 8e-05 | 0.05531  0.00025 #31 | 2.62375 8e-05 0.05557  0.00024
#32 | 2.62359 8e-05 | 0.05524  0.00026 #33 | 2.62372 8e-05 0.05539  0.00023
#34 | 2.62395 8e-05 | 0.05477  0.00024 #35 | 2.62372 8e-05 0.05571  0.00024
#36 | 2.6238 8e-05 | 0.05524  0.00025 #37 | 2.62363 8e-05 0.05587  0.00025
#38 | 2.62375 9e-05 | 0.05522  0.00028 #39 | 2.62383 8e-05 0.05523  0.00024
#40 | 2.62373 9e-05 | 0.05607  0.00028 #41 | 2.62355 8e-05 0.05501  0.00024
#42 | 2.62386 8e-05 | 0.05525 0.00024 #43 | 2.62375 8e-05 0.05565  0.00023
#44 | 2.62377 9e-05 | 0.05567  0.00027 #45 | 2.62387 0.0001 | 0.05564 0.0003
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Table E.9: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.18. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.62325 0.00015 | 0.05768  0.00045 #1 2.62319  0.00012 | 0.05785  0.00037
#2 2.6228 0.00014 | 0.05705 0.00044 #3 2.62286  0.00014 | 0.05778  0.00041
#4 2.62276  0.00017 | 0.05831  0.00051 #5 2.62335 0.00017 | 0.05817  0.00054
#6 2.62244  0.00016 | 0.05927  0.00049 #7 2.62283 0.00017 | 0.05712  0.0005
#8 2.62297  0.0002 0.05792  0.00061 #9 2.62301  0.00018 | 0.05785  0.00056
#10 | 2.62275 0.00025 | 0.05877  0.00075 #11 | 2.62333  0.0002 0.05711  0.00059
#12 | 2.62323  0.0002 0.05794  0.00063 #13 | 2.62311 0.00019 | 0.05835 0.00059
#14 | 2.62371 0.00022 | 0.05741 0.0007 #15 | 2.62329 0.00023 | 0.05881  0.00069
#16 | 2.62321 0.00022 | 0.05989 0.00064 #17 | 2.62326 0.00022 | 0.05968 0.00064
#18 | 2.62306 0.00021 | 0.05859  0.00064 #19 | 2.62313 0.00022 | 0.06051 0.00064
#20 | 2.62478 0.00025 | 0.05867  0.00079 #21 | 2.62289 0.00026 | 0.0615 0.00076
#22 | 2.62304 0.00025 | 0.05865 0.00074 #23 | 2.62359 0.00022 | 0.05817 0.0007
#24 | 2.62284 0.00028 | 0.0601 0.00085 #25 | 2.62353 0.00022 | 0.05881 0.00064
#26 | 2.62295 0.00023 | 0.05847 0.00069 #27 | 2.6236 0.00025 | 0.06031  0.00075
#28 | 2.62376 0.00024 | 0.05979 0.00071 #29 | 2.62289 0.00028 | 0.05878  0.00086
#30 | 2.62289 0.00026 | 0.06055 0.00075 #31 | 2.62378 0.00024 | 0.06019 0.00071
#32 | 2.62292 0.00026 | 0.05916  0.00079 #33 | 2.62305 0.00022 | 0.05836  0.00069
#34 | 2.62268 0.00027 | 0.05975 0.00083 #35 | 2.62292 0.00023 | 0.05981 0.00069
#36 | 2.62283  0.00027 | 0.0581 0.00083 #37 | 2.62307 0.00025 | 0.05841 0.00075
#38 | 2.62235 0.00029 | 0.06017  0.00086 #39 | 2.62299 0.00027 | 0.06072  0.00081
#40 | 2.62276 0.00027 | 0.05935 0.00085 #41 | 2.6238 0.00027 | 0.05877  0.00082
#42 | 2.62262 0.00024 | 0.05969 0.00072 #43 | 2.62311 0.00024 | 0.0598 0.00072
#44 | 2.62282 0.00028 | 0.05778  0.00086 #45 | 2.6227 0.00026 | 0.05784  0.00082
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Table E.10: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.19 and Figure E.20. For fits with multiple components,
only fit results of the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.62272  0.0002 0.06312  0.0006 #1 2.62214  0.00016 | 0.0609 0.00048
#2 2.62164  0.0002 0.06131  0.0006 #3 2.62116  0.00023 | 0.06147  0.0007
#4 2.62125 0.00022 | 0.06085  0.00068 #5 2.62219  0.00024 | 0.05961  0.00075
#6 2.62086  0.00022 | 0.05952  0.00069 #7 2.62101  0.00022 | 0.06052  0.00068
#8 2.62123  0.00023 | 0.06003  0.00069 #9 2.62063  0.00025 | 0.0611 0.00076
#10 | 2.62087 0.00024 | 0.06029 0.00072 #11 | 2.62059 0.00023 | 0.06003 0.00072
#12 | 2.62123 0.00023 | 0.06144  0.0007 #13 | 2.62017 0.00022 | 0.06095 0.00067
#14 | 2.62084 0.00024 | 0.06047  0.00067 #15 | 2.62094 0.00026 | 0.05943  0.00077
#16 | 2.62068 0.00024 | 0.06046  0.0007 #17 | 2.62064 0.00025 | 0.05785  0.00079
#18 | 2.62 0.00026 | 0.05979  0.00077 #19 | 2.61975 0.00024 | 0.05977  0.00075
#20 | 2.62088 0.00026 | 0.0599 0.00078 #21 | 2.62101 0.00022 | 0.06075 0.00068
#22 | 2.62121 0.00028 | 0.06004 0.00088 #23 | 2.62082 0.00027 | 0.05933 0.0008
#24 | 2.62051 0.00027 | 0.05906 0.00081 #25 | 2.62069 0.00022 | 0.0604 0.00069
#26 | 2.61939 0.00029 | 0.06072 0.00085 #27 | 2.62061 0.00024 | 0.05978 0.00071
#28 | 2.62045 0.00023 | 0.05882  0.00069 #29 | 2.62045 0.0003 0.0628 0.00088
#30 | 2.61982 0.0003 0.06143  0.00085 #31 | 2.62031 0.00027 | 0.06061 0.00079
#32 | 2.62046 0.00031 | 0.06078  0.00092 #33 | 2.62014 0.00029 | 0.05929  0.00087
#34 | 2.62025 0.00028 | 0.06067 0.00083 #35 | 2.62023  0.0003 0.06101  0.00086
#36 | 2.61986 0.00033 | 0.06056  0.00094 #37 | 2.61948 0.00032 | 0.06121 0.00093
#38 | 2.61988 0.00033 | 0.0598 0.00101 #39 | 2.61951 0.00032 | 0.06072  0.00093
#40 | 2.62045 0.00033 | 0.06043 0.001 #41 | 2.62082 0.00029 | 0.05702 0.00087
#42 | 2.62107 0.00031 | 0.06093  0.0009 #43 | 2.61996 0.00034 | 0.06038 0.00105
#44 | 2.62038 0.00029 | 0.06173  0.00082 #45 | 2.62034  0.0003 0.0592 0.0009
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Table E.11: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.21. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.61472  0.00024 | 0.06129  0.00074 #1 2.61926  0.00038 | 0.06266 0.00124
#2 2.61846  0.00039 | 0.06296 0.00124 #3 2.61845 0.00044 | 0.06532  0.00135
#4 2.61854  0.00047 | 0.06457  0.00147 #5 2.62 0.00054 | 0.06571 0.00176
#6 2.61956  0.00063 | 0.06511  0.00206 #7 2.62095 0.00067 | 0.0637 0.00218
#8 2.61448 0.00033 | 0.06166  0.00096 #9 2.61422  0.00036 | 0.06005 0.00104
#10 | 2.61974 0.00056 | 0.06047 0.00191 #11 | 2.61449 0.00036 | 0.06091 0.00101
#12 | 2.61474 0.00044 | 0.06067 0.0013 #13 | 2.61455 0.00041 | 0.06299 0.00116
#14 | 2.62038 0.00077 | 0.06278  0.00299 #15 | 2.61445 0.00046 | 0.06159 0.00134
#16 | 2.61587 0.00052 | 0.06495 0.00152 #17 | 2.61532 0.00044 | 0.06278 0.00121
#18 | 2.62072 0.00077 | 0.06546  0.00249 #19 | 2.61381 0.00028 | 0.06232 0.0008

#20 | 2.61606 0.00039 | 0.06404 0.00115 #21 | 2.61982 0.00079 | 0.06525 0.00233
#22 | 2.61724 0.00044 | 0.06361 0.0014 #23 | 2.61955 0.00051 | 0.06324 0.00156
#24 | 2.62119 0.0009 0.06034  0.00272 #25 | 2.61814 0.00053 | 0.06557 0.00173
#26 | 2.62053 0.001 0.06226  0.00308 #27 | 2.61926 0.00053 | 0.06286 0.00163
#28 | 2.61835 0.00051 | 0.06643 0.00152 #29 | 2.62024 0.00111 | 0.06637  0.00332
#30 | 2.62093 0.00104 | 0.06095 0.00363 #31 | 2.61633 0.0004 0.06321  0.00119
#32 | 2.61879 0.00061 | 0.06606 0.0018 #33 | 2.62094 0.00103 | 0.06509 0.00292
#34 | 2.61516 0.00034 | 0.06344 0.00097 #35 | 2.61551 0.00035 | 0.0605 0.00104
#36 | 2.61543 0.0004 0.06466  0.00118 #37 | 2.61659 0.00044 | 0.06392 0.00131
#38 | 2.61544 0.00037 | 0.06312 0.00109 #39 | 2.61529 0.00035 | 0.06405 0.00104
#40 | 2.6148 0.00036 | 0.06359 0.00101 #41 | 2.61554 0.00037 | 0.06336 0.00111
#42 | 2.61431 0.00035 | 0.06268 0.00097 #43 | 2.6163 0.00042 | 0.06109 0.00123
#44 | 2.61571 0.00041 | 0.06193 0.0012 #45 | 2.6171 0.00024 | 0.06342  0.00069
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Table E.12: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.22. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94482  0.00015 | 0.16943  0.00045 #1 0.94435 0.00015 | 0.16893  0.00045
#2 0.9438 0.00014 | 0.16977  0.00043 #3 0.94318 0.00015 | 0.17075  0.00044
#4 0.94374 0.00016 | 0.16999  0.00048 #5 0.94327  0.00016 | 0.17022  0.00049
#6 0.94293  0.00017 | 0.17077  0.0005 #7 0.94287  0.00016 | 0.17115  0.00047
#8 0.94268 0.00016 | 0.17127  0.00047 #9 0.94237  0.00016 | 0.17154  0.00048
#10 0.94248  0.00015 0.17113  0.00045 #11 0.94277  0.00015 0.17116  0.00046
#12 | 0.94266 0.00016 | 0.17127  0.00047 #13 | 0.94257 0.00015 | 0.17123  0.00046
#14 | 0.94233 0.00015 | 0.17119  0.00045 #15 | 0.94222 0.00015 | 0.17134  0.00046
#16 | 0.94211 0.00014 | 0.17123  0.00043 #17 | 0.94214 0.00015 | 0.1717 0.00046
#18 | 0.9421 0.00015 | 0.17114  0.00045 #19 | 0.9421 0.00014 | 0.16957  0.00042
#20 | 0.94199 0.00014 | 0.16979 0.00043 #21 | 0.94217 0.00015 | 0.16969 0.00045
#22 | 0.94198 0.00014 | 0.16955 0.00043 #23 | 0.94196 0.00014 | 0.16931  0.00042
#24 0.9419 0.00014 0.16951 0.00043 #25 0.94188  0.00015 0.17026  0.00046
#26 | 0.94195 0.00015 | 0.16965  0.00046 #27 | 0.94204 0.00015 | 0.16975 0.00044
#28 | 0.94195 0.00014 | 0.16919  0.00043 #29 | 0.94198 0.00015 | 0.16935 0.00045
#30 | 0.94211 0.00015 | 0.16856  0.00045 #31 | 0.9421 0.00015 | 0.16877  0.00045
#32 | 0.94227 0.00015 | 0.16848 0.00045 #33 | 0.94224 0.00015 | 0.16795  0.00045
#34 | 0.94234 0.00015 | 0.16786  0.00045 #35 | 0.94229 0.00015 | 0.16776  0.00045
#36 | 0.94234 0.00015 | 0.16745 0.00044 #37 | 0.94244 0.00014 | 0.16709  0.00043
#38 | 0.94241 0.00014 | 0.16683  0.00042 #39 | 0.94251 0.00015 | 0.16639  0.00046
#40 | 0.94253 0.00014 | 0.1661 0.00042 #41 | 0.94253 0.00015 | 0.16574  0.00045
#42 0.94262  0.00015 0.16614  0.00045
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Figure E.23: Out of plane scans along (), recorded at 573 K.
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Table E.13: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.23. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 0.94049 0.00011 | 0.13306 0.00032 #1 0.93986  0.00011 | 0.13088 0.00031
#2 0.93962  0.0001 0.12943  0.00028 #3 0.93982  0.0001 0.12844  0.00029
#4 0.9392 9e-05 0.12705  0.00026 #5 0.93926  9e-05 0.12514  0.00026
#6 0.93947  0.0001 0.1239 0.00028 #7 0.93934  9e-05 0.12256  0.00025
#8 0.93944  0.0001 0.12153  0.00027 #9 0.9393 9e-05 0.12111  0.00027
#10 | 0.9393 0.0001 0.12035  0.00027 #11 | 0.93925 9e-05 0.1198 0.00027
#12 | 0.93916 0.0001 0.11956  0.00028 #13 | 0.9392 0.00011 | 0.11916  0.0003
#14 | 0.93925 0.0001 0.11909  0.00029 #15 | 0.93915 0.0001 0.11888  0.00029
#16 | 0.9392 0.00011 | 0.11889  0.00031 #17 | 0.93926  0.0001 0.118 0.0003
#18 | 0.93903 0.00011 | 0.11771  0.00031 #19 | 0.93905 0.00011 | 0.11815 0.00032
#20 | 0.93916 0.00011 | 0.11758  0.0003 #21 | 0.93898 0.00011 | 0.11749  0.00032
#22 | 0.93897 0.00011 | 0.11752  0.00032 #23 | 0.93895 0.00011 | 0.11752  0.0003
#24 | 0.93896 0.00012 | 0.1172 0.00033 #25 | 0.93899 0.0001 0.11705  0.00029
#26 | 0.93904 0.00011 | 0.11682  0.00031 #27 | 0.93892 0.00011 | 0.11715 0.00031
#28 | 0.93897 0.00012 | 0.11678 0.00032 #29 | 0.93903 0.00011 | 0.11659  0.0003
#30 | 0.93893 0.00011 | 0.11665 0.00032

Table E.14: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.24. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94564 0.00012 | 0.12277  0.00034 #1 0.94476  0.00012 | 0.1233 0.00034
#2 0.94399 0.00011 | 0.12387  0.00033 #3 0.94361  0.00013 | 0.12401  0.00037
#4 0.94306 0.00011 | 0.12434 0.00033 #5 0.94274  0.00013 | 0.12454  0.00037
#6 0.94226  0.00011 | 0.12433 0.00033 #7 0.94203 0.00012 | 0.12524  0.00035
#8 0.94176  0.00013 | 0.12557  0.00037 #9 0.9417 0.00012 | 0.12635 0.00035
#10 | 0.94147 0.00013 | 0.12641 0.00039 #11 | 0.94131 0.00012 | 0.12589  0.00036
#12 | 0.94112 0.00013 | 0.12661  0.00037 #13 | 0.94134 0.00012 | 0.12731  0.00035
#14 | 0.94094 0.00014 | 0.12698 0.00039 #15 | 0.94049 0.00015 | 0.12727  0.00044
#16 | 0.94057 0.00014 | 0.12765 0.0004 #17 | 0.94063 0.00016 | 0.12828  0.00046
#18 | 0.94017 0.00016 | 0.12629  0.00049 #19 | 0.94028 0.00015 | 0.12872  0.00043
#20 | 0.94033 0.00016 | 0.12811  0.00046 #21 | 0.94033 0.00013 | 0.1278 0.00039
#22 | 0.94049 0.00015 | 0.12931 0.00044 #23 | 0.94018 0.00018 | 0.12984  0.00051
#24 | 0.94025 0.00016 | 0.12907 0.00046 #25 | 0.94022 0.00015 | 0.1297 0.00045
#26 | 0.94031 0.00015 | 0.13004 0.00044 #27 | 0.94006 0.00016 | 0.12975  0.00047
#28 | 0.94012 0.00015 | 0.13067  0.00045 #29 | 0.93993 0.00016 | 0.12853  0.00048
#30 | 0.93969 0.00015 | 0.13005 0.00044 #31 | 0.94001 0.00017 | 0.1305 0.00048
#32 | 0.94008 0.00016 | 0.13018 0.00046 #33 | 0.93971 0.00016 | 0.13129  0.00047
#34 | 0.93992 0.00015 | 0.13173  0.00042 #35 | 0.93984 0.00015 | 0.1314 0.00043
#36 | 0.93984 0.00016 | 0.13242  0.00045 #37 | 0.93964 0.00017 | 0.13147  0.00049
#38 | 0.93937 0.00016 | 0.13235 0.00045 #39 | 0.93986 0.00018 | 0.13206  0.00054
#40 | 0.93941 0.00017 | 0.12983  0.00051 #41 | 0.93927 0.00017 | 0.13213  0.00048
#42 | 0.93964 0.00016 | 0.1322 0.00046 #43 | 0.9394 0.00016 | 0.1317 0.00046
#44 | 0.93977 0.00017 | 0.13245 0.00049 #45 | 0.93942 0.00017 | 0.13261  0.00048
#46 | 0.93987 0.00018 | 0.13369 0.00051
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Figure E.24: Out of plane scans along ()., recorded at 623 K.
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Table E.15: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.25. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94115  0.00017 | 0.13256  0.00052 #1 0.94055 0.00017 | 0.13581  0.00048
#2 0.93938 0.00018 | 0.13458 0.00051 #3 0.93919 0.00018 | 0.13494 0.00051
#4 0.93836  0.00019 | 0.13474  0.00056 #5 0.93743  0.00022 | 0.13256  0.00064
#6 0.93771  0.0002 0.13552  0.00056 #7 0.93775 0.00019 | 0.13533  0.00055
#8 0.93746  0.00023 | 0.13657  0.00065 #9 0.93692  0.00024 | 0.13599  0.00068
#10 | 0.93663 0.00021 | 0.1354 0.00059 #11 | 0.93688 0.00024 | 0.13585 0.00067
#12 | 0.93686 0.00022 | 0.13573  0.00061 #13 | 0.93667 0.00018 | 0.13533  0.00052
#14 | 0.93705 0.00025 | 0.13598  0.00071 #15 | 0.93626 0.00023 | 0.13486  0.00066
#16 | 0.9362 0.00021 | 0.1345 0.00059 #17 | 0.93601 0.00026 | 0.1364 0.00073
#18 | 0.93629 0.00023 | 0.13558  0.00066 #19 | 0.93689 0.00026 | 0.13497 0.00072
#20 | 0.93652 0.00025 | 0.13649 0.0007 #21 | 0.93654 0.00022 | 0.13503 0.00063
#22 | 0.93631 0.00024 | 0.13626  0.00067 #23 | 0.93708 0.00022 | 0.13518 0.00062
#24 | 0.93615 0.00024 | 0.13618 0.00069 #25 | 0.93619 0.00023 | 0.13567  0.00065
#26 | 0.93662 0.00027 | 0.13578  0.00076 #27 | 0.93668 0.00024 | 0.13604 0.00068
#28 | 0.9359 0.00024 | 0.13556  0.00067 #29 | 0.93663 0.00025 | 0.1361 0.00069
#30 | 0.93632 0.00026 | 0.13593 0.00074 #31 | 0.93681 0.00024 | 0.13603 0.00068
#32 | 0.93617 0.00027 | 0.13544 0.00074 #33 | 0.93599 0.00026 | 0.13577 0.00074
#34 | 0.93635 0.00025 | 0.13514  0.00069 #35 | 0.93618 0.00025 | 0.13491 0.00069
#36 | 0.93576 0.00028 | 0.13531  0.00077 #37 | 0.93602 0.00027 | 0.13635 0.00075
#38 | 0.93703 0.00027 | 0.13643 0.00075 #39 | 0.93661 0.00025 | 0.13616 0.00071
#40 | 0.93692 0.00026 | 0.13672 0.00073 #41 | 0.93614 0.00027 | 0.13479  0.00077
#42 | 0.93658 0.00028 | 0.13623  0.00077 #43 | 0.93653 0.00027 | 0.13625 0.00074
#44 | 0.93653 0.00025 | 0.13615 0.00071 #45 | 0.93678 0.00025 | 0.13719  0.00072
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Table E.16: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.26. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 0.94147  0.00019 | 0.13692  0.00056 #1 0.94079  0.0002 0.13802  0.00058
#2 0.94066  0.00023 | 0.13995 0.00066 #3 0.93967  0.00023 | 0.14208 0.00065
#4 0.93909 0.00025 | 0.14095 0.00071 #5 0.93893  0.00027 | 0.14059 0.00076
#6 0.9393 0.00029 | 0.14025 0.00083 #7 0.93949 0.00035 | 0.14112 0.001
#8 0.93881  0.00032 | 0.14023 0.00091 #9 0.93841  0.00035 | 0.13908  0.00099
#10 | 0.93968 0.00041 | 0.14067 0.00115 #11 | 0.93843 0.00035 | 0.13964 0.00097
#12 | 0.93908 0.00042 | 0.13843 0.00117 #13 | 0.93851 0.00043 | 0.13925 0.0012
#14 | 0.93817 0.00038 | 0.141 0.00106 #15 | 0.93856 0.00045 | 0.1394 0.00126
#16 | 0.93799 0.00039 | 0.13803 0.00108 #17 | 0.93668 0.00038 | 0.13789  0.00107
#18 | 0.93801 0.00039 | 0.13908 0.0011 #19 | 0.93818 0.0004 0.13819  0.00111
#20 | 0.93686 0.00041 | 0.13928 0.00115 #21 | 0.93819 0.00043 | 0.13952 0.0012
#22 | 0.93663 0.00042 | 0.13924 0.00117 #23 | 0.93725 0.00046 | 0.13574 0.00129
#24 | 0.93819 0.00043 | 0.13719 0.00119 #25 | 0.9381 0.00045 | 0.13785 0.00126
#26 | 0.93714 0.00049 | 0.13869 0.00138 #27 | 0.93709 0.00048 | 0.13696 0.00134
#28 | 0.93635 0.00048 | 0.13654 0.00134 #29 | 0.93705 0.00049 | 0.13719 0.00137
#30 | 0.93718 0.00052 | 0.13736  0.00144 #31 | 0.93787 0.00051 | 0.13698 0.00141
#32 | 0.93585 0.00051 | 0.13785 0.00141 #33 | 0.93694 0.00052 | 0.13802 0.00146
#34 | 0.93598 0.00051 | 0.13929 0.00142 #35 | 0.93661 0.00054 | 0.13854  0.00152
#36 | 0.93739 0.00047 | 0.13861 0.00131 #37 | 0.93709 0.00049 | 0.13854 0.00137
#38 | 0.93718 0.00056 | 0.13828 0.00158 #39 | 0.93758 0.00049 | 0.13642 0.00138
#40 | 0.9366 0.00054 | 0.13644 0.00152 #41 | 0.93792 0.00055 | 0.13694 0.00152
#42 | 0.93796 0.00059 | 0.13562 0.00164 #43 | 0.93625 0.00052 | 0.13858 0.00144
#44 | 0.93655 0.00047 | 0.13599 0.00132

Table E.17: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.27. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error | Value Error Value Error | Value Error

#0 0.95082  Te-05 0.10101 0.00022 #1 0.9508 Te-05 0.10192  0.00021
#2 0.95071  7e-05 | 0.1027 0.00022 #3 0.95057  7e-05 | 0.10316  0.00021
#4 0.95047 Te-05 | 0.10372  0.00022 #5 0.9504 7e-05 | 0.10382  0.00022
#6 0.95032  7e-05 | 0.10442  0.00021 #7 0.95022  7e-05 | 0.10458  0.00022
#8 0.95012  7e-05 | 0.10484  0.00022 #9 0.95013  8e-05 | 0.10502  0.00023
#10 | 0.95011 7e-05 | 0.10515 0.00021 #11 | 0.95011 7e-05 | 0.10531  0.00021
#12 | 0.94998 Te-05 | 0.10539  0.00022 #13 | 0.95002 8e-05 | 0.10558  0.00023
#14 0.94999  Te-05 0.10555  0.00022 #15 0.94987  8e-05 0.10554  0.00023
#16 | 0.94997 8e-05 | 0.10569  0.00022 #17 | 0.95003 8e-05 | 0.10554 0.00023
#18 | 0.94989 8e-05 | 0.10576  0.00023 #19 | 0.94989 8e-05 | 0.10569  0.00023
#20 | 0.94988 Te-05 | 0.10561  0.00021 #21 | 0.94994 Te-05 | 0.10557  0.00022
#22 | 0.94997 8e-05 | 0.10557  0.00023 #23 | 0.94997 8e-05 | 0.10549  0.00023
#24 | 094994 Te-05 | 0.10547  0.00022 #25 | 0.94993 8e-05 | 0.1057 0.00023
#26 | 0.94984 8e-05 | 0.10557  0.00023 #27 | 0.94983 Te-05 | 0.10566  0.00022
#28 0.94975  8e-05 0.10576  0.00023 #29 0.94998  8e-05 0.10571 0.00023
#30 | 0.94998 8e-05 | 0.1057 0.00023 #31 | 0.94981 Te-05 | 0.10569  0.00021
#32 | 0.94993 8e-05 | 0.10556  0.00023 #33 | 0.94985 7e-05 | 0.10553  0.00022
#34 | 0.94996 Te-05 | 0.10545 0.00022 #35 | 0.94987 Te-05 | 0.10554  0.00022
#36 | 0.94998 8e-05 | 0.10551  0.00023 #37 | 0.94989 8e-05 | 0.10565 0.00024
#38 | 0.94999 8e-05 | 0.10564  0.00023 #39 | 0.94994 8e-05 | 0.10559  0.00023
#40 | 0.94986 8e-05 | 0.10572  0.00024
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Figure E.27: Out of plane scans along ()., recorded at 523 K.
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Table E.18: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.28. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94586  9e-05 0.10896  0.00026 #1 0.94532  9e-05 0.11117  0.00028
#2 0.94499  9e-05 0.11386  0.00029 #3 0.94494  0.0001 0.11604  0.00031
#4 0.94492  0.0001 0.11766  0.00032 #5 0.945 0.0001 0.11845  0.00032
#6 0.94502 0.00011 | 0.11936  0.00035 #7 0.94506  0.0001 0.11951  0.00031
#8 0.94518 0.00012 | 0.11967  0.00036 #9 0.94516  0.00011 | 0.11923  0.00035
#10 0.94545  0.00012 0.11907  0.00038 #11 0.94537  0.00012 0.11966  0.00037
#12 | 0.94536  0.00013 | 0.11914 0.0004 #13 | 0.94561 0.00012 | 0.11899  0.00038
#14 0.94535  0.00012 0.11963  0.00037 #15 0.94579  0.00012 0.11964  0.00037
#16 | 0.94586 0.00012 | 0.11862 0.00038 #17 | 0.94569 0.00012 | 0.11823  0.00037
#18 | 0.94595 0.00012 | 0.11825 0.00038 #19 | 0.9459 0.00013 | 0.1187 0.00039
#20 | 0.94601 0.00013 | 0.11839  0.00041 #21 | 0.94597 0.00013 | 0.11864 0.0004

#22 | 0.94611 0.00013 | 0.11855 0.00042 #23 | 0.94615 0.00012 | 0.11913 0.00038
#24 | 0.94619 0.00013 | 0.11837  0.0004 #25 | 0.94618 0.00013 | 0.11908 0.0004

#26 | 0.94647 0.00013 | 0.11855 0.00039 #27 | 0.94618 0.00013 | 0.11867 0.0004

#28 0.94637  0.00013 0.11887  0.00041 #29 0.94635 0.00013 0.1183 0.00041
#30 | 0.94619 0.00013 | 0.11891  0.0004 #31 | 0.94631 0.00013 | 0.11805 0.00041
#32 | 0.94634 0.00014 | 0.11842  0.00042 #33 | 0.94655 0.00013 | 0.11817  0.00042
#34 | 0.94633 0.00014 | 0.1185 0.00042 #35 | 0.94638 0.00013 | 0.11876  0.00041
#36 | 0.94619 0.00014 | 0.11806  0.00044 #37 | 0.9465 0.00013 | 0.11843  0.00039
#38 | 0.94641 0.00013 | 0.11814 0.00041 #39 | 0.94674 0.00013 | 0.11841 0.0004

Table E.19: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.29. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94694 0.00015 | 0.119 0.00045 #1 0.94681  0.00015 | 0.11889  0.00045
#2 0.94652  0.00015 | 0.11948 0.00045 #3 0.94646  0.00016 | 0.1185 0.0005

#4 0.94604 0.00016 | 0.118 0.00049 #5 0.94602  0.00017 | 0.11895 0.00051
#6 0.94617 0.00017 | 0.11862 0.0005 #7 0.94579  0.00017 | 0.11874  0.00053
#8 0.9458 0.00017 | 0.11933  0.00052 #9 0.94583  0.00018 | 0.11863  0.00054
#10 | 0.94564 0.00018 | 0.11904 0.00055 #11 | 0.94592 0.00018 | 0.11864  0.00055
#12 | 0.94577 0.00019 | 0.11955 0.00057 #13 | 0.94577  0.0002 0.11935  0.00059
#14 | 0.94536  0.00019 | 0.11986  0.00058 #15 | 0.94557  0.0002 0.12009  0.00059
#16 | 0.94542  0.0002 0.12009  0.00061 #17 | 0.94511 0.00021 | 0.12028 0.00063
#18 | 0.94563 0.00019 | 0.12001  0.00057 #19 | 0.94544  0.0002 0.12006  0.0006

#20 | 0.9455 0.0002 0.11999  0.0006 #21 | 0.94548 0.00021 | 0.12026  0.00063
#22 | 0.94538 0.0002 0.1207 0.0006 #23 | 0.94539 0.00021 | 0.11991 0.00063
#24 | 0.94538 0.00021 | 0.12039  0.00065 #25 | 0.94531 0.00021 | 0.12127 0.00062
#26 | 0.94539 0.00022 | 0.12084 0.00066 #27 | 0.94572 0.00021 | 0.12096 0.00063
#28 | 0.94505 0.00022 | 0.12115 0.00066 #29 | 0.94516 0.00022 | 0.12128 0.00067
#30 | 0.94514  0.0002 0.12088  0.0006 #31 | 0.94551 0.00022 | 0.12161 0.00065
#32 | 0.94549 0.00022 | 0.12105 0.00065 #33 | 0.94484 0.00022 | 0.12135 0.00066
#34 | 0.94506 0.00023 | 0.12106 0.00067 #35 | 0.94525 0.00022 | 0.12224  0.00064
#36 | 0.94552  0.00023 | 0.12145 0.00069 #37 | 0.94543 0.00022 | 0.12173  0.00066
#38 | 0.94522 0.00022 | 0.12101  0.00065 #39 | 0.94508 0.00023 | 0.12184 0.00068
#40 | 0.9452 0.00022 | 0.12223  0.00066 #41 | 0.94574 0.00022 | 0.12062 0.00066
#42 | 0.94532 0.00023 | 0.1215 0.00068 #43 | 0.94575 0.00022 | 0.12231 0.00064
#44 | 0.94548 0.00023 | 0.12199 0.00069 #45 | 0.94532 0.00024 | 0.12332  0.00069
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Figure E.29: Out of plane scans along ()., recorded at 623 K.
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Figure E.30: Out of plane scans along ()., recorded at 673 K.
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Table E.20: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.30. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94572  0.00039 | 0.12689 0.00112 #1 0.94602  0.00038 | 0.12576  0.00109
#2 0.94618  0.00037 | 0.12568 0.00106 #3 0.94533  0.00043 | 0.12696 0.00122
#4 0.94498  0.00039 | 0.12581 0.00113 #5 0.94459  0.00044 | 0.12995 0.00125
#6 0.945 0.00045 | 0.12817 0.00127 #7 0.94532  0.00042 | 0.12641 0.00118
#8 0.94386  0.00046 | 0.12647 0.0013 #9 0.94551  0.00044 | 0.12644 0.00122
#10 | 0.94504 0.00045 | 0.12804 0.00126 #11 | 0.94489 0.00047 | 0.12824 0.00131
#12 | 0.94335 0.00048 | 0.12624 0.00134 #13 | 0.94506 0.00049 | 0.12819 0.00136
#14 | 0.94469 0.00052 | 0.12996 0.00145 #15 | 0.9456 0.00053 | 0.12842  0.00149
#16 | 0.94395 0.00053 | 0.12853  0.00148 #17 | 0.94492 0.00049 | 0.12754 0.00135
#18 | 0.94398 0.00054 | 0.12782  0.0015 #19 | 0.94399 0.00057 | 0.12912 0.00158
#20 | 0.94338 0.0006 0.12853  0.00166 #21 | 0.94426 0.00053 | 0.12902 0.00149
#22 | 0.94455 0.00057 | 0.13219 0.00158 #23 | 0.94449 0.00057 | 0.12897 0.00159
#24 | 0.94448 0.00054 | 0.12874 0.0015 #25 | 0.94596 0.00053 | 0.128 0.00147
#26 | 0.94399 0.00054 | 0.12753 0.00151 #27 | 0.94373 0.00055 | 0.12828 0.00154
#28 | 0.94443 0.00056 | 0.13147 0.00156 #29 | 0.94344 0.00059 | 0.12963 0.00166
#30 | 0.9435 0.00062 | 0.12853 0.00172 #31 | 0.94512 0.00058 | 0.13065 0.00162
#32 | 0.94372 0.00057 | 0.12908 0.00158 #33 | 0.94365 0.0006 0.12923  0.00168
#34 | 0.94327 0.0006 0.12726  0.00168 #35 | 0.94449  0.0006 0.12965 0.00168
#36 | 0.94487 0.00061 | 0.12916 0.00171 #37 | 0.94423 0.00059 | 0.12837 0.00164
#38 | 0.94485 0.00058 | 0.13118 0.00162 #39 | 0.94388 0.00056 | 0.1304 0.00155
#40 | 0.94364 0.00061 | 0.13111 0.00169 #41 | 0.94483 0.00059 | 0.12843 0.00165
#42 | 0.94487 0.00059 | 0.12895 0.00165 #43 | 0.94425 0.00053 | 0.12777 0.00146
#44 | 0.94543  0.0006 0.12819  0.00168 #45 | 0.94516  0.0006 0.12636  0.00167
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Table E.21: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.31 and Figure E.32. For fits with multiple components,
only fit results of the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94677  0.00045 | 0.13416  0.00126 #1 0.94719  0.00047 | 0.13252  0.00131
#2 0.94623 0.00051 | 0.13302 0.00143 #3 0.94519  0.00051 | 0.13221  0.00142
#4 0.94711  0.0005 0.13046  0.00141 #5 0.94548  0.00063 | 0.13281 0.00176
#6 0.9456 0.00046 | 0.1299 0.00128 #7 0.94577  0.00045 | 0.12833  0.00125
#8 0.94613  0.00043 | 0.1298 0.0012 #9 0.94697  0.00049 | 0.13242 0.00137
#10 | 0.94571 0.00045 | 0.12937 0.00126 #11 | 0.94526 0.00046 | 0.12785 0.00129
#12 | 0.94663 0.00051 | 0.12979 0.00141 #13 | 0.94651 0.00056 | 0.12808 0.00156
#14 | 0.94679 0.00047 | 0.12916 0.00131 #15 | 0.94695 0.0005 0.13167  0.0014

#16 | 0.94586  0.0005 0.13038  0.00139 #17 | 0.94707  0.0006 0.13036  0.00168
#18 | 0.94672  0.0006 0.13018  0.00167 #19 | 0.9463 0.00062 | 0.13213 0.00174
#20 | 0.94411 0.00065 | 0.13203 0.0018 #21 | 0.94656 0.00061 | 0.13113 0.00169
#22 | 0.94665 0.00066 | 0.13047 0.00184 #23 | 0.94716 0.00065 | 0.12939 0.0018

#24 | 0.94588 0.00067 | 0.1284 0.00185 #25 | 0.94588 0.00069 | 0.13126 0.00191
#26 | 0.94714 0.00063 | 0.13 0.00175 #27 | 0.9466 0.0007 0.1306 0.00195
#28 | 0.94645 0.00071 | 0.12967 0.00197 #29 | 0.94572 0.00071 | 0.12989 0.00196
#30 | 0.94752 0.00068 | 0.12809 0.00189 #31 | 0.94671 0.00065 | 0.12782  0.00181
#32 | 0.94646 0.00072 | 0.1308 0.002 #33 | 0.94539 0.00071 | 0.12983 0.00198
#34 | 0.94433 0.00075 | 0.12823  0.00208 #35 | 0.94615 0.00072 | 0.12645 0.00201
#36 | 0.94619 0.00076 | 0.12916  0.00212 #37 | 0.94416 0.00081 | 0.13141 0.00225
#38 | 0.94504 0.00074 | 0.13141  0.00207 #39 | 0.94608 0.00082 | 0.13006 0.00227
#40 | 0.94556  0.00073 | 0.12864 0.00204 #41 | 0.94393 0.00076 | 0.12792 0.0021

#42 | 0.94525 0.00075 | 0.12926  0.00208 #43 | 0.94468 0.00083 | 0.12858 0.00231
#44 | 0.9453 0.00081 | 0.12863  0.00225 #45 | 0.94577  0.00077 | 0.1305 0.00215
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Figure E.33: Out of plane scans along ()., recorded at 773 K.
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Table E.22: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.33. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 0.948 0.00037 | 0.12849  0.00167 #1 0.94111  0.0005 0.13149  0.00234
#2 0.9413 0.0006 0.13046  0.00278 #3 0.94011  0.00063 | 0.13167 0.00272
#4 0.94018 0.00065 | 0.1325 0.00321 #5 0.93915 0.00146 | 0.12968  0.00442
#6 0.93651  0.00088 | 0.13631  0.00513 #7 0.94493  0.00049 | 0.12947  0.00208
#8 0.945 0.00051 | 0.13458 0.00238 #9 0.94425 0.00059 | 0.13224 0.00296
#10 | 0.94165 0.00067 | 0.12877  0.00296 #11 | 0.94433 0.00049 | 0.13201 0.0028
#12 | 0.94172 0.00065 | 0.13023 0.00276 #13 | 0.94026 0.00065 | 0.13134 0.0032
#14 | 0.94387 0.00063 | 0.12654  0.00251 #15 | 0.9278 0.00129 | 0.1197 0.00456
#16 | 0.93943 0.00176 | 0.12886  0.00734 #17 | 0.94772  0.00042 | 0.12693 0.00203
#18 | 0.94424  0.0005 0.12874  0.00212 #19 | 0.94272 0.00062 | 0.13285 0.00272
#20 | 0.93864 0.00077 | 0.12727  0.00342 #21 | 0.9399 0.00067 | 0.1297 0.00281
#22 | 0.93879  0.0007 0.12709  0.00306 #23 | 0.94012 0.00079 | 0.12628 0.00312
#24 | 0.9453 0.00053 | 0.13048 0.00227 #25 | 0.94028 0.00083 | 0.12099 0.00301
#26 | 0.94669  0.0005 0.12592  0.00201 #27 | 0.94567 0.00053 | 0.13105 0.00228
#28 | 0.93212 0.00115 | 0.12574 0.00536 #29 | 0.94578 0.00047 | 0.12481 0.00187
#30 | 0.94569 0.00064 | 0.12693  0.00259 #31 | 0.94684 0.00054 | 0.12736 0.00218
#32 | 0.94641 0.00051 | 0.12866  0.00242 #33 | 0.94712 0.00049 | 0.12892 0.00212
#34 | 0.94708 0.00054 | 0.12713 0.00219 #35 | 0.94919 0.00049 | 0.12722 0.002
#36 | 0.94569 0.00072 | 0.12778  0.00294 #37 | 0.94643 0.00053 | 0.13129 0.00239
#38 | 0.94592 0.00074 | 0.12703 0.00315 #39 | 0.94587 0.00058 | 0.12702 0.00245
#40 | 0.94589 0.00059 | 0.12983  0.00249 #41 | 0.94722 0.00057 | 0.13023 0.00255
#42 | 0.94731  0.0005 0.12681  0.00211 #43 | 0.94326 0.00066 | 0.12821  0.00293
#44 | 0.94377 0.00068 | 0.13052  0.00288 #45 | 0.94787 0.00067 | 0.12606 0.00278

319



Pd/Al,0; - Pd(111) radial

| [arb.]

I [arb.]

| [arb.]

§ 5 S Sy Sy )y v

| [arb.]

el e e
==l

A\
A
A
A

el
=l
el

2,75 3.00 2.75 3.00 2.75 3.00 2.75 3.00 2.75 3.00 2.75 3.00 2.75 3.00

QI1/A1 QI1/Al QIl1/A1 QI1/Al QIL/Al  QI1/Al  QI1/A]

| [arb.]

2.75 3.00

Q [1/A]

Figure E.34: Radial scans along ()., recorded at 523 K.
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Table E.23: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.34. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.78624 0.00101 | 0.05885  0.00285 #1 2.78658 0.00103 | 0.05913  0.00295
#2 2.7869 0.00094 | 0.05716  0.00259 #3 2.7859 0.00099 | 0.0565 0.00279
#4 2.78705 0.00098 | 0.05797  0.00268 #5 2.78722  0.00098 | 0.05646  0.00271
#6 2.78636  0.00099 | 0.05538 0.0028 #7 2.78671  0.00105 | 0.0578 0.00287
#8 2.786 0.00105 | 0.05912  0.003 #9 2.78598 0.00102 | 0.05701  0.00288
#10 | 2.78588 0.00102 | 0.05768 0.00282 #11 | 2.78666 0.001 0.0556 0.00282
#12 | 2.78553  0.001 0.05804  0.00276 #13 | 2.78634 0.00104 | 0.05685 0.00287
#14 | 2.78655 0.00104 | 0.05749  0.00294 #15 | 2.78658 0.00103 | 0.05535 0.00291
#16 | 2.78581 0.00104 | 0.05636  0.00287 #17 | 2.78624 0.00107 | 0.05739  0.00295
#18 | 2.78551  0.0011 0.05882  0.00302 #19 | 2.78622 0.00103 | 0.05719  0.00282
#20 | 2.78715 0.00104 | 0.05667  0.00291 #21 | 2.7861 0.00106 | 0.05689  0.00292
#22 | 2.78732 0.00103 | 0.05601 0.00283 #23 | 2.78589 0.00105 | 0.05667  0.00294
#24 | 2.78601 0.00106 | 0.05735 0.00296 #25 | 2.78642 0.00107 | 0.05712 0.00293
#26 | 2.78637 0.00107 | 0.05749  0.00297 #27 | 2.78655 0.00114 | 0.05671  0.00313
#28 | 2.78707 0.00113 | 0.05633 0.00317 #29 | 2.78665 0.0011 0.05802  0.0031

#30 | 2.78651 0.00105 | 0.05337 0.00304 #31 | 2.78625 0.00111 | 0.0569 0.00319
#32 | 2.786 0.00106 | 0.05585  0.00291 #33 | 2.78682 0.00114 | 0.05639  0.00315
#34 | 2.7859 0.00111 | 0.0567 0.00304 #35 | 2.78588 0.00113 | 0.05567  0.00327
#36 | 2.78583 0.00112 | 0.0571 0.00318 #37 | 2.78576  0.00117 | 0.05714 0.0032

#38 | 2.78587 0.00114 | 0.0571 0.00314 #39 | 2.78474 0.00117 | 0.0588 0.0032

#40 | 2.78539 0.00121 | 0.05897 0.00333

Pd/Al, O3 - PdO(101) radial
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Figure E.35: Radial scans recorded at 623 K.
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Table E.24: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.35. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.37021  0.00052 | 0.07217  0.00265 #1 2.36938 0.00052 | 0.07598 0.00314
#2 2.3696 0.0006 0.07403  0.00357 #3 2.37004  0.00055 | 0.07227  0.00289
#4 2.36933  0.00054 | 0.08063  0.00379 #5 2.36932  0.00185 | 0.0764 0.00833
#6 2.37326  0.00102 | 0.06079  0.00481 #7 2.37261  0.00129 | 0.06664 0.00714
#8 2.37482  0.00086 | 0.04879  0.00351 #9 2.3726 0.00149 | 0.06217 0.00703
#10 | 2.3737 0.00077 | 0.05351  0.00299 #11 | 2.37229 0.00118 | 0.06435 0.00526
#12 | 2.37226  0.00149 | 0.06403 0.0059 #13 | 2.37081 0.00053 | 0.07071  0.00295
#14 | 2.37445 0.00096 | 0.05497 0.00416 #15 | 2.37262 0.00131 | 0.06439 0.00634
#16 | 2.37435 0.00106 | 0.05553  0.00438 #17 | 2.37313  0.00107 | 0.06253  0.00423
#18 | 2.37502 0.00153 | 0.05715 0.00608 #19 | 2.37071 0.00175 | 0.07166 0.00738
#20 | 2.37185 0.00198 | 0.07524  0.00932 #21 | 2.37343 0.00129 | 0.06217 0.00619
#22 | 2.37334 0.00139 | 0.06637 0.00525 #23 | 2.37269 0.00158 | 0.06356 0.00616
#24 | 2.3761 0.00103 | 0.05295 0.0041 #25 | 2.37491 0.00101 | 0.054 0.00405
#26 | 2.37221  0.00096 | 0.0662 0.00625 #27 | 2.37213 0.00138 | 0.07063 0.00821
#28 | 2.37363 0.00101 | 0.0609 0.00473 #29 | 2.36921 0.00086 | 0.08826 0.00713
#30 | 2.37487 0.00091 | 0.05194 0.00376 #31 | 2.37266  0.0009 0.06092  0.00466
#32 | 2.37202 0.00144 | 0.06611 0.00703 #33 | 2.37455 0.00095 | 0.05753  0.00418
#34 | 2.37539 0.001 0.05348  0.00399 #35 | 2.37009 0.00108 | 0.06613  0.00549
#36 | 2.37491 0.00105 | 0.05435 0.0042 #37 | 2.37153 0.00142 | 0.07232 0.00715
#38 | 2.37184 0.00125 | 0.0689 0.00789 #39 | 2.37632 0.00113 | 0.05061 0.00507
#40 | 2.3735 0.00135 | 0.06137  0.00565 #41 | 2.37506 0.00162 | 0.058 0.00654
#42 | 2.37543 0.00087 | 0.05143 0.00352 #43 | 2.37413 0.00137 | 0.06358 0.0054
#44 | 2.37386  0.00111 | 0.05798  0.00478 #45 | 2.37234 0.00135 | 0.06567  0.00606
#46 | 2.37375 0.00122 | 0.05953 0.0054
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Table E.25: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.36. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.37132  0.00092 | 0.06215 0.00448 #1 2.37379  0.00045 | 0.05137 0.00168
#2 2.37087 0.00143 | 0.06776  0.00763 #3 2.37247  0.00088 | 0.05573  0.00423
#4 2.37219  0.0007 0.05824  0.00283 #5 2.37352  0.0008 0.05803  0.00486
#6 2.37171  0.00082 | 0.05734  0.00346 #7 2.37321  0.00074 | 0.05132  0.00308
#8 2.37356  0.00099 | 0.05368 0.00413 #9 2.37174  0.00098 | 0.06066 0.00406
#10 | 2.37211 0.00077 | 0.05312 0.00306 #11 | 2.37309 0.0012 0.05662  0.00618
#12 | 2.37528 0.00102 | 0.04995 0.00419 #13 | 2.37182  0.0006 0.06884  0.0031
#14 | 2.36934 0.00243 | 0.08112 0.01881 #15 | 2.37259 0.00107 | 0.05537  0.00445
#16 | 2.37368 0.00087 | 0.05835 0.00383 #17 | 2.37339 0.00087 | 0.05457 0.00331
#18 | 2.36972 0.00133 | 0.07251 0.00725 #19 | 2.37512  0.00073 | 0.05463 0.00459
#20 | 2.37291 0.00059 | 0.05485 0.00221 #21 | 2.37403 0.00093 | 0.05018 0.00354
#22 | 2.37424 0.00081 | 0.05105 0.00295 #23 | 2.374 0.00085 | 0.05682  0.00327
#24 | 2.37306 0.00082 | 0.05046 0.00296 #25 | 2.37208 0.00072 | 0.05556  0.00323
#26 | 2.37214 0.00105 | 0.05915 0.00405 #27 | 2.37331 0.00087 | 0.05672  0.00441
#28 | 2.37121 0.00113 | 0.06072  0.00522 #29 | 2.37177 0.00107 | 0.06349 0.00418
#30 | 2.37354 0.00094 | 0.05527  0.00453 #31 | 2.37071 0.00072 | 0.07746  0.00509
#32 | 2.37279 0.00104 | 0.056 0.00398 #33 | 2.3719 0.00096 | 0.05641  0.00367
#34 | 2.37382 0.00077 | 0.05321  0.00306 #35 | 2.37374  0.0007 0.04915  0.0025
#36 | 2.37331 0.00089 | 0.05712 0.00341 #37 | 2.37426  0.00055 | 0.04739 0.00235
#38 | 2.37448 0.00079 | 0.0549 0.00347 #39 | 2.37654 0.00069 | 0.05384 0.00378
#40 | 2.37485 0.00073 | 0.04845 0.0026 #41 | 2.37239 0.00095 | 0.0556 0.00386
#42 | 2.37246 0.00121 | 0.05738 0.00484 #43 | 2.37389 0.00072 | 0.05115 0.00262
#44 | 2.37512 0.00073 | 0.05494 0.00278 #45 | 2.3735 0.00072 | 0.05631  0.0039
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Figure E.37: Radial scans recorded at 723 K.
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Table E.26: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.37. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.37111  0.00045 | 0.05633  0.00218 #1 2.37117  0.00052 | 0.05617 0.00214
#2 2.37148  0.00042 | 0.05688  0.00178 #3 2.37027  0.00055 | 0.05688  0.00254
#4 2.37266  0.00063 | 0.05148  0.00264 #5 2.37286  0.00058 | 0.05219  0.00215
#6 2.37214  0.00072 | 0.05622  0.00275 #7 2.37356  0.00049 | 0.05316  0.00244
#8 2.37367  0.0006 0.05782  0.00269 #9 2.37161  0.00055 | 0.05377  0.00222
#10 | 2.37153 0.00073 | 0.05598 0.00277 #11 | 2.3746 0.00069 | 0.05136  0.00264
#12 | 2.3709 0.00076 | 0.05639  0.00288 #13 | 2.37204 0.00078 | 0.05764 0.0031

#14 | 2.37332 0.00069 | 0.05424 0.00312 #15 | 2.37261 0.00087 | 0.05895 0.00338
#16 | 2.37167 0.00058 | 0.05122  0.00252 #17 | 2.37395  0.0005 0.05339  0.00247
#18 | 2.37343 0.00052 | 0.05147 0.00192 #19 | 2.37421 0.00057 | 0.05167 0.00233
#20 | 2.37264 0.00059 | 0.04875 0.00212 #21 | 2.37202 0.00069 | 0.05498 0.00335
#22 | 2.37056 0.00071 | 0.06295 0.00288 #23 | 2.37317 0.00079 | 0.05221 0.00293
#24 | 2.37407 0.00073 | 0.05128 0.00266 #25 | 2.37167 0.00083 | 0.05799  0.0032

#26 | 2.37331 0.00073 | 0.05224 0.00272 #27 | 2.37432 0.00064 | 0.04815 0.00224
#28 | 2.37429 0.00083 | 0.05153  0.00302 #29 | 2.37217 0.00093 | 0.05451 0.00349
#30 | 2.3725 0.00063 | 0.05084  0.00229 #31 | 2.37269 0.00069 | 0.0523 0.00283
#32 | 2.37246  0.00073 | 0.05591  0.00303 #33 | 2.37274 0.00076 | 0.05378  0.00284
#34 | 2.37256  0.00063 | 0.05289  0.00234 #35 | 2.37444  0.00071 | 0.05031 0.00255
#36 | 2.37352 0.00065 | 0.04945 0.00234 #37 | 2.37336  0.00062 | 0.05416  0.00302
#38 | 2.37023 0.00075 | 0.05919 0.00301 #39 | 2.37269 0.00055 | 0.04909 0.00197
#40 | 2.37371  0.00071 | 0.05059  0.00254 #41 | 2.3734 0.0008 0.05287  0.00297
#42 | 2.37365 0.00065 | 0.0504 0.00247 #43 | 2.37322 0.00092 | 0.05506  0.00349
#44 | 2.3729 0.00082 | 0.05242 0.00312

327



| [arb.] | [arb.] | [arb.] | [arb.]

| [arb.]

2.|25 2.|50
Q [1/A]

Yall slivelV'a

eV eV eV ey

225 250 225 250 225 250 225 250 225 250 225 2.50 2.25 2.50
QI1/A1 Q141 QI1A1 QI1/Al QI1/Al  QI1/Al  QIl1/A]

Figure E.38: Radial scans recorded at 573 K.
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Table E.27: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.38. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 2.35917  0.00645 | 0.06134  0.02688 #1 2.36676  0.00283 | 0.05018 0.01181
#2 2.36712  0.00296 | 0.04704 0.0123 #3 2.36319  0.00552 | 0.07025 0.02241
#4 2.36931 0.00463 | 0.06473 0.01858 #5 2.37282  0.00202 | 0.04638 0.00823
#6 2.36359  0.00296 | 0.0699 0.0121 #7 2.37215 0.00244 | 0.04605 0.00995

#8 2.36515  0.0046 0.07946  0.01733 #9 2.36753  0.00351 | 0.05511 0.01467
#10 | 2.3696 0.0027 0.054 0.01121 #11 | 2.3686 0.00224 | 0.05112  0.00934
#12 | 2.36453  0.0024 0.06211  0.01001 #13 | 2.3664 0.00294 | 0.06165 0.01221
#14 | 2.36496 0.00453 | 0.0576 0.01901 #15 | 2.36838  0.0028 0.05744  0.01165
#16 | 2.37288 0.00273 | 0.05167 0.01116 #17 | 2.36963 0.00261 | 0.05501  0.01085
#18 | 2.3644 0.00243 | 0.05552 0.01071 #19 | 2.36441 0.00615 | 0.0677 0.02522
#20 | 2.36558 0.00436 | 0.07036 0.01672 #21 | 2.36782  0.00245 | 0.05622  0.01026
#22 | 236781 0.00292 | 0.05606 0.01219 #23 | 2.3659 0.00233 | 0.0611 0.00973
#24 | 2.36616 0.00372 | 0.06034 0.01553 #25 | 2.3702 0.00189 | 0.04979  0.00785
#26 | 2.37136 0.00329 | 0.0596 0.01341 #27 | 2.36804 0.00223 | 0.0533 0.00933
#28 | 2.36407 0.00325 | 0.07098  0.01823 #29 | 2.36172  0.00529 | 0.08628  0.03439
#30 | 2.36789 0.00172 | 0.05266  0.00722 #31 | 2.36784 0.00254 | 0.06442 0.01128
#32 | 236777 0.00475 | 0.06616  0.01843 #33 | 2.3689 0.00239 | 0.05149  0.00995
#34 | 237157 0.00168 | 0.04478  0.00685 #35 | 2.36986 0.00185 | 0.05275 0.00816
#36 | 2.36564 0.00296 | 0.06399 0.0123 #37 | 2.36255 0.00499 | 0.08273  0.0207

#38 | 2.36652  0.00269 | 0.06773  0.01306

329



| [arb.]

| [arb.]

AT AT A
VauVaaValValy ey s

| [arb.]

I [arb.]

I [arb.]

| [arb.]

I [arb.]

2.25 250 2.25 2.50

Q1/A1  QIVA]

YaValValVallVelVelVs

225 2.50
Q [1/A]

2.25 250 225 250 225 250 225 250 225 250

QA1 Q1A QlUAl QIVAl QI1/A]

Figure FE.39: Radial scans recorded at 623 K.
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Table E.28: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.39. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.37271  0.00286 | 0.0569 0.01184 #1 2.36703  0.0022 0.06748  0.00895
#2 2.36892  0.00129 | 0.06121  0.00535 #3 2.36539  0.00193 | 0.0628 0.00814
#4 2.36867  0.00189 | 0.05517 0.00794 #5 2.3704 0.00173 | 0.05484 0.00724
#6 2.36967 0.00159 | 0.04711 0.0056 #7 2.36608 0.00205 | 0.06435 0.00763
#8 2.36902 0.00178 | 0.05134 0.00657 #9 2.36972  0.00116 | 0.0489 0.00419
#10 | 2.37175 0.00132 | 0.03941  0.00402 #11 | 2.37029 0.00091 | 0.04431 0.00307
#12 | 2.36924 0.00162 | 0.0483 0.00581 #13 | 2.37064 0.00122 | 0.04692 0.00426
#14 | 2.37103 0.00154 | 0.043 0.00504 #15 | 2.36925 0.00199 | 0.05031 0.0083
#16 | 2.36898 0.00141 | 0.04991 0.00514 #17 | 2.36937 0.0013 0.04847  0.00468
#18 | 2.36581 0.00195 | 0.05742 0.00744 #19 | 2.36568 0.00156 | 0.06354 0.00657
#20 | 2.37023 0.00091 | 0.0383 0.00309 #21 | 2.37399 0.0012 0.0396 0.00357
#22 | 2.37212 0.00091 | 0.0387 0.00272 #23 | 2.37413 0.00148 | 0.04413 0.00487
#24 | 2.37679 0.00108 | 0.04137 0.00329 #25 | 2.36872 0.00101 | 0.04372 0.00346
#26 | 2.36852 0.00174 | 0.05218 0.00659 #27 | 2.37071 0.00138 | 0.0514 0.00578
#28 | 2.37142  0.0019 0.04934  0.0069 #29 | 2.36982 0.00137 | 0.0518 0.00513
#30 | 2.37158 0.00135 | 0.04788  0.00483 #31 | 2.36919 0.00148 | 0.05057  0.00553
#32 | 2.37036  0.00172 | 0.05422 0.00648 #33 | 2.36712 0.00209 | 0.0581 0.008
#34 | 2.3728 0.00131 | 0.04511 0.00444 #35 | 2.3706 0.00159 | 0.05164 0.00593
#36 | 2.37413 0.00145 | 0.04548 0.00487 #37 | 2.3731 0.00107 | 0.04484 0.0036
#38 | 2.37341 0.00115 | 0.04396 0.00381 #39 | 2.37338 0.00186 | 0.04911 0.0066
#40 | 2.37153 0.00142 | 0.04145 0.00465 #41 | 2.37086 0.00151 | 0.05277 0.00564
#42 | 2.37229 0.0011 0.04083  0.00353 #43 | 2.36767  0.0026 0.06293  0.00978
#44 | 2.37169 0.00123 | 0.05072  0.0045 #45 | 2.37017 0.00126 | 0.05852  0.00535
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Figure E./0: Radial scans recorded at 623 K.
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Table E.29: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.40. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.37254  0.001 0.04629  0.00348 #1 2.37237  0.00072 | 0.04246  0.00239
#2 2.37149  0.00119 | 0.05153  0.00439 #3 2.37168  0.00091 | 0.04713  0.00322
#4 2.37243  0.00129 | 0.0506 0.00472 #5 2.37215 0.00096 | 0.04613  0.00334
#6 2.36897 0.00181 | 0.06008 0.007 #7 2.37096 0.00176 | 0.05809  0.00667
#8 2.37385  0.00096 | 0.04557  0.00325 #9 2.37049  0.0014 0.05176  0.00522
#10 | 2.36915 0.00129 | 0.05047 0.00484 #11 | 2.37255 0.00115 | 0.04593 0.00399
#12 | 2.3711 0.00128 | 0.05038 0.00472 #13 | 2.37446 0.00092 | 0.04252 0.00294
#14 | 2.37017 0.00154 | 0.05309 0.00578 #15 | 2.37313 0.00114 | 0.04912 0.00405
#16 | 2.36814 0.00149 | 0.05425 0.00569 #17 | 2.36953 0.00154 | 0.05459  0.00691
#18 | 2.36939 0.00157 | 0.05186  0.00592 #19 | 2.37358 0.00095 | 0.04618 0.00327
#20 | 2.3737 0.00073 | 0.04418 0.00285 #21 | 2.3717 0.00108 | 0.04501  0.00373
#22 | 2.37246  0.0011 0.04555  0.00378 #23 | 2.37296 0.00098 | 0.04383 0.00329
#24 | 2.36942 0.0015 0.05316  0.00567 #25 | 2.37032 0.0012 0.04855  0.0044

#26 | 2.37134 0.00137 | 0.05404 0.00511 #27 | 2.372 0.00133 | 0.04895 0.00478
#28 | 2.37205 0.00094 | 0.04312 0.00316 #29 | 2.37308 0.00087 | 0.04166 0.00279
#30 | 2.37243 0.00116 | 0.04717  0.00406 #31 | 2.37356 0.00082 | 0.04379 0.00271
#32 | 2.37152 0.00118 | 0.04768  0.00421 #33 | 2.3706 0.00149 | 0.05773  0.00566
#34 | 2.37177 0.00117 | 0.04841 0.00419 #35 | 2.37329 0.00086 | 0.03946 0.00264
#36 | 2.37032 0.00127 | 0.04988 0.0047 #37 | 2.36964 0.00102 | 0.04623 0.00368
#38 | 2.37205 0.00122 | 0.0481 0.00437 #39 | 2.37102 0.00102 | 0.04638 0.00361
#40 | 2.37011 0.00152 | 0.05346  0.00573 #41 | 2.37399 0.00093 | 0.04318 0.00305
#42 | 2.3723 0.00127 | 0.05182  0.00466 #43 | 2.3696 0.00162 | 0.05685 0.00615
#44 | 2.37138 0.00115 | 0.04832 0.00413 #45 | 2.37129 0.00114 | 0.0513 0.00422
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Figure E.42: Radial scans recorded at 723 K. Continuation of Figure E.41.
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Table E.30: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.41 and Figure E.42. For fits with multiple components,
only fit results of the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 2.36551  0.00069 | 0.06365  0.00255 #1 2.36935  0.00056 | 0.0643 0.00241
#2 2.36826  0.00053 | 0.06493 0.002 #3 2.36808  0.00067 | 0.06338 0.0025

#4 2.36789  0.00056 | 0.06249  0.00252 #5 2.36901  0.00063 | 0.06445 0.00286
#6 2.36699  0.0006 0.06245  0.00232 #7 2.36834  0.00063 | 0.06183  0.00232
#8 2.36791  0.00058 | 0.06256  0.00215 #9 2.36683  0.00067 | 0.06481  0.00249
#10 | 2.36834 0.00052 | 0.06391  0.00192 #11 | 2.368 0.00069 | 0.06219  0.00252
#12 | 2.36676 0.00062 | 0.063 0.00228 #13 | 2.36834  0.00057 | 0.05578  0.00223
#14 | 2.36748 0.00071 | 0.06445 0.00266 #15 | 2.36661 0.00072 | 0.0629 0.00266
#16 | 2.36778  0.00063 | 0.06478  0.00244 #17 | 2.36772  0.00067 | 0.06263 0.00245
#18 | 2.36674 0.00063 | 0.06515  0.00233 #19 | 2.36656 0.00059 | 0.06143  0.00215
#20 | 2.36712  0.0005 0.0632 0.00183 #21 | 2.36622 0.00069 | 0.06592  0.00257
#22 | 2.36716 0.00051 | 0.06473  0.00199 #23 | 2.36861 0.00038 | 0.05998  0.00141
#24 | 2.3668 0.00058 | 0.06482  0.00215 #25 | 2.36683  0.0007 0.06168  0.00253
#26 | 2.36634 0.00073 | 0.06588  0.00323 #27 | 2.36696 0.00067 | 0.06483  0.00245
#28 | 2.36571 0.00082 | 0.07189  0.00315 #29 | 2.36708 0.00057 | 0.06272  0.00255
#30 | 2.36667 0.00069 | 0.06778  0.00279 #31 | 2.36693  0.00066 | 0.0628 0.00243
#32 | 2.36605 0.00072 | 0.06436 0.00278 #33 | 2.36779  0.00066 | 0.0613 0.00244
#34 | 2.36758  0.00056 | 0.06084  0.00204 #35 | 2.36441  0.0008 0.06642  0.00297
#36 | 2.36632 0.00066 | 0.06107 0.00237 #37 | 2.36747 0.00066 | 0.06012 0.00238
#38 | 2.36599  0.00077 | 0.06595  0.00285 #39 | 2.36649 0.00085 | 0.06529  0.00318
#40 | 2.36641 0.00079 | 0.06572  0.00295 #41 | 2.36571  0.00068 | 0.06694 0.00254
#42 | 2.36606 0.00068 | 0.06828  0.00264 #43 | 2.36664 0.00076 | 0.06403  0.00282
#44 | 2.36587  0.00076 | 0.0637 0.00281 #45 | 2.36656  0.0007 0.06548  0.00283
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Figure E.43: In plane scans and fits along (@), recorded at 523 K.
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Table E.31: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.43. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.62837  0.00018 | 0.05087  0.00055 #1 2.6283 0.00017 | 0.05047  0.00052
#2 2.62811 0.00017 0.05087  0.00052 #3 2.62776  0.00017 0.05103  0.0005

#4 2.62769  0.00017 | 0.05106  0.00049 #5 2.62754  0.00017 | 0.05112  0.00047
#6 2.62746  0.00017 | 0.05103  0.00047 #7 2.62717  0.00018 | 0.05097  0.00045
#8 2.62694  0.00017 | 0.05123  0.00044 #9 2.62679  0.00016 | 0.05093  0.0004

#10 | 2.62671 0.00016 | 0.05115 0.00039 #11 | 2.62666 0.00017 | 0.05092  0.00041
#12 | 2.62642 0.00015 | 0.05126  0.00036 #13 | 2.62629 0.00015 | 0.05078  0.00034
#14 | 2.62624 0.00016 | 0.05094 0.00034 #15 | 2.62618 0.00015 | 0.05079  0.00031
#16 | 2.62612 0.00016 | 0.05107 0.00035 #17 | 2.62594  0.00015 | 0.05065 0.00033
#18 | 2.62585 0.00014 | 0.05068 0.00031 #19 | 2.62583 0.00015 | 0.05073  0.00031
#20 2.62585  0.00015 0.0506 0.00031 #21 2.62565  0.00016 0.05006  0.00034
#22 | 2.62556 0.00016 | 0.05013 0.00032 #23 | 2.62553 0.00016 | 0.05038 0.00032

#24 | 2.62548 0.00016 | 0.05002  0.00033 #25 | 2.62547 0.00017 | 0.05 0.00034
#26 | 2.62561 0.00015 | 0.05039  0.00031 #27 | 2.62542 0.00015 | 0.05024  0.00031
#28 | 2.62563 0.00014 | 0.04983  0.0003 #29 | 2.62549 0.00017 | 0.04983  0.00034
#30 | 2.62541 0.00016 | 0.05 0.00033 #31 | 2.6255 0.00016 | 0.04956  0.00032

#32 | 2.62553 0.00017 | 0.04948  0.00033 #33 | 2.62546 0.00018 | 0.04979  0.00036
#34 | 2.62551 0.00016 | 0.04979  0.00033 #35 | 2.6255 0.00016 | 0.04969  0.00033
#36 | 2.62549 0.00018 | 0.04943  0.00035 #37 | 2.62547 0.00016 | 0.04925 0.00033
#38 | 2.62554 0.00019 | 0.04831 0.00034

Table E.32: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.44. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error | Value Error

#0 2.62839 0.00014 | 0.0468 0.00033 #1 2.62815 7e-05 | 0.04717  0.00021
#2 2.62789  Te-05 0.04779  0.00018 #3 2.62769  Te-05 | 0.04788  0.00019
#4 2.62737  6e-05 0.0482 0.00018 #5 2.62724  6e-05 | 0.04806 0.00018
7#6 2.62709  6e-05 0.04814  0.00017 #7 2.62699 6e-05 | 0.04798 0.00017
#8 2.62686  8e-05 0.0485 0.00021 #9 2.62692 7e-05 | 0.04817  0.00019
#10 | 2.62686 6e-05 0.0482 0.00017 #11 | 2.62663 7e-05 | 0.04845 0.00018
#12 | 2.62673  6e-05 0.04865 0.00018 #13 | 2.62661 6e-05 | 0.04831 0.00018
#14 | 2.6267 5e-05 0.04825  0.00015 #15 | 2.62656 6e-05 | 0.04876  0.00017
#16 | 2.62645 7e-05 0.04861 0.00019 #17 | 2.62654 6e-05 | 0.04829 0.00018
#18 | 2.62638 7e-05 0.04878  0.00017 #19 | 2.62629 7e-05 | 0.04867 0.00018
#20 | 2.62631 7e-05 0.04907  0.00018 #21 | 2.62626 7e-05 | 0.04864 0.00022
#22 | 2.62625 8e-05 0.04913  0.00022 #23 | 2.62628 7e-05 | 0.04918 0.00019
#24 | 2.62624  6e-05 0.04874  0.00018 #25 | 2.62619 7e-05 | 0.04909 0.00018
#26 | 2.62633  6e-05 0.04898  0.00018 #27 | 2.62613 6e-05 | 0.04904 0.00017
#28 | 2.62623 8e-05 0.04929  0.00023 #29 | 2.62616 7e-05 | 0.04903 0.00021
#30 | 2.62623 8e-05 0.04908 0.00023 #31 | 2.62618 9e-05 | 0.0493 0.00027
#32 | 2.6261 8e-05 0.04936  0.00023 #33 | 2.62618 9e-05 | 0.04945 0.00026
#34 | 2.6262 9e-05 0.04945  0.00025 #35 | 2.626 9e-05 | 0.04952  0.00024
#36 | 2.62607 8e-05 0.0495 0.00023 #37 | 2.62595 8e-05 | 0.04964 0.00024
#38 | 2.62592 7e-05 0.04972  0.0002 #39 | 2.626 8e-05 | 0.0495 0.00025
#40 | 2.626 9e-05 0.04967  0.00024
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Figure E.44: In plane scans and fits along @),,, recorded at 573 K.
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Figure E.45: In plane scans and fits along @),,, recorded at 623 K.
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Table E.33: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.45. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.62428  9e-05 0.05211  0.00023 #1 2.6239 0.0001 0.05265  0.00025
#2 2.62379  0.0001 0.05249  0.00024 #3 2.62369  0.0001 0.05264  0.00023
#4 2.62364  9e-05 0.05286  0.00022 #5 2.62361  0.0001 0.05306  0.00024
#6 2.62365 0.0001 0.05329  0.00025 #7 2.62368  9e-05 0.0532 0.00021
#8 2.62358  8e-05 0.05316  0.00021 #9 2.62344  0.0001 0.05339  0.00025
#10 | 2.62338 9e-05 0.0542 0.00024 #11 | 2.62347 0.0001 0.05428  0.00026
#12 | 2.62362  9e-05 0.05428  0.00024 #13 | 2.62349 0.0001 0.05456  0.00023
#14 | 2.62333 0.0001 0.05438  0.00023 #15 | 2.62343 0.0001 0.05481  0.00023
#16 | 2.62352  9e-05 0.05451  0.00025 #17 | 2.62344 0.00011 | 0.05474 0.00026
#18 | 2.62333 0.00011 | 0.0552 0.00025 #19 | 2.62338 9e-05 0.05507  0.00023
#20 | 2.62348 9e-05 0.05499  0.00024 #21 | 2.62336  0.0001 0.05558  0.00023
#22 | 2.62348 0.00011 | 0.05555  0.00027 #23 | 2.62342 0.0001 0.05564  0.00026
#24 | 2.62348 0.00011 | 0.05581  0.00027 #25 | 2.62359 0.00012 | 0.0556 0.00027
#26 | 2.6235 9e-05 0.0555 0.00023 #27 | 2.62343  0.0001 0.05547  0.00024
#28 | 2.6234 0.00011 | 0.05643  0.00029 #29 | 2.62348 0.00011 | 0.05558  0.00028
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Figure E.46: In plane scans and fits along @),,, recorded at 673 K.
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Table E.34: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.46. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error | Value Error

#0 2.62429  Te-05 0.05804 0.00019 #1 2.62421  5e-05 | 0.0582 0.00016
#2 2.62423  6e-05 0.0583 0.00016 #3 2.62428 6e-05 | 0.05869  0.00017
#4 2.62423  T7e-05 0.05782  0.0002 #5 2.62425 6e-05 | 0.05846  0.00017
#6 2.62433  6e-05 0.05925  0.00019 F#7 2.62443  9e-05 | 0.05986  0.00025
#8 2.62472  9e-05 0.0599 0.00025 #9 2.62427  Te-05 | 0.05947  0.00021
#10 | 2.62458  6e-05 0.06025  0.00017 #11 | 2.62446 7e-05 | 0.06063 0.00021
#12 | 2.62473  Te-05 0.05994  0.00021 #13 | 2.6246 9e-05 | 0.06044  0.00026
#14 | 2.62495 7e-05 0.05984  0.00022 #15 | 2.62478 6e-05 | 0.06041  0.00019
#16 | 2.62464 7e-05 0.06087  0.0002 #17 | 2.62467 8e-05 | 0.0616 0.00023
#18 | 2.62501 7e-05 0.06193  0.00021 #19 | 2.6245 8e-05 | 0.06145 0.00024
#20 | 2.62473  8e-05 0.06175  0.00023 #21 | 2.62454 8e-05 | 0.0618 0.00023
#22 | 2.62493 8e-05 0.06094  0.00023 #23 | 2.6249 8e-05 | 0.06201 0.00024
#24 | 2.62513 7e-05 0.06143  0.00023 #25 | 2.62506 8e-05 | 0.06149  0.00026
#26 | 2.62484 8e-05 0.06181  0.00025 #27 | 2.62535 8e-05 | 0.06133  0.00023
#28 | 2.62494 7e-05 0.06245  0.00022 #29 | 2.62531 8e-05 | 0.06271  0.00025
#30 | 2.6253 9e-05 0.06202  0.00027 #31 | 2.62514 8e-05 | 0.06188  0.00024
#32 | 2.62545 9e-05 0.06184  0.00028 #33 | 2.62513 7e-05 | 0.06299  0.00022
#34 | 2.62502 8e-05 0.06284  0.00024 #35 | 2.62523  9e-05 | 0.06239  0.00027
#36 | 2.62549 0.0001 | 0.06287  0.0003 #37 | 2.62527 8e-05 | 0.06331 0.00023
#38 | 2.62498 7e-05 0.06242  0.00022 #39 | 2.6253 9e-05 | 0.06223  0.00027
#40 | 2.62506 8e-05 0.06311  0.00026
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Figure E.47: In plane scans and fits along @),,, recorded at 723 K.
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Table E.35: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.47. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.62469  0.00016 | 0.0658 0.00052 #1 2.62467  0.00025 | 0.06869  0.00078
#2 2.62321  0.00013 | 0.06657  0.00039 #3 2.62441  0.00017 | 0.06814  0.00051
#4 2.62369  0.00013 | 0.06675 0.00039 #5 2.6231 0.00012 | 0.0664 0.00036
#6 2.6229 0.00013 0.06689  0.00037 #7 2.62327  0.00015 0.0676 0.00045
#8 2.62319  0.00013 | 0.06655  0.00037 #9 2.62336  0.00013 | 0.06723  0.0004
#10 | 2.62283 0.00012 | 0.06696  0.00034 #11 | 2.6228 0.00015 | 0.06737  0.00044
#12 | 2.62316 0.00012 | 0.06842 0.00037 #13 | 2.62247 0.00012 | 0.06806 0.00034
#14 | 2.62292 0.00012 | 0.06645 0.00036 #15 | 2.62315 0.00013 | 0.06908 0.00039
#16 | 2.62301 0.00014 | 0.06875 0.00042 #17 | 2.6229 0.00015 | 0.06818  0.00043
#18 | 2.62267 0.00013 | 0.06738  0.00037 #19 | 2.62234 0.00015 | 0.06753  0.00044
#20 | 2.62237 0.00012 | 0.0668 0.00036 #21 | 2.62238 0.00013 | 0.0667 0.00038
#22 | 2.62229 0.00012 | 0.068 0.00034 #23 | 2.62182 0.00012 | 0.06737 0.00034
#24 2.62196  0.00013 0.06832  0.00037 #25 2.62289  0.00014 0.06857  0.00041
#26 | 2.62211 0.00012 | 0.06861 0.00034 #27 | 2.62189 0.00012 | 0.06759  0.00034
#28 | 2.62193 0.00011 | 0.06777  0.00031 #29 | 2.62202 0.00012 | 0.06746  0.00035
#30 | 2.62228 0.00011 | 0.06798  0.00031 #31 | 2.62201 0.00013 | 0.06815 0.00036
#32 | 2.62222 0.00011 | 0.06732  0.00032 #33 | 2.62192 0.00012 | 0.06879  0.00034
#34 | 2.62144 0.00012 | 0.06796  0.00033 #35 | 2.62213 0.00012 | 0.06791 0.00035
#36 | 2.62239 0.00013 | 0.07064 0.00038 #37 | 2.62137 0.00013 | 0.0675 0.00035
#38 2.62179  0.00011 0.06823  0.00032 #39 2.62166  0.00011 0.06751 0.00032
#40 | 2.62115 0.00013 | 0.06685 0.00037

Table E.36: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.48. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error | Value Error

#0 2.62494  8e-05 0.05776  0.00025 #1 2.62505 8e-05 | 0.05792  0.00023
#2 2.625 7e-05 0.0575 0.00021 #3 2.62478 Te-05 | 0.05736  0.00022
#4 2.62504  Te-05 0.0581 0.00021 #5 2.62497 8e-05 | 0.05805 0.00024
#6 2.62489  6e-05 0.05775  0.00019 F#7 2.625 7e-05 | 0.05732  0.00019
#8 2.62503  Te-05 0.05774  0.00022 #9 2.62503  8e-05 | 0.05823  0.00022
#10 | 2.62522 8e-05 0.0573 0.00022 #11 | 2.62534 7e-05 | 0.05788  0.00021
#12 | 2.62482 8e-05 0.05807  0.00023 #13 | 2.62502 8e-05 | 0.05777  0.00024
#14 | 2.62492  Te-05 0.05788  0.0002 #15 | 2.62485 8e-05 | 0.05831  0.00024
#16 | 2.62507 7e-05 0.05755  0.00021 #17 | 2.62521 8e-05 | 0.05711  0.00024
#18 | 2.62509 7e-05 0.05746  0.00022 #19 | 2.62533 8e-05 | 0.05756  0.00025
#20 | 2.62539 0.0001 | 0.05696 0.00031 #21 | 2.62513 7e-05 | 0.05757  0.00021
#22 | 2.62484  9e-05 0.05759  0.00027 #23 | 2.62499 T7e-05 | 0.05702  0.00021
#24 | 2.62519 8e-05 0.05725  0.00023 #25 | 2.62512 8e-05 | 0.05756  0.00024
#26 | 2.62528 7e-05 0.05766  0.00021 #27 | 2.62534 8e-05 | 0.0581 0.00023
#28 | 2.62527 7e-05 0.05709  0.00021 #29 | 2.62533 8e-05 | 0.05718 0.00024
#30 | 2.62544  8e-05 0.05753  0.00024 #31 | 2.62515 8e-05 | 0.05761 0.00023
#32 | 2.62541  6e-05 0.05722  0.00016 #33 | 2.62526 7e-05 | 0.0582 0.00021
#34 | 2.62511 7e-05 0.05814  0.00021 #35 | 2.62534 7e-05 | 0.05861 0.00021
#36 | 2.62528  Te-05 0.05637  0.00021 #37 | 2.62528 T7e-05 | 0.05734  0.00021
#38 | 2.62513 7e-05 0.05801  0.00022 #39 | 2.62533 8e-05 | 0.05768  0.00022
#40 | 2.62525 8e-05 0.0574 0.00023

344



| [arb.] | [arb.] | [arb.] I [arb.]

| [arb.]

e

e e
e
e
o=

o
o
SSsss

250 275 250 275 250 2.75 2.50 2.75 250 2.75 2.50 2.75 250 275 250 2.75

Q[1/A]

Q [1/4]

Q[1/A]

Q [1/A]

Q[1/4]

Q [1/A]

Q [1/A]

Q [1/A]

Figure E.48: In plane scans and fits along @),,, recorded at 523 K.
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Table E.37: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.49. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.62521  0.0001 0.05552  0.00032 #1 2.62539  8e-05 0.05548  0.00027
#2 2.62488  0.0001 0.05578  0.00032 #3 2.62472  8e-05 0.05459  0.00027
#4 2.62476  9e-05 0.0549 0.00028 #5 2.6247 8e-05 0.05517  0.00027
#6 2.62462  9e-05 0.05433  0.0003 #7 2.62433  9e-05 0.05496  0.00029
#8 2.62453  8e-05 0.05582  0.00025 #9 2.62406  9e-05 0.05537  0.00029
#10 | 2.62431 0.00011 | 0.05612 0.00034 #11 | 2.62448  9e-05 0.0554 0.0003
#12 | 2.62416 8e-05 0.05508  0.00025 #13 | 2.62407 9e-05 0.05581  0.00028
#14 | 2.62386  0.0001 0.0558 0.00032 #15 | 2.62387 0.00012 | 0.05538 0.00039
#16 | 2.62408 0.00011 | 0.05515 0.00036 #17 | 2.62384 0.0001 0.05549  0.00031
#18 | 2.62408 0.0001 0.0549 0.00032 #19 | 2.6238 0.00011 | 0.0558 0.00034
#20 | 2.62417 0.00012 | 0.05635 0.00038 #21 | 2.6239 0.00011 | 0.05578  0.00034
#22 | 2.62397 0.00011 | 0.05502 0.00036 #23 | 2.62402 0.0001 0.05568  0.00033
g
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Figure E.50: In plane scans and fits along @),,, recorded at 623 K.

Table E.38: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.50. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error | Value Error Value Error | Value Error
#0 | 2.62188 8e-05 | 0.06012 0.00021 #1 | 2.62158 8e-05 | 0.06126  0.00022
#2 | 2.62164 9e-05 | 0.06165 0.00026 #3 | 2.6216 8e-05 | 0.06231 0.00021
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Figure E.51: In plane scans and fits along @),,, recorded at 673 K.
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Table E.39: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.51. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.62027  0.0001 0.06834  0.00026 #1 2.62052 0.00011 | 0.06768  0.00029
#2 2.62037  0.0001 0.06739  0.00028 #3 2.62001  0.00011 | 0.06797  0.00029
#4 2.61999 0.00012 | 0.06804  0.00034 #5 2.62029 0.00012 | 0.06732 0.00034
#6 2.61999 0.00014 | 0.06797  0.00037 #7 2.61972  0.00014 | 0.06906  0.00039
#8 2.62003 0.00012 | 0.06727  0.00033 #9 2.61989  0.00015 | 0.06807  0.00041
#10 | 2.61999 0.00014 | 0.06704 0.00037 #11 | 2.62 0.00014 | 0.06776  0.00038
#12 | 2.62008 0.00014 | 0.06789  0.00037 #13 | 2.62015 0.00013 | 0.06695 0.00034
#14 | 2.61983 0.00013 | 0.06892 0.00036 #15 | 2.62031 0.00013 | 0.06777 0.00034
#16 | 2.62002 0.00013 | 0.06855 0.00035 #17 | 2.61999 0.00015 | 0.06877  0.00041
#18 | 2.62022 0.00012 | 0.06684 0.00033 #19 | 2.62006 0.00014 | 0.06756  0.00037
#20 | 2.61957 0.00013 | 0.06943 0.00035 #21 | 2.61955 0.00016 | 0.06907 0.00043
#22 | 2.61989 0.00015 | 0.06762 0.00039 #23 | 2.61994 0.00013 | 0.06837 0.00034
#24 | 2.61992 0.00013 | 0.06813 0.00036 #25 | 2.61992 0.00015 | 0.0683 0.00039
#26 | 2.61958 0.00013 | 0.06792  0.00035 #27 | 2.61984 0.00013 | 0.06895 0.00036
#28 | 2.61999 0.00012 | 0.0677 0.00034 #29 | 2.61973 0.00012 | 0.06811 0.00032
#30 | 2.61935 0.00013 | 0.06936  0.00035 #31 | 2.61952 0.00011 | 0.06789  0.00028
#32 | 2.62009 0.00012 | 0.06728 0.00033 #33 | 2.62023 0.00015 | 0.06786  0.00041
#34 | 2.62039 0.00012 | 0.06806 0.00033 #35 | 2.62 0.0001 0.06803  0.00027
#36 | 2.61917 0.00014 | 0.06828 0.00038 #37 | 2.62006 0.00017 | 0.06873  0.00045
#38 | 2.61989 0.00014 | 0.06827 0.00036 #39 | 2.61971 0.00015 | 0.06832 0.00039
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Table E.40: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.52. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.6194 8e-05 0.06756  0.00022 #1 2.61945 0.00011 | 0.06752  0.00029
#2 2.61926  9e-05 0.06667  0.00025 #3 2.61874  9e-05 0.06794  0.00023
#4 2.61833  9e-05 0.0671 0.00022 #5 2.61848  9e-05 0.0665 0.00023
#6 2.61861  8e-05 0.06709  0.0002 #7 2.6186 8e-05 0.06654  0.00021
#8 2.61847  8e-05 0.06639  0.0002 #9 2.61844  8e-05 0.06656  0.00021
#10 | 2.61823 9e-05 0.06712  0.00023 #11 | 2.61832 8e-05 0.06743  0.00021
#12 | 2.61816 0.0001 0.06647  0.00027 #13 | 2.61832 0.0001 0.06618  0.00025
#14 | 2.61805 7e-05 0.06713  0.00017 #15 | 2.61813 0.0001 0.06731  0.00027
#16 | 2.61774  0.0001 0.06708  0.00026 #17 | 2.61773  8e-05 0.067 0.00021
#18 | 2.61773  8e-05 0.06702  0.0002 #19 | 2.61765 9e-05 0.06664  0.00022
#20 | 2.61756 8e-05 0.06715  0.00021 #21 | 2.61743  9e-05 0.06594  0.00022
#22 | 2.61701 0.0001 0.06595  0.00025 #23 | 2.61727  9e-05 0.06622  0.00024
#24 | 2.61761 9e-05 0.06645  0.00022 #25 | 2.61734  9e-05 0.06634  0.00023
#26 | 2.61752  0.0001 0.0665 0.00025 #27 | 2.61734 8e-05 0.06691  0.00022
#28 | 2.61738 0.00011 | 0.06644 0.00028 #29 | 2.61716 0.0001 0.06685  0.00026
#30 | 2.61717  9e-05 0.06609  0.00023 #31 | 2.61707 8e-05 0.06661  0.00021
#32 | 2.61725 0.0001 0.06611  0.00025 #33 | 2.61722 0.0001 0.06781  0.00025
#34 | 2.6171 0.00011 | 0.06751  0.00027 #35 | 2.6171 0.00013 | 0.06632  0.00033
#36 | 2.61685 9e-05 0.06722  0.00022 #37 | 2.61688 8e-05 0.06631  0.00022
#38 | 2.61687 9e-05 0.06711  0.00024 #39 | 2.61677 9e-05 0.06721  0.00022
#40 | 2.61675 0.0001 0.0672 0.00027 #41 | 2.61662  9e-05 0.06739  0.00024
#42 | 2.6168 0.0001 0.06692  0.00024 #43 | 2.61673  9e-05 0.06718  0.00023
#44 | 2.61694  9e-05 0.06649  0.00024 #45 | 2.61661  9e-05 0.06662  0.00024

Pd3Pt1/A1203 - Pd(l 1 1) out of plane
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Figure E.53: Out of plane scans and fits along ()., recorded at 523 K.
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Table E.41: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.53. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.93456  0.00369 | 0.24427  0.00961 #1 0.93377  0.00387 | 0.24509 0.01067
#2 0.93355  0.00387 | 0.24415 0.01062 #3 0.9328 0.00387 | 0.24331 0.01054
#4 0.93299 0.00374 | 0.24253 0.01015 #5 0.93254  0.00386 | 0.24271 0.01044
#6 0.9322 0.00366 | 0.24232  0.00985 #7 0.93226  0.00372 | 0.2422 0.01002
#8 0.932 0.00366 | 0.24183  0.00979 #9 0.93174 0.00368 | 0.24171  0.00982
#10 | 0.93162 0.00358 | 0.24089  0.00949 #11 | 0.93144 0.00358 | 0.24099 0.00949
#12 | 0.93117 0.00374 | 0.24077  0.00988 #13 | 0.93188 0.00359 | 0.24042 0.0095

#14 | 0.9311 0.00361 | 0.24069  0.00952 #15 | 0.93572 0.00053 | 0.24172 0.00141
#16 | 0.93539 0.00054 | 0.24213 0.00142 #17 | 0.93553 0.00053 | 0.24149 0.0014

#18 | 0.93563 0.00053 | 0.24184 0.00142 #19 | 0.93526 0.00053 | 0.24172 0.0014

#20 | 0.93547 0.00055 | 0.24147 0.00146 #21 | 0.93544 0.00051 | 0.24174 0.00134
#22 | 0.93554 0.00051 | 0.24183 0.00135 #23 | 0.93575 0.00051 | 0.24134 0.00136
#24 | 0.93616 0.00051 | 0.24137 0.00136 #25 | 0.93599 0.00052 | 0.24102 0.00139
#26 | 0.93575  0.0005 0.24143  0.00132 #27 | 0.93606 0.00051 | 0.24115 0.00135
#28 | 0.93618 0.00051 | 0.24097 0.00135 #29 | 0.93599 0.00051 | 0.24134 0.00135
#30 | 0.93616 0.00052 | 0.24096 0.00137 #31 | 0.93626  0.0005 0.2402 0.00133
#32 | 0.93634 0.00052 | 0.24093 0.00136 #33 | 0.9362 0.00051 | 0.24109 0.00135
#34 | 0.93642 0.00052 | 0.2409 0.00137 #35 | 0.93631  0.0005 0.24077  0.00133
#36 | 0.93659 0.00051 | 0.24069 0.00136 #37 | 0.93637 0.00051 | 0.24056 0.00135
#38 | 0.93791 0.00055 | 0.23799  0.00138
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Figure E.54: Out of plane scans and fits along @), recorded at 573 K.
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Table E.42: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.54. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 0.94109 0.00084 | 0.22136  0.00219 #1 0.94132  0.00084 | 0.21845 0.00219
#2 0.94102 0.00105 | 0.21717  0.0027 #3 0.94021 0.00124 | 0.21677 0.00318

#4 | 0.93931 0.00139 | 0.21727  0.00354 #5 0.93876  0.00148 | 0.21686  0.00377
#6 0.93818  0.0015 0.21758  0.00382 #7 | 0.93793 0.00154 | 0.21729  0.00393
#8 0.93762  0.00154 | 0.21761  0.00391 #9 0.9373 0.00153 | 0.21729  0.0039

#10 | 0.93723 0.00154 | 0.21739  0.0039 #11 | 0.93704 0.00155 | 0.21743  0.00393
#12 | 0.93676 0.00156 | 0.21752  0.00393 #13 | 0.9367 0.00153 | 0.21748  0.00387
#14 | 0.93669 0.00154 | 0.21754  0.00389 #15 | 0.93642 0.00153 | 0.21775 0.00386
#16 | 0.93638 0.00153 | 0.21766  0.00386 #17 | 0.93621 0.00153 | 0.21794  0.00386
#18 | 0.93612 0.00156 | 0.21797  0.00392 #19 | 0.93615 0.00155 | 0.21826  0.00391
#20 | 0.9358 0.00155 | 0.2179 0.00389 #21 | 0.9355 0.00151 | 0.21849  0.00378
#22 | 0.9358 0.00154 | 0.21828  0.00386 #23 | 0.93559 0.00154 | 0.21825 0.00385
#24 | 0.93538 0.00149 | 0.21857  0.00373 #25 | 0.93535 0.00154 | 0.21809  0.00384
#26 | 0.93533 0.00153 | 0.21863  0.00383 #27 | 0.935 0.00154 | 0.21854  0.00384
#28 | 0.93508 0.00154 | 0.21913 0.00383 #29 | 0.93512 0.00151 | 0.21863 0.00375
#30 | 0.93517 0.00151 | 0.2186 0.00376 #31 | 0.93726 0.00052 | 0.21456  0.00131
#32 | 093737 0.00051 | 0.21393 0.00128 #33 | 0.93709 0.00052 | 0.21424 0.00131

#34 | 0.93708 0.00051 | 0.21477  0.0013 #35 | 0.93723 0.00052 | 0.21436 0.00132
#36 | 0.93697 0.00053 | 0.21473  0.00135 #37 | 0.9369 0.00052 | 0.214 0.00132
#38 | 0.93675 0.00051 | 0.21426  0.0013 #39 | 0.93703 0.00053 | 0.21408 0.00134

#40 | 0.93697 0.00053 | 0.21439 0.00135

Table E.43: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.55. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.93511  0.00097 | 0.21932  0.00247 #1 0.93439  0.00111 | 0.21899  0.00279
#2 0.93447  0.0011 0.21901  0.0028 #3 0.93416  0.0011 0.21907  0.00279
#4 0.93427  0.00112 | 0.21958  0.00284 #5 0.93426  0.00112 | 0.21914  0.00283
#6 0.93396  0.0011 0.21873  0.00279 #7 0.93387  0.0011 0.21928  0.00278
#8 0.93365 0.00113 | 0.21898  0.00287 #9 0.93758  0.00043 | 0.21902 0.00112
#10 | 0.93707 0.00041 | 0.21921 0.00103 #11 | 0.93766  0.00044 | 0.21897 0.00113
#12 | 0.93738 0.00043 | 0.21854 0.00109 #13 | 0.93724 0.00042 | 0.21932 0.00107
#14 | 0.93697 0.00043 | 0.21969 0.00111 #15 | 0.93724 0.00041 | 0.21815 0.00107
#16 | 0.93733  0.00044 | 0.21893 0.00116 #17 | 0.93741 0.00046 | 0.21935 0.00114
#18 | 0.93729 0.00045 | 0.21973 0.00118 #19 | 0.93756  0.00042 | 0.21976  0.00113
#20 0.93736  0.00046 0.21983  0.00117 #21 0.93731 0.0004 0.21891 0.00106
#22 | 0.93694 0.00044 | 0.21961 0.00112 #23 | 0.93749 0.00042 | 0.21994 0.00113
#24 | 093733  0.0004 0.21887  0.00107 #25 | 0.93754 0.00044 | 0.22005 0.00114
#26 | 0.93785 0.00044 | 0.21962 0.00117 #27 | 0.93746  0.00041 | 0.21904 0.00107
#28 | 0.93776  0.0004 0.21884  0.00107 #29 | 0.93736 0.00043 | 0.21962 0.0011
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Figure E.55: Out of plane scans and fits along ()., recorded at 623 K.
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Figure E.56: Out of plane scans and fits along ()., recorded at 673 K.
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Table E.44: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.56. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 0.93865 0.00062 | 0.21736  0.00166 #1 0.93896  0.00063 | 0.21759  0.00173
#2 0.93944  0.00058 0.21782  0.00156 #3 0.94006  0.00059 0.21743  0.00158
#4 0.94026  0.00059 | 0.217 0.00156 #5 0.94088  0.00056 | 0.21573  0.0015
#6 0.94075  0.00057 | 0.21531 0.0015 #7 0.94069  0.00049 | 0.21508 0.00135
#8 0.94143  0.0005 0.21422  0.00134 #9 0.94137  0.00049 | 0.21376  0.00131
#10 | 0.94127 0.00048 | 0.21302 0.00128 #11 | 0.94141  0.0005 0.2139 0.00134
#12 | 0.94127 0.00049 | 0.21304 0.0013 #13 | 0.94198 0.00046 | 0.21264 0.00121
#14 | 0.94194 0.00047 | 0.21356 0.00126 #15 | 0.94191 0.00045 | 0.21304 0.0012
#16 | 0.94156 0.00045 | 0.2114 0.0012 #17 | 0.94126  0.0004 0.21212  0.00106
#18 | 0.94156  0.00048 | 0.21168 0.00128 #19 | 0.94158 0.00044 | 0.21138 0.0012
#20 0.94175  0.00046 0.20979  0.00125 #21 0.94185  0.00044 0.21138 0.00118
#22 | 0.94177 0.00046 | 0.21103 0.00124 #23 | 0.94179 0.00048 | 0.21016  0.00133
#24 | 0.9417 0.00047 | 0.21061  0.00128 #25 | 0.9412 0.00044 | 0.21071 0.00116
#26 | 0.94176  0.00047 | 0.21 0.00127 #27 | 0.94213  0.00046 | 0.20996 0.00125
#28 | 0.9416 0.00044 | 0.20945 0.00116 #29 | 0.94169  0.0005 0.21131  0.00132
#30 | 0.94166 0.00045 | 0.20791 0.00122 #31 | 0.94174 0.00049 | 0.20998 0.0013
#32 | 0.94168 0.00049 | 0.2098 0.00131 #33 | 0.94167 0.00051 | 0.20993 0.00133
#34 0.94168  0.00052 0.20964 0.00138 #35 0.9416 0.00046 0.20879  0.00126
#36 | 0.94123 0.00048 | 0.20827 0.0013 #37 | 0.94189 0.00051 | 0.20911 0.00136
#38 | 0.94161  0.00052 | 0.20839 0.00137 #39 | 0.94148  0.0005 0.20907  0.00132
#40 | 0.94143 0.00052 | 0.20888 0.0014

Table E.45: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.57. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 0.93866  0.00137 | 0.19479  0.00361 #1 0.93726  0.00069 | 0.19529 0.00182
#2 0.9369 0.0008 0.19119  0.00213 #3 0.93867  0.00052 | 0.19732 0.00138
#4 0.93856  0.00067 | 0.19448 0.00178 #5 0.93937  0.00053 | 0.19559  0.00139
#6 0.93975  0.00046 | 0.19619 0.00121 #7 0.9403 0.00047 | 0.19468 0.00124
#8 0.94042  0.00046 | 0.19497 0.00121 #9 0.94115 0.00047 | 0.19388 0.00123
#10 0.93971 0.00073 0.19626  0.00192 #11 0.94068  0.00045 0.19435 0.00117
#12 | 0.93984  0.00071 | 0.19465 0.00186 #13 | 0.94101  0.0005 0.19169  0.00131
#14 | 0.94096 0.00043 | 0.19214 0.00114 #15 | 0.9414 0.00044 | 0.19261 0.00115
#16 | 0.94101 0.00052 | 0.18877 0.00138 #17 | 0.94143 0.00053 | 0.19089 0.0014
#18 | 0.94145 0.00047 | 0.19018 0.00123 #19 | 0.94105 0.00042 | 0.19142 0.0011
#20 | 0.94144 0.00043 | 0.19054 0.00113 #21 | 0.94157  0.0004 0.1901 0.00104
#22 | 0.94158 0.00041 | 0.18854 0.00107 #23 | 0.9417 0.00044 | 0.18977 0.00116
#24 0.94159  0.00041 0.1902 0.00109 #25 0.94174  0.00039 0.18915  0.00102
#26 | 0.94082 0.00063 | 0.18839 0.00165 #27 | 0.94194 0.00043 | 0.18859 0.00113
#28 | 0.94233 0.00041 | 0.18865 0.00109 #29 | 0.94213 0.00042 | 0.18754 0.0011
#30 | 0.9419 0.00038 | 0.18771 0.00101 #31 | 0.94248 0.00043 | 0.188 0.00112
#32 | 0.94238 0.00041 | 0.18667 0.00108 #33 | 0.94228 0.00043 | 0.18683 0.00113
#34 | 0.94239 0.00043 | 0.18665 0.00114 #35 | 0.94184 0.00041 | 0.18627 0.00108
#36 | 0.94235 0.00039 | 0.18572  0.00102 #37 | 0.94176  0.00054 | 0.18343 0.00142
#38 | 0.94326 0.00037 | 0.18823 0.00106 #39 | 0.94249 0.00041 | 0.1845 0.00109
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Figure E.57: Out of plane scans and fits along ()., recorded at 723 K.
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Figure E.58: Out of plane scans and fits along ()., recorded at 523 K.
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Table E.46: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.58. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 0.93881  0.00022 | 0.168 0.00059 #1 0.93886  0.00024 | 0.1683 0.00063
#2 0.93859  0.00024 | 0.16807  0.00064 #3 0.93844  0.00024 | 0.1674 0.00063
#4 0.93816  0.00027 | 0.16851  0.00072 #5 0.93783  0.00027 | 0.16802  0.00071
#6 0.93828 0.00024 | 0.16815 0.00063 #7 0.93762  0.00023 | 0.1681 0.00061
#8 0.93772  0.00027 | 0.1689 0.00071 #9 0.93742  0.00026 | 0.16802  0.0007
#10 | 0.93736 0.00027 | 0.16749  0.0007 #11 | 0.93675 0.00025 | 0.16733  0.00067
#12 | 0.93697 0.00028 | 0.16774 0.00075 #13 | 0.93691 0.00026 | 0.16771  0.00068
#14 | 0.93706 0.00025 | 0.16738 0.00065 #15 | 0.93732 0.00022 | 0.16835 0.00059
#16 | 0.93708 0.00025 | 0.1678 0.00066 #17 | 0.93688 0.00026 | 0.1675 0.0007
#18 | 0.93709 0.00025 | 0.16728  0.00066 #19 | 0.93726 0.00027 | 0.16768  0.00071
#20 | 0.93706 0.00027 | 0.16718 0.00072 #21 | 0.93708 0.00026 | 0.16763 0.0007
#22 | 0.93645 0.00024 | 0.16714 0.00063 #23 | 0.93701 0.00025 | 0.16682  0.00067
#24 | 0.93716 0.00025 | 0.16743  0.00067 #25 | 0.93733 0.00024 | 0.16746  0.00063
#26 | 0.937 0.00026 | 0.16818  0.0007 #27 | 0.93726 0.00025 | 0.1674 0.00066
#28 | 0.93723 0.00025 | 0.16639  0.00067 #29 | 0.93686 0.00026 | 0.16748 0.00068
#30 | 0.93689 0.00028 | 0.16741  0.00075 #31 | 0.93737 0.00026 | 0.16708 0.00068
#32 | 0.93723 0.00027 | 0.16682  0.0007 #33 | 0.93703 0.00026 | 0.16713  0.00069
#34 | 0.93688 0.00028 | 0.16701  0.00074 #35 | 0.93727 0.00024 | 0.16693 0.00064
#36 | 0.93723 0.00025 | 0.16672  0.00066 #37 | 0.93729 0.00024 | 0.16676  0.00064

Table E.47: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.59. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 0.9448 0.00021 | 0.16627  0.00059 #1 0.94472  0.00022 | 0.16571  0.00062
#2 0.94463  0.00022 | 0.16589  0.00064 #3 0.94451  0.0002 0.16621  0.00059
#4 0.94406  0.00022 | 0.16767  0.00062 #5 0.94413  0.0002 0.167 0.00057
#6 0.94416  0.00022 0.16698  0.00063 #7 0.94407  0.00021 0.16745  0.0006
#8 0.94407  0.0002 0.16829  0.00058 #9 0.94334  0.00021 | 0.16754  0.00061
#10 | 0.94322 0.00021 | 0.16778  0.0006 #11 | 0.94334 0.00023 | 0.16821  0.00065
#12 | 0.94312  0.0002 0.16908  0.00059 #13 | 0.9432 0.00021 | 0.16827  0.00059
#14 | 0.94312 0.00023 | 0.16822 0.00067 #15 | 0.94326  0.00021 | 0.16858  0.00061
#16 | 0.94296 0.0002 0.16862  0.00058 #17 | 0.94291 0.00022 | 0.1694 0.00064
#18 | 0.94265 0.00022 | 0.16926 0.00062 #19 | 0.94272  0.00022 | 0.16959 0.00064
#20 0.94276  0.00021 0.16986  0.0006 #21 0.94275  0.00023 0.17006  0.00067
#22 | 0.94294 0.00021 | 0.1695 0.00061 #23 | 0.94258 0.00021 | 0.16982  0.0006
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Figure E.59: Out of plane scans and fits along ()., recorded at 573 K.
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Figure E.60: Out of plane scans and fits along ()., recorded at 623 K.

Table E.48: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.60. For fits with multiple components, only fit results of

the relevant component is shown.

Center FWHM Center FWHM
‘ Value Error ‘ Value Error ‘ ‘ ‘ Value Error ‘ Value Error
#0 | 0.94192 0.00028 | 0.17429  0.00073 #1 | 0.94107 0.00029 | 0.17519 0.00076
#2 | 0.94091 0.0003 0.17545  0.0008 H #3 ‘ 0.94026  0.00031 | 0.17602  0.00082
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Figure E.61: Out of plane scans and fits along ()., recorded at 673 K.

364



Table E.49: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.61. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.93998  0.00095 | 0.17236  0.00251 #1 0.93996  0.00071 | 0.17084  0.00189
#2 0.93906  0.00069 | 0.171 0.00182 #3 0.93891  0.00093 | 0.17127  0.00245
#4 0.93923  0.00056 | 0.17157 0.00148 #5 0.93836  0.00077 | 0.17087 0.00202
#6 0.93817 0.00082 | 0.17158 0.00216 #7 0.93871  0.00061 | 0.17043 0.00162
#8 0.93806  0.00096 | 0.17176  0.00254 #9 0.93779  0.00062 | 0.17001  0.00164
#10 | 0.93743  0.0006 0.16939  0.00161 #11 | 0.93797 0.00059 | 0.17067  0.00158
#12 | 0.93747 0.00168 | 0.17265 0.00438 #13 | 0.93729 0.00081 | 0.16838 0.00214
#14 | 0.93766 0.00069 | 0.16854 0.00184 #15 | 0.93744 0.00069 | 0.16953 0.00183
#16 | 0.93711 0.00069 | 0.16856  0.00183 #17 | 0.93778 0.00073 | 0.16916 0.00194
#18 | 0.93735 0.00062 | 0.16824 0.00166 #19 | 0.93792 0.00065 | 0.16814 0.00173
#20 | 0.93742 0.00161 | 0.17112  0.0042 #21 | 0.93815 0.00084 | 0.16658 0.00223
#22 | 0.93772 0.00062 | 0.16839 0.00164 #23 | 0.93734 0.00093 | 0.16966 0.00247
#24 | 0.93775 0.00063 | 0.16755 0.00167 #25 | 0.93801 0.0009 0.16954  0.00239
#26 | 0.938 0.00061 | 0.16666  0.00163 #27 | 0.9382 0.0007 0.16694  0.00185
#28 | 0.93728 0.00064 | 0.16711 0.0017 #29 | 0.93768 0.00131 | 0.16998 0.00343
#30 | 0.9378 0.00078 | 0.16739  0.00206 #31 | 0.93746  0.0007 0.16857  0.00185
#32 | 0.93749 0.00071 | 0.16827 0.00187 #33 | 0.93709 0.0007 0.16865 0.00186
#34 | 0.93734 0.00061 | 0.16786  0.00163 #35 | 0.93723 0.00076 | 0.16705 0.00201
#36 | 0.93752 0.00069 | 0.16731 0.00182 #37 | 0.93723 0.00066 | 0.16716 0.00175
#38 | 0.93748  0.0007 0.16775  0.00185 #39 | 0.93756 0.00092 | 0.16768 0.00244
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Figure E.62: Out of plane scans and fits along ()., recorded at 723 K.




Table E.50: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.62. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 0.94461 0.00046 | 0.16391 0.00122 #1 0.94472  0.00043 | 0.16407 0.00114
#2 0.94415 0.00043 | 0.16387 0.00113 #3 0.94429 0.00044 | 0.16369 0.00117
#4 0.94436  0.00035 | 0.16221  0.00094 #5 0.94455 0.00033 | 0.16137  0.00088
#6 0.94484  0.00035 | 0.1616 0.00093 #7 0.94516  0.00033 | 0.16097  0.00088
#8 0.94466  0.00034 | 0.1607 0.00091 #9 0.94446  0.00035 | 0.16089  0.00093
#10 | 0.94455 0.00034 | 0.16039  0.00091 #11 | 0.94443 0.00035 | 0.16041  0.00093
#12 | 0.94445 0.00034 | 0.16013  0.0009 #13 | 0.94447 0.00036 | 0.16038  0.00096
#14 | 0.94421 0.00034 | 0.15982  0.0009 #15 | 0.94419 0.00034 | 0.15916  0.0009

#16 | 0.94361 0.00033 | 0.15856  0.00089 #17 | 0.9434 0.00035 | 0.15839  0.00092
#18 | 0.94337 0.00034 | 0.15848  0.00091 #19 | 0.9436 0.00035 | 0.15839  0.00092
#20 | 0.94375 0.00036 | 0.1587 0.00095 #21 | 0.94316 0.00034 | 0.15817  0.00091
#22 | 0.9433 0.00033 | 0.15754  0.00087 #23 | 0.94328 0.00036 | 0.15727  0.00095
#24 | 0.94317 0.00034 | 0.15647  0.0009 #25 | 0.94285 0.00033 | 0.1565 0.00088
#26 | 0.94307 0.00033 | 0.15705 0.00088 #27 | 0.94271 0.00033 | 0.15724  0.00086
#28 | 0.94221 0.00037 | 0.15684  0.00097 #29 | 0.94235 0.00034 | 0.15632  0.00091
#30 | 0.94276 0.00034 | 0.15634  0.00091 #31 | 0.94248 0.00034 | 0.15673  0.00091
#32 | 0.94238 0.00036 | 0.15669  0.00094 #33 | 0.94173 0.00036 | 0.1562 0.00095
#34 | 0.94222 0.00035 | 0.1561 0.00094 #35 | 0.94234 0.00034 | 0.15509  0.0009

#36 | 0.94225 0.00036 | 0.15552  0.00097 #37 | 0.94177 0.00035 | 0.15491  0.00093
#38 | 0.94213 0.00034 | 0.15551  0.00091 #39 | 0.94196 0.00034 | 0.15409 0.00089
#40 | 0.94236  0.00037 | 0.15402 0.00097 #41 | 0.94216 0.00036 | 0.15554  0.00096
#42 | 0.94164 0.00035 | 0.15464  0.00094 #43 | 0.9419 0.00034 | 0.15419  0.0009

#44 | 0.94192 0.00034 | 0.15393  0.00091 #45 | 0.9421 0.00035 | 0.15421  0.00094

Pd3Pt1/A1203 - Pd(l 1 1) radial
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Figure E.63: Radial scans and fits recorded at 523 K.
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Table E.51: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.63. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.78473  0.00705 | 0.04669  0.01948 #1 2.78389 0.00156 | 0.05625 0.0043

#2 2.78599  0.00162 | 0.05512  0.00466 #3 2.78663 0.00162 | 0.05557  0.00446
#4 2.78435 0.0018 0.05813  0.00496 #5 2.78556  0.00162 | 0.05545 0.00446
#6 2.78526  0.00184 | 0.05664  0.00505 #7 2.78475  0.0018 0.05733  0.00495
#8 2.78448  0.00183 | 0.05543  0.00529 #9 2.78439 0.00176 | 0.05432  0.00483
#10 | 2.785 0.00189 | 0.05709 0.0052 #11 | 2.78379 0.00197 | 0.05548 0.00541
#12 | 2.78488  0.002 0.05714  0.00549 #13 | 2.78407 0.0019 0.05414  0.00521
#14 | 2.7852 0.00213 | 0.05011 0.00585 #15 | 2.78542 0.00201 | 0.05569 0.00551
#16 | 2.78472 0.00194 | 0.0554 0.00531 #17 | 2.78479 0.00192 | 0.05515 0.00528
#18 | 2.78475 0.00196 | 0.05726  0.00537 #19 | 2.78516 0.00201 | 0.05706  0.00551
#20 | 2.7851 0.00179 | 0.05549  0.00491 #21 | 2.78458  0.0019 0.05658  0.00522
#22 | 2.7861 0.00197 | 0.05687 0.0054 #23 | 2.78559  0.0019 0.05544  0.00521
#24 | 2.78596  0.00202 | 0.05375 0.00556 #25 | 2.78609 0.00202 | 0.05671  0.00555
#26 | 2.78501 0.00192 | 0.05252  0.0053 #27 | 2.78578 0.00196 | 0.05518  0.00539
#28 | 2.78542 0.00195 | 0.05612  0.00537 #29 | 2.78602 0.00206 | 0.05485 0.00565
#30 | 2.78625 0.00193 | 0.05599 0.0053 #31 | 2.78311 0.00237 | 0.05254  0.0068

#32 | 2.78563 0.00178 | 0.05326  0.00489 #33 | 2.78535 0.00186 | 0.05289  0.00512
#34 | 2.78293 0.00191 | 0.05567 0.00524 #35 | 2.78491 0.00195 | 0.05391  0.00538
#36 | 2.78584  0.00191 | 0.05575 0.00524 #37 | 2.78474  0.0019 0.05296  0.00524
#38 | 2.7842 0.00185 | 0.05433  0.00508 #39 | 2.78556  0.00213 | 0.05987 0.00581
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Figure E.6/4: Radial scans and fits recorded at 573 K.
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Table E.52: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.64. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM
Value Error Value Error Value Error Value Error
#0 2.78529  0.00115 | 0.05851  0.00358 #1 2.78504 0.00112 | 0.0555 0.00309
#2 2.78498 0.00117 | 0.05691  0.0032 #3 2.78342  0.00117 | 0.06008  0.00328

#4 2.78739  0.0011 0.05792  0.00301 #5 2.78516  0.00113 | 0.05679  0.0032

#6 2.78503  0.0011 0.05815  0.00304 #7 2.78459  0.00107 | 0.05689  0.00307
#8 2.78463  0.00107 | 0.05701  0.00293 #9 2.78381  0.0012 0.06 0.0033

#10 | 2.78423 0.0011 0.05861  0.00305 #11 | 2.78474 0.00118 | 0.06026  0.00325
#12 | 2.78476 0.00117 | 0.06064  0.00321 #13 | 2.78417 0.00118 | 0.05725  0.00337
#14 | 2.78456 0.00115 | 0.05582  0.00331 #15 | 2.78432 0.00121 | 0.05904 0.00331
#16 | 2.78375 0.00117 | 0.05805  0.0032 #17 | 2.78357 0.00134 | 0.06054 0.00367
#18 | 2.78387 0.00122 | 0.05874 0.00336 #19 | 2.78468 0.00124 | 0.05825 0.0034

#20 | 2.78409 0.00132 | 0.06018  0.00369 #21 | 2.78391 0.00141 | 0.06023  0.00407
#22 | 2.784 0.00132 | 0.05769  0.0037 #23 | 2.78565 0.00129 | 0.05733  0.00355

Pd3Pt1/A1203 - PdO(l 0 1) radial

Table E.53: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.65. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.37666  0.00308 | 0.07708 0.01273 #1 2.36753  0.0039 0.10629  0.01636
#2 2.36946  0.00269 0.11106  0.01288 #3 2.36636  0.00321 0.11798 0.0134
#4 2.37707  0.00144 | 0.07124  0.00586 #5 2.37655  0.00129 | 0.0754 0.00533
#6 2.37603  0.0016 0.08176  0.00673 #7 2.37635 0.00132 | 0.07996  0.00598
#8 2.37927 0.00118 | 0.07094  0.00482 #9 2.37935 0.00119 | 0.07423  0.00568
#10 | 2.37912 0.00129 | 0.07797  0.00542 #11 | 2.37702 0.00095 | 0.07912 0.005
#12 | 2.37871 0.00101 | 0.07473 0.0044 #13 | 2.37996  0.0007 0.0725 0.00313
#14 | 2.37935 0.00079 | 0.06904 0.00371 #15 | 2.37849  0.00076 | 0.07493  0.00372
#16 2.37964  0.0008 0.07257  0.00356 #17 2.38005  0.00063 0.07295  0.0031
#18 | 2.3797 0.00058 | 0.06772  0.00275 #19 | 2.37971  0.00063 | 0.06801 0.00283
#20 | 2.37926 0.00062 | 0.07141 0.00273 #21 | 2.37993 0.00069 | 0.07211 0.00296
#22 | 2.37952 0.00057 | 0.06557  0.00259 #23 | 2.37881 0.00044 | 0.06868 0.00196
#24 | 2.3785 0.00051 | 0.07365  0.00243 #25 | 2.37952  0.0005 0.06739  0.00214
#26 | 2.37935 0.00053 | 0.06922 0.00235 #27 | 2.3801 0.00047 | 0.06629 0.00191
#28 | 2.37883  0.00044 | 0.06941  0.00208 #29 | 2.37948  0.0005 0.07028  0.00217
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Figure E.65: Radial scans recorded at 623 K.
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Figure E.66: Radial scans recorded at 673 K.
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Table E.54: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.66. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error

#0 2.37993  0.00078 | 0.06433  0.00469 #1 2.38321 0.00056 | 0.06569  0.00236
#2 2.38291  0.00053 | 0.06876  0.00315 #3 2.38341  0.00055 | 0.0629 0.00217
#4 2.38332  0.0005 0.06649  0.00217 #5 2.3828 0.00044 | 0.07124  0.00226
#6 2.38406  0.00057 | 0.06497  0.00242 #7 2.38277 0.00038 | 0.06988  0.00213
#8 2.38289  0.00038 | 0.06766  0.00212 #9 2.38273  0.0004 0.06698  0.00171
#10 | 2.38426  0.00031 | 0.06235 0.0014 #11 | 2.38288 0.00035 | 0.06686 0.00151
#12 | 2.38324 0.00035 | 0.06317 0.00142 #13 | 2.3837 0.00036 | 0.06323 0.00165
#14 | 2.38263 0.00045 | 0.06554 0.00189 #15 | 2.38259  0.0004 0.06603  0.00185
#16 | 2.3819 0.00032 | 0.06896 0.0015 #17 | 2.38262 0.00026 | 0.06654 0.00118
#18 | 2.38384 0.00041 | 0.06484 0.00189 #19 | 2.38287 0.00036 | 0.06591 0.00149
#20 | 2.38363 0.00044 | 0.05841 0.00173 #21 | 2.38195 0.00032 | 0.06714 0.00141
#22 | 2.38252 0.00044 | 0.06735 0.0021 #23 | 2.38242 0.00026 | 0.06846 0.00127
#24 | 2.38168 0.00041 | 0.0719 0.00201 #25 | 2.38222 0.00038 | 0.06387 0.00168
#26 | 2.38276 0.00027 | 0.06396 0.00149 #27 | 2.38164 0.00038 | 0.06727  0.00188
#28 | 2.3828 0.00034 | 0.06125 0.00143 #29 | 2.38237 0.00035 | 0.06394 0.00156
#30 | 2.37943 0.00022 | 0.06029 0.00106 #31 | 2.37907 0.00024 | 0.0603 0.0013

#32 | 2.38253  0.0003 0.06282  0.00128 #33 | 2.37929 0.00019 | 0.05952  0.00082
#34 | 2.37917 0.00017 | 0.06015 0.00096 #35 | 2.37795 0.00018 | 0.06558 0.00105
#36 | 2.3783 0.00019 | 0.06099 0.00103 #37 | 2.37825 0.00017 | 0.06155 0.00088
#38 | 2.37774 0.00024 | 0.06104 0.00122 #39 | 2.378 0.00021 | 0.06112 0.00104
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Figure E.67: Radial scans recorded at 723 K.
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Table E.55: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.67. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.3782 0.00052 | 0.07589  0.00225 #1 2.37862  0.00042 | 0.07404 0.00185
#2 2.37858  0.00041 | 0.07823  0.00201 #3 2.3772 0.00027 | 0.06574  0.00127
#4 2.37925 0.00032 | 0.07119 0.00147 #5 2.37554  0.00022 | 0.06648 0.00108
#6 2.3758 0.0002 0.06619  0.00095 #7 2.3788 0.00018 | 0.06487  0.00081
#8 2.37857  0.00019 | 0.0659 0.00086 #9 2.37861  0.0002 0.06417  0.00096
#10 | 2.3787 0.00023 | 0.06594  0.00108 #11 | 2.37812 0.00018 | 0.06379 0.00084
#12 | 2.37875 0.00022 | 0.06457 0.001 #13 | 2.37883  0.0002 0.06482  0.00093
#14 | 2.37803 0.00019 | 0.06419  0.00089 #15 | 2.3779 0.00014 | 0.0649 0.00069
#16 | 2.37844  0.00022 | 0.0663 0.00101 #17 | 2.37744 0.00024 | 0.06579 0.00109
#18 | 2.37665 0.0002 0.06623  0.00092 #19 | 2.37814 0.00017 | 0.06467 0.00079
#20 | 2.37845 0.00017 | 0.06272 0.00078 #21 | 2.37818 0.00019 | 0.06397  0.00088
#22 | 2.37789 0.00015 | 0.06306 0.00073 #23 | 2.37645 0.00018 | 0.06334 0.00081
#24 | 2.37616 0.00021 | 0.06453 0.00101 #25 | 2.37579 0.00021 | 0.06613 0.00109
#26 | 2.37738  0.0002 0.06501  0.00096 #27 | 2.37625 0.00015 | 0.06346  0.00073
#28 | 2.37597 0.00017 | 0.06343 0.0008 #29 | 2.37643 0.00019 | 0.06344 0.00084
#30 | 2.37577 0.00016 | 0.06578 0.00078 #31 | 2.37612 0.00015 | 0.06531 0.0007
#32 | 2.3762 0.00017 | 0.06437  0.00076 #33 | 2.37586 0.00017 | 0.06451 0.00081
#34 | 2.37645 0.00017 | 0.06343 0.00078 #35 | 2.37572 0.00015 | 0.06542 0.00078
#36 | 2.37578  0.0002 0.06362  0.00092 #37 | 2.37821 0.00026 | 0.06538 0.00123
#38 | 2.37569 0.00013 | 0.0656 0.00061 #39 | 2.37649  0.0002 0.06401  0.00093

Table E.56: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.68. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.36687  0.00196 0.07066  0.00682 #1 2.36993  0.00084 0.09305  0.00626
#2 2.37133  0.00073 | 0.0797 0.00336 #3 2.37138  0.00101 | 0.08117  0.0046
#4 2.37316  0.00081 | 0.07279  0.0038 #5 2.37131  0.00083 | 0.07503  0.0039
#6 2.37099  0.00124 | 0.09431 0.00584 #7 2.37189  0.00075 | 0.07461  0.00411
#8 2.37092  0.00088 | 0.08451  0.00493 #9 2.36937  0.00081 | 0.07493  0.00382
#10 | 2.3693 0.00101 | 0.08014 0.00503 #11 | 2.36908 0.00093 | 0.09241 0.00755
#12 | 2.36786 0.00121 | 0.09647 0.00764 #13 | 2.37045 0.0009 0.08075  0.00429
#14 2.3699 0.00111 0.09737  0.00801 #15 2.3711 0.0009 0.0832 0.00586
#16 | 2.36827 0.00115 | 0.10151  0.00991 #17 | 2.37052  0.0008 0.07792  0.0031
#18 | 2.37017 0.00081 | 0.08025 0.00544 #19 | 2.37075 0.00099 | 0.09047 0.00716
#20 | 2.37265 0.00087 | 0.07221 0.00341 #21 | 2.36997 0.00083 | 0.08204 0.0044
#22 | 2.36936  0.00093 | 0.08725 0.0064 #23 | 2.37044 0.00089 | 0.07952  0.00472
#24 | 2.37028 0.0009 0.07945  0.00347 #25 | 2.37131 0.00083 | 0.07911 0.00585
#26 | 2.37082 0.00072 | 0.07792  0.00373 #27 | 2.37066 0.00105 | 0.07682  0.00405
#28 2.37072  0.00084 0.08067 0.00518 #29 2.37162  0.00083 0.07219  0.00396
#30 | 2.37197 0.00066 | 0.07525 0.00383 #31 | 2.37083 0.00081 | 0.07843 0.00563
#32 | 2.3707 0.00078 | 0.08027  0.00363 #33 | 2.37182 0.00073 | 0.07142 0.00329
#34 | 2.37147 0.00081 | 0.08022 0.00437 #35 | 2.37034 0.00093 | 0.08385 0.00477
#36 | 2.37 0.00078 | 0.08303 0.00497 #37 | 2.37047 0.00088 | 0.07814  0.0044
#38 | 2.37018 0.00103 | 0.08073 0.00442
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Figure E.68: Radial scans recorded at 673 K.
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Table E.57: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.69. For fits with multiple components, only fit results of
the relevant component is shown.

Center FWHM Center FWHM

Value Error Value Error Value Error Value Error
#0 2.37052  0.00066 | 0.08143 0.00441 #1 2.37474  0.00047 | 0.07484 0.00213
#2 2.37399  0.00041 | 0.0769 0.00224 #3 2.374 0.00036 | 0.07828  0.00214
#4 2.37311  0.00044 | 0.07623 0.00234 #5 2.37341  0.00047 | 0.07561  0.00249
#6 2.37295 0.00046 | 0.0777 0.00242 #7 2.37381  0.00039 | 0.07416  0.00235
#8 2.37426  0.00041 | 0.07124 0.00218 #9 2.3727 0.00044 | 0.07739  0.00239
#10 | 2.37353 0.00044 | 0.07284 0.00252 #11 | 2.37456  0.00052 | 0.05695 0.00235
#12 | 2.3742 0.00039 | 0.07333 0.00175 #13 | 2.37348 0.00048 | 0.07516  0.00235
#14 | 2.37155 0.00043 | 0.07941 0.00269 #15 | 2.373 0.00038 | 0.07484 0.0022
#16 | 2.37307 0.00037 | 0.07345 0.00189 #17 | 2.37222 0.00041 | 0.07527  0.00208
#18 | 2.37232 0.00044 | 0.07827  0.00249 #19 | 2.37186  0.00047 | 0.08031 0.00297
#20 | 2.37265 0.00047 | 0.07552  0.00219 #21 | 2.37201 0.00052 | 0.0734 0.0024
#22 | 2.3726 0.00039 | 0.0751 0.00246 #23 | 2.37265 0.00045 | 0.07596  0.00229
#24 | 2.37002 0.00045 | 0.0785 0.00268 #25 | 2.37215 0.00047 | 0.07586  0.00234
#26 | 2.37287 0.00051 | 0.0726 0.00234 #27 | 2.37217 0.00052 | 0.07398  0.00238
#28 | 2.37282 0.00045 | 0.07581 0.00215 #29 | 2.37226 0.00049 | 0.07668 0.00218
#30 | 2.37176  0.00044 | 0.07387 0.00225 #31 | 2.37059 0.00044 | 0.07104 0.00201
#32 | 2.37318 0.00041 | 0.06961 0.00181 #33 | 2.37231 0.00052 | 0.06471 0.00249
#34 | 2.37194 0.00043 | 0.07506 0.00221 #35 | 2.36726  0.00052 | 0.09798 0.00344
#36 | 2.37191 0.00054 | 0.07256  0.00292 #37 | 2.37322 0.00047 | 0.07029 0.00182
#38 | 2.37288 0.00042 | 0.06945 0.00237 #39 | 2.37229  0.0005 0.07131  0.00215
#40 | 2.37139 0.00054 | 0.07924 0.00259 #41 | 2.37066 0.00046 | 0.07933 0.00319
#42 | 2.37263 0.00044 | 0.06955 0.00218 #43 | 2.37226  0.00048 | 0.07622  0.00236
#44 | 2.37227 0.00046 | 0.07315 0.00232 #45 | 2.37141  0.00048 | 0.07238 0.00264

E.4.3 HEGIXRD line scan analysis from rocking scans
of Pd/Al2 03
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Table E.58: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.70.

Cycle 1 Cycle II
T [K] Scan Center FWHM Center FWHM
Value Error | Value Error Value Error | Value Error
523 H, Pd(111) 2.622 0.0 0.045  0.001 2.626 0.0 0.049 0.0
L, Pd(111) 0.945 0.0 0.161 0.001 0.95 0.0 0.107  0.001
H, Pd(222) 5.25 0.0 0.053 0.0 5.256 0.0 0.054  0.001
L, Pd(222) 1.867 0.0 0.171 0.002 1.878 0.0 0.119  0.001

573 H, Pd(111) 2.625 0.0 0.055  0.001 2.627 0.0 0.056  0.001
L, Pd(111) 0.949 0.0 0.121 0.0 0.948 0.0 0.123  0.001
H, Pd(222) 5.2563 0.0 0.059  0.001 5.263  0.001 | 0.06 0.004
L, Pd(222) 1.879 0.0 0.125  0.001 1.872  0.001 | 0.152  0.008
PdO(101) 2.377 0.001 | 0.062  0.008 2.373  0.002 | 0.065 0.008

623 H, Pd(111) 2.627 0.0 0.056  0.001 2.628 0.0 0.057  0.002
L, Pd(111) 0.946 0.0 0.131  0.001 0.948 0.0 0.126  0.001
H, Pd(222) 5.258 0.0 0.061  0.002 5.265 0.002 | 0.088  0.037
L, Pd(222) 1.872  0.001 | 0.15 0.003 1.878 0.003 | 0.14 0.008
PdO(101) 2.375 0.001 | 0.065 0.004 2.374 0.001 | 0.061  0.009

673 H, Pd(111) 2.626 0.0 0.059  0.001 2.627 0.0 0.061  0.002
L, Pd(111) 0.947 0.0 0.135  0.001 0.949  0.001 | 0.132  0.002
H, Pd(222) 5.256  0.001 | 0.07 0.004 5.262  0.002 | 0.062  0.007
L, Pd(222) 1.875 0.001 | 0.164 0.006 1.88 0.003 | 0.146  0.02

PdO(101) 2.374 0.001 | 0.065 0.005 2.375 0.001 | 0.059  0.006

723 H, Pd(111) 2.624 0.0 0.059  0.002 2.623 0.0 0.06 0.002
L, Pd(111) 0.946 0.0 0.141  0.001 0.949 0.001 | 0.128  0.002
H, Pd(222) 5.254  0.001 | 0.085 0.017 5.2562  0.004 | 0.059  0.012
L, Pd(222) 1.864 0.002 | 0.178  0.012 1.873  0.005 | 0.13 0.015
PdO(101) 2.372  0.001 | 0.062  0.004 2.372  0.001 | 0.05 0.003
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Figure E.70: Scans extracted from rocking scans and their fits for all tem-
peratures. Black triangles corresponds to data from Pd(111), black stars to
data from Pd(222), and blue circles to data from PdO(101). No PdO signal
is observed for either cycle at 523 K.
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E.4.4 HEGIXRD line scan analysis from rocking scans
of Pngtl/Alzog

Table E.59: Center and full width half maximum (FWHM) for the fits pre-
sented in Figure E.71.

Cycle I Cycle I1
T [K] Scan Center FWHM Center FWHM
Value Error | Value Error Value Error | Value Error
523 H, Pd(111) 2.628 0.0 0.045  0.001 2.627 0.0 0.056  0.001
L, Pd(111) 0.936  0.001 | 0.249 0.004 0.946 0.0 0.165  0.001
H, Pd(222) 5.262 0.0 0.06 0.001 5.256 0.0 0.06 0.001
L, Pd(222) 1.842 0.001 | 0.274 0.011 1.873 0.001 | 0.181  0.003

573 H, Pd(111) 2.627 0.0 0.047  0.001 2.624 0.0 0.058  0.001
L, Pd(111) 0.933 0.0 0.218  0.001 0.942 0.0 0.172  0.001
H, Pd(222) 5.257 0.0 0.054 0.0 5.251 0.0 0.063  0.002
L, Pd(222) 1.854 0.001 | 0.236  0.005 1.866  0.001 | 0.185 0.004

623 H, Pd(111) 2.625 0.0 0.055  0.001 2.624 0.0 0.067  0.002
L, Pd(111) 0.937 0.0 0.222  0.002 0.937 0.001 | 0.171  0.002
H, Pd(222) 5.2561 0.0 0.064  0.001 5.262  0.001 | 0.074  0.004
L, Pd(222) 1.86 0.001 | 0.239  0.008 1.864 0.002 | 0.182  0.008

Pd(101) 2.381  0.001 | 0.064  0.003 2.367  0.004 | 0.107  0.028

673 H, Pd(111) 2.625 0.001 | 0.062  0.003 2.621 0.0 0.067  0.001
L, Pd(111) 0.938 0.0 0.2 0.002 0.939 0.0 0.166  0.002
H, Pd(222) 5.255  0.001 | 0.071  0.004 5.244 0.001 | 0.074 0.004
L, Pd(222) 1.86 0.002 | 0.23 0.016 1.86 0.001 | 0.179  0.006
PdO(101) 2.379 0.0 0.062  0.002 2.373 0.001 | 0.083  0.009

723 H, Pd(111) 2.62 0.0 0.066  0.002 2.616 0.0 0.066  0.001
L, Pd(111) 0.937 0.0 0.18 0.002 0.941 0.0 0.149  0.001
H, Pd(222) 5.244 0.001 | 0.076  0.005 5.237 0.0 0.062  0.002
L, Pd(222) 1.858 0.001 | 0.198  0.007 1.86 0.001 | 0.159  0.003
PdO(101) 2.377 0.0 0.065  0.002 2.373  0.001 | 0.054 0.003
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Figure E.71: Scans extracted from rocking scans and their fits for all tem-
peratures. Black triangles corresponds to data from Pd(111), black stars to
data from Pd(222), and blue circles to data from PdO(101). No PdO signal
is observed for either cycle at 523 K and 573 K.
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E.5 HEGISAXS analysis

Line cuts were extracted from the time resolved HEGISAXS data shown in
[280, 281] in order visualize the subtle changes. The position of the line cuts
was determined by the position of the maximum intensity of the scattered,
off-specular scattering signal. The vertical line cuts were extracted at the
(. position of the maximum, the horizontal line cuts were extracted just
above the @), position of the maximum (see Figure E.72). All line scans were
extracted with an integration width of 0.0015 A, corresponding to 3px. All

523K
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Figure E.72: HEGISAXS data recorded under operation for PdsPt;/Al;O3
catalyst at 523 K. White lines indicate the positions of the vertical and
horizontal cuts. The width of the lines correspond to the integration width
and the length to the ) range of the extracted lines.
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line scan data is treated with z-score normalization which is given by

I(q) — p (£.2)

with p being the mean of 7(Q) and o being the standard deviation of I(Q).

E.6 HEGISAXS Horizontal Cuts
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Figure E.73: Horizontal line cuts recorded under operation with the
Pd/Al,O3 catalyst. Data recorded during the first cycle is in A, data recorded
during the second cycle in B. The blue lines correspond to the first data point
recorded at each given temperature (indicated in the bottom left corner of
each panel), the red line to the data point recorded 15 min later.

As mentioned in the main text, no significant changes were observed
in the horizontal cuts at a given temperature. This is likely due to the
heterogeneity of size of the NPs and distance between the NPs leading to a
broad distribution of scattering vectors. As a result, the sum of the incoherent
contributions mask sharp features. In Figure E.73 and Figure E.74 are the
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horizontal cuts for all conditions of the first and second cycle of Pd/Al,O3 and
PdPt/Al,Os3, respectively. The blue line corresponds to the first datapoint,
the red line to the data point recorded 15 min afterwards.
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Figure E.74: Horizontal line cuts recorded under operation with the
Pd3Pt;/Al,O3 catalyst. Data recorded during the first cycle is in A, data
recorded during the second cycle in B. The blue lines correspond to the first
data point recorded at each given temperature (indicated in the bottom left
corner of each panel), the red line to the data point recorded 15 min later.
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