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Summary

Methanol is one of the most widely produced chemicals globally, valued for its importance
as both a chemical feedstock and a potential fuel in the transition toward a carbon-neutral
economy. The industrial synthesis of methanol from syngas mixtures of CO, CO,, and H,
is facilitated by the use of the Cu-Zn0-Al203 (CZA) catalyst. Despite decades of research,
the exact reaction mechanism of the CZA catalyst is still debated. Various theories have
been proposed regarding the active sites of the catalyst, including copper-zinc alloys,
copper decorated with zinc atoms, or a ZnOx overlayer with oxygen vacancies at the Cu-

ZnO interface.

Possibly the most important challenge to be overcome in order to advance the
understanding of this catalytic system is the so-called pressure gap. This gap refers to the
discrepancy between the ultra-high vacuum to ambient pressure conditions under which
surface science techniques typically operate, and the high-pressure conditions (50 bar
and above) encountered in real-world industrial processes. This thesis focuses on
bridging the pressure gap by employing surface-sensitive X-ray diffraction (XRD) at both
ambient and high pressures to gain structural insights into the CZA catalyst system. The
primary goal was to investigate the dynamic behaviour of copper and zinc during
methanol synthesis under various reaction gas mixtures and high pressures that simulate
industrial conditions. For this purpose, two model systems of the catalyst were prepared
using molecular beam epitaxy (MBE) under ultra-high vacuum (UHV) conditions: (1) a
simplified model system comprising epitaxial Cu nanoparticles supported on single-
crystal Al203 substrates, and (2) a ZnO-supported model system in which metallic Zn was
first deposited onto the Al203 support, oxidized under UHV conditions, and then followed
by the deposition of Cu. A custom MBE chamber was designed and commissioned for the
precise deposition of metallic Zn, allowing precise control over the amount of Zn

incorporated into the samples.

Structural analysis of the catalyst under operando conditions was enabled by the
development and improvement of a special high-pressure surface XRD (SXRD) setup. This
advanced system was utilized to gather novel structural information about the Cu and
Cuz0 phases of the catalyst under various reaction gas mixtures, operating at a system

pressure of 30 bar.



One of the major questions addressed in this thesis was whether a CuOx-type structure or
partially oxidized copper phase forms under reaction conditions. No evidence of such a
phase above 575 K was found, either at ambient pressure or operando pressure. Instead,
copper remained in its metallic state during exposure to various reaction gas mixtures,
including CO, CO,, and H,. For both model systems, oxidation was observed only under
pure Ar gas flow containing trace amounts of oxygen and water (around 1 ppm). The
sample preparation yielded epitaxial (111)-oriented Cu nanoparticles, which were found
to retain their crystal orientation with respect to the sapphire substrate under various
reaction gas mixtures at ambient pressure, with a particle size ranging between 8-10 nm.
Upon exposure to air at room temperature, these Cu nanoparticles formed core-shell Cu-
Cuz0 structures, where the Cuz0 shell maintained the same crystal orientation as the Cu
core. Even under high pressure reducing conditions, the Cuz0 shell remained stable below
575 K, with full reduction of the Cu occurring only at higher temperatures. Additionally,
the formation of (110)-oriented Cu particles was observed if the sample temperature was
increased stepwise to 575 K. These (110)-oriented particles displayed faster oxidation
and reduction dynamics compared to (111)-oriented particles, despite comparable

particle size.

A central focus of this work was the highly debated issue of Cu-Zn alloy formation during
catalytic reactions. The study revealed the presence of two distinct Cu-Zn alloy phases:
Cuo.2Zno.s and Cuo.64Zno3s. The data suggest a dynamic interplay between these two alloy
phases, dependent on the amount of hydrogen in the reaction gas mixture. Partial
oxidation of the Cuo.2Znos phase occurred in reaction gases with little to no hydrogen,
resulting in a transition to the more Cu-rich Cuos4Znoss phase. This transition was
accompanied by the diffusion of zinc into the metallic copper particles and the potential
formation of ZnOx overlayers. These observations challenge the conventional
understanding that the formation of ZnO/ZnOx and Cu-Zn alloys phases is solely governed
by the oxidizing or reducing nature of the gas environment. Instead, this work suggests
that the amount of hydrogen in the gas mixture plays a crucial role in determining the

formation and oxidation states of the Cu-Zn alloy phases.

Finally, the Al203 substrate was observed to remain stable across all investigated reaction

gas mixtures and at both ambient and operando pressures. This confirms its stabilizing



role in the catalytic system, without any indication of active participation in the catalytic

process itself.



Zusammmenfassung

Methanol ist eine der weltweit an den haufigsten produzierten Chemikalien, mit einer
enormen Bedeutung sowohl als Ausgangsmaterial fiir die Herstellung diverser Derivate
als auch als potenzieller Kraftstoff im Ubergang zu einer CO,-neutralen Wirtschaft. Die
industrielle Synthese von Methanol aus Synthesegas, einer Mischung aus CO, CO, und H,,
wird durch den Einsatz des Cu-ZnO-Al203 (CZA)-Katalysators ermdglicht. Trotz
jahrzehntelanger Forschung ist der genaue Reaktionsmechanismus des CZA-Katalysators
nach wie vor umstritten. Verschiedene Theorien wurden beziiglich der aktiven Zentren
des Katalysators aufgestellt, darunter Kupfer-Zink-Legierungen, mit Zinkatomen
dekoriertes Kupfer oder eine diinne ZnOx-Schicht mit Sauerstoffleerstellen an der Cu-

Zn0-Grenzflache.

Eine der wichtigsten Herausforderungen der Forschung in diesem Beriech ist sogenannte
Druckliicke. Diese Liicke bezieht sich auf die Diskrepanz zwischen den etablierten
Techniken der Oberflachenanalyse auf der einen Seite, welche typischerweise im
Druckbereich zwischen Ultrahochvakuum und Umgebungsdruck anwendbar sind, und
auf der anderen Seite den Hochdruckbedingungen von 50 bar und mehr, die in realen
industriellen Prozessen auftreten. In diesem Kontext, konzentriert sich diese Dissertation
darauf, diese Druckliicke zu tberbriicken, indem oberflichenempfindliche
Rontgenbeugung (XRD) sowohl bei Umgebungs- als auch bei Hochdruckbedingungen
eingesetzt wird, um strukturelle Einblicke in das CZA-Katalysatorsystem zu gewinnen.
Das Hauptziel bestand darin, das dynamische Verhalten von Kupfer und Zink wahrend
der Methanolsynthese unter verschiedenen Reaktionsgasmischungen und hohem Druck,
sogenannten operando-Bedingungen, die denen in der industriellen Anwendung

nahekommen, zu untersuchen.

Zu diesem Zweck wurden zwei Modellsysteme des Katalysators unter Verwendung der
Molekularstrahlepitaxie (MBE) unter Ultra-Hochvakuumbedingungen (UHV) hergestellt:
(1) ein vereinfachtes Modellsystem, bestehend aus epitaktischen Cu-Nanopartikeln auf
einkristallinen Al203-Substraten, und (2) ein ZnO-unterstiitztes Modellsystem, bei dem
metallisches Zink zuerst auf das Al203-Substrat aufgedampft und unter UHV-Bedingungen
oxidiert wurde, bevor anschliefend Cu aufgedampft wurde. Eine speziell angefertigte

MBE-Kammer wurde entwickelt und in Betrieb genommen, um eine prazise Evaporation
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von metallischem Zink zu ermoglichen und eine genaue Kontrolle tiber die Menge des

aufgedampften Zinks zu gewahrleisten.

Die strukturelle Analyse des Katalysators unter operando Bedingungen wurde durch die
Entwicklung und Verbesserung eines speziellen Hochdruck-SXRD-Aufbaus (Surface X-
Ray Diffraction) ermdoglicht. Dieser fortschrittliche Aufbau wurde genutzt, um neue
strukturelle Informationen iliber die Cu- und Cu20-Phasen des Katalysators unter

verschiedenen Reaktionsgasmischungen bei einem Systemdruck von 30 bar zu gewinnen.

Eine der wichtigsten Fragestellungen dieser Arbeit war, ob sich unter
Reaktionsbedingungen eine CuOx-Struktur bzw. eine teilweise oxidierte Kupferphase
bildet. Es wurde kein Nachweis fiir eine solche Phase bei Temperaturen tiber 575 K
gefunden, weder bei Umgebungs- noch bei Operando-Druckbedingungen. Stattdessen
blieb Kupfer unter allen genutzten Reaktionsgasmischungen, einschliefilich CO, CO, und
H,, in seinem metallischen Zustand. Fiir beide Modellsysteme wurde eine Oxidation nur
unter reinem Argon-Gasfluss beobachtet, der Spuren von Sauerstoff und Wasser (ca. 1
ppm) enthielt. Die Proben zeigten epitaktisch orientierte (111)-Cu-Nanopartikel, die ihre
Kristallorientierung in Bezug auf das Saphirsubstrat unter verschiedenen
Reaktionsgasmischungen bei Umgebungsdruck beibehielten und eine Partikelgrofde von
8-10 nm aufwiesen. Bei Kontakt der Proben mit Luft bei Raumtemperatur bildeten diese
Nanopartikel Cu-Cu20-Kern-Hiille-Strukturen, wobei die Cu20-Hiille die gleiche
Kristallorientierung wie der Cu-Kern beibehielt. Selbst unter reduzierenden Bedingungen
und hohen Driicken blieb die Cuz0-Hiille unterhalb von 575 K stabil, wobei eine
vollstandige Reduktion des Cu erst bei hoheren Temperaturen auftrat. Dariiber hinaus
wurde die Bildung von (110)-orientierten Cu-Partikeln beobachtet, wenn die
Probentemperatur schrittweise auf 575 K erhoht wurde. Diese (110)-orientierten
Partikel zeigten schnellere Oxidations- und Reduktionsdynamiken im Vergleich zu (111)-

orientierten Partikeln, obwohl sie eine vergleichbare Partikelgrof3e aufwiesen.

Ein zentraler Schwerpunkt dieser Arbeit war die umstrittene Frage der Cu-Zn-
Legierungsbildung wahrend der katalytischen Reaktion. Die Untersuchungen zeigten die
Prasenz von zwei verschiedenen Cu-Zn-Legierungsphasen: Cuo.2Zno.s und Cuo.64Zno.3e. Die
Daten deuten auf ein dynamisches Wechselspiel zwischen diesen beiden

Legierungsphasen hin, abhdngig von der Menge an Wasserstoff in der
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Reaktionsgasmischung. Eine teilweise Oxidation der Cuo2Znos-Phase trat in
Reaktionsgasen mit wenig oder keinem Wasserstoff auf, was zu Transition in die
kupferreichere Cuo.s4Zno3s-Phase fiihrte. Dieser Ubergang ging mit der Diffusion von Zink
in die metallischen Cu-Partikel und moglicherweise der Bildung von ZnOx-Schichten
einher. Diese Beobachtungen stellen den aktuellen wissenschaftlichen Konsens zu diesem
Thema in Frage, laut dem die Bildung von ZnO/ZnOx-Phasen und Cu-Zn-Legierungen
ausschliefdlich von der oxidierenden oder reduzierenden Wirkung des Reaktionsgases
abhidngig ist. Stattdessen legt diese Arbeit nahe, dass die Menge an Wasserstoff in der
Gasmischung eine entscheidende Rolle bei der Bildung und dem Oxidationszustand der

Cu-Zn-Legierungsphasen spielt.

Schliefdlich wurde festgestellt, dass das Al203-Substrat unter allen untersuchten
Reaktionsgasmischungen sowie bei Umgebungs- und Operando-Druckbedingungen stabil
blieb. Dies bestatigt seine stabilisierende Rolle im katalytischen System, ohne Hinweise

auf eine aktive Teilnahme am Katalyseprozess selbst zu geben.
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1. Introduction

In 2023, the market size of the chemical industry worldwide amounted to $5.1 trillion,
making it one of the largest business sectors globally [1]. The common fundamental
challenge in this industry is to turn a certain combination of educts into a desired product,
while keeping the process as efficient as possible regarding both energy consumption as
well as high selectivity regarding the target chemical over unwanted by-products. This
challenge is tackled by the utilisation of catalysts. These substances are present during
the chemical reaction but are not consumed and ideally not changed by it, while
decreasing the energy consumption of the process and or improving its turn-over
frequency or product selectivity [2]. The effectiveness of catalysts is evident by their
utilisation in the production of about 90% of all the chemicals manufactured globally [3].
Improving the effectiveness of catalysts through scientific research can therefore be an
interesting route to reduce the energy consumption and environmental impact of the
chemical industry [4]. Research in catalysis can potentially aid in tackling the global
challenge of climate change in a more direct way as well. Advancements in the
effectiveness of catalysts can not only improve the efficiency of well-established industrial
processes, but they can also turn a hitherto unprofitable process into an economically
viable one. Enhanced catalysts could for example, make carbon capture processes more
feasible, allowing for the capture of CO and CO2 from industrial emissions rather than
simply releasing these greenhouse gases into the atmosphere. The captured CO and CO2
can be transformed into more useful and valuable chemicals, such as methane and
methanol, which can also serve as alternatives to fossil fuels. The capture and utilisation
of used carbon is necessary for achieving a closed carbon cycle, which is crucial in tackling
global warming. This is especially important given that a substantial portion of the
manufacturing and transportation infrastructure, including sectors such as aviation,
heavy-duty, and marine transportation, will be difficult to electrify within the next 25
years and will likely continue to rely on carbon [5]. The necessity of establishing effective
carbon capture and utilization (CCU) to achieve climate neutrality is already recognized
by policymakers, as demonstrated e.g. in the “Key Principles of the Federal Government
for a Carbon Management Strategy” published by the German government on February

26,2024 [6].
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A major topic in catalysis research has therefore been the conversion of CO and CO:2 to
methanol, one of the world’s most widely produced chemicals at a total annual production
capacity of approximately 110 million tons [7]. Currently, around 2 million tons per year
are produced from CO2 with a demonstration plant in Iceland producing about 4,000 tons
of methanol annually since 2012 [8]. A similar facility using the same technological core
concept as the plant in Iceland has opened in Germany as well in 2019 [9]. The first
industrial process for methanol conversion from CO2 was established by BASF using a
zinc/chromia based catalysts, which required a reaction pressure of 300 bars to reach
sufficient methanol yields [10]. Four decades later Imperial Chemical Industries (ICI)
commercialized the use of the Cu-ZnO-Al203 (CZA) catalysts, reducing the reaction
pressure to 50-100 bar [10]. The CZA catalyst is the most used and researched catalyst for
the conversion of CO/CO2 to methanol to this day. In its most conventional form, the
catalyst is composed of 50-70% CuO, 20-50% ZnO, and 5-20% Al203, achieving
conversion efficiencies of approximately 30% and methanol selectivity ranging from 30-

70% at temperatures of 220-300°C and pressures up to 50 bar.

The CZA catalyst presents an intriguing system for the investigation of heterogeneous
catalysis in general, due to the interplay between a pure metal phase, copper, and an oxide
phase, ZnO, described as the “strong metal-support interaction” (SMSI). The SMSI in the
case of the CZA catalysts has been clearly shown to promote both the activity as well as
the selectivity of the methanol conversion [11]. While Al203 was also shown to be crucial
regarding the longevity of the catalyst in the industrial process, the phase is associated
mostly with only a stabilising function [12]. Even though the CZA catalyst has been the
subject of scientific research for several decades, the exact reaction mechanism is still not
fully understood and debated. The commonly discussed active sites for carbon dioxide
hydrogenation in a syngas mixture include: A) a surface copper-zinc alloy formed by the
partial reduction of zinc oxide [13,14], B) metallic copper steps decorated with zinc atoms
[11,15], and C) the formation of thin zinc oxide (ZnOx) overlayers at the copper-zinc oxide
interface, believed to contain oxygen vacancies [16,17]. It was observed that starting from
an initial state where Cu and ZnO particles are separated, activation of the catalyst under
reducing conditions (150-200°C with H2/+CO at 50-100bar) caused Zn species to
migrate and form a graphitic-like ZnOx overlayer on the metallic Cu surfaces, a process
determined to be detrimental to the catalytic performance [18,19]. To resolve the general

ambiguity regarding the active sites of the catalysts, a comprehensive understanding of
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the molecular and atomic-scale processes occurring during catalytic reactions is crucial,
which requires the application of various experimental techniques suited to investigate
surfaces and interfaces of samples, a field of study known as surface science. In the
investigation of catalysts, surface science faces two major challenges in catalysis research,
known as the pressure gap and materials gap. The pressure gap describes the difference
between the pressures range in which most of the experimental techniques of surface
science can be employed, versus the pressure of the real-world industrial processes,
which are usually several orders of magnitude larger. Especially spectroscopic methods
such as XPS/XAS, EDX, IR, AES as well as imaging techniques such as SEM/TEM, AFM and
STM are still mostly limited to ultra-high vacuum conditions, except for AFM and STM
which can be used in ambient pressures. Development of new and improved experimental
setups has allowed to increase the experimental pressure ranges of some of these

techniques to a few hundred millibar recently [20,21].

The materials gap arises from the need to simplify the high complexity of real-world
industrial powder catalysts, which often consist of a mixture of various components, with
different particle sizes, shapes, and surface defects and facets, undercoordinated surfaces
atoms as well as multiple active phases and support materials. These factors create a
highly heterogeneous environment that is difficult to study systematically. To make these
systems more manageable for scientific research, their complexity is reduced by using
simplified model catalysts, typically consisting of well-defined surfaces, single crystals, or

nanoparticles with a known surface structure.

Two tackle these two challenges, the aim of this work was to gather in-situ structural
information about the CZA and Cu-Al203 catalyst at elevated pressures and temperatures
using primarily surface sensitive X-ray diffraction. Since X-ray diffraction techniques are
more suited to investigate samples at pressures considerably higher than 1 bar, in this
work a special setup for operando surface XRD was employed and further developed to
bridge the pressure gap. While the technical setup and improvement of the cell are
discussed in chapter 5, the results of the performed operando experiment with the cell

are described in chapter 7.

Furthermore, the preparation of model systems of the CZA catalyst in this work focused
on preparing ordered epitaxial samples of the CZA catalyst with a controlled amount of

metallic Zn to investigate the dynamic behaviour of Zn in-situ. For the controlled sample
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preparation utilizing metallic Zn, a custom molecular beam epitaxy chamber for Zn
deposition in ultra-high vacuum conditions was designed and commissioned as described
in chapter 4 along with a description of all experimental setups used in this work. The
dynamic behaviour of metallic Zn was investigated in different reaction gas mixtures at 1
bar total pressure in situ as described in chapter 6 utilizing two similarly prepared
samples one with and one without Zn. The results are summarized and discussed in

chapter 8.
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2. Methanol synthesis from CO2/CO syngas over Cu-Zn based
catalysts

The hydrogenation of CO2 from syngas, which refers to a mixture of CO2, CO and Hz, is
governed by two separate chemical reactions, namely the exothermic synthesis of

methanol [22]:
CO, + 3H, s CH30H + H,0 (D

k
ArHzogx = —49.5 ]/mol

as well as the endothermic reverse water gas shift reaction [23]:

CO, +H, s CO+ H,0 (2)
k
ArHaogk = 41.2 ]/mol

CO can also be hydrogenated directly to methanol via the exothermic reaction:

CO + 2H, = CH,OH (3)

k
AI‘H298K = _908 ]/mol

In order to overcome Kkinetic limitations, the hydrogenation of CO:z is performed on an
industrial scale at temperatures between 200-300° C, despite the decrease in equilibrium
CO2z conversion rates as well as methanol selectivity with temperature as seen in Figure
2.1. The reverse water gas shift reaction constitutes a competitive reaction to CO:2
hydrogenation with increasing temperature, but no clear consensus has yet formed on
whether the reaction is beneficial to the catalytic activity due to a surface cleaning effect
of the water [24,25], or whether it causes a deactivation of active sites [26]. The potential
deactivation of active sites by water and other carbon-based reaction intermediaries was
shown to be significant at temperatures below 210° C [27]. Furthermore, several studies
employing isotopic labelling strategies find that the main source of carbon in the methanol

synthesis from syngas mixtures is COz [24,28].
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Figure 2.1. Equilibrium CO; conversion rates and methanol selectivity as a function of temperature
with initial H2/CO; ratios of 3 (left) and 10 (right) at pressures of (a) 10 bar, (b) 30 bar, (c) 100
bar, (d) 200 bar, (e) 300 bar, (f) 400 bar, and (g) 500 bar taken from [29].

2.1. The roles of Cu, Zn and alumina

In the research field surrounding the catalytic hydrogenation of CO2 to methanol, Cu has
been clearly established as the key element in the corresponding catalysts due to its high
selectivity for methanol production [25]. In the steady-state of methanol synthesis from
syngas, the variety of the electronic states of copper have been investigated and identified
as crucial to the catalytic activity of the element, with the specific electronic state best
suited for methanol synthesis even dubbed “methanol copper” by R. Schlogl [25]. This
electronic state of copper is caused by a partial electron depletion of copper into a Cud*
state, which was determined to be caused by a partial oxidation of surface Cu by contact
with oxygen either through surface adsorbates or proximity of oxide phases, e.g. ZnO [30-
32]. A key question regarding the CZA catalyst is therefore, how the electronic state and
the oxidation of Cu are linked, how these properties change under different reaction gas
mixtures and pressures and how the state of Cu therefore effects the performance of the
catalytic reaction. While the slow diffusion of oxygen into Cu at room temperature under
exposure to air is already sufficient to cause the formation of Cuz0 and after prolonged
exposure CuO for nanometre sized particles [33], significant and deep oxygen diffusion
was observed at elevated temperatures, such as those needed for the activation of the

catalyst prior to operation [30,34,35]. The oxidation state of Cu was shown to have a direct
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impact on the ability to bind carbon species and facilitate the formation of specific
reaction intermediaries, with a surface oxygen that forms without the formation of
crystalline copper oxide being beneficial for the formation of C1 compounds, while a

copper oxide surface is beneficial for the formation of C2 compounds [36,37].

The beneficial properties of catalysts containing Zn/ZnO have been attributed to various
different effects. First of all, for the industrial powder catalyst the ZnO acts as physical
spacer between Cu nanoparticles and facilitates the dispersion of the Cu phase, and
consequently increases the Cu surface area [38]. As it was shown that ZnO was also
directly involved in the catalytic activity, the dual-site mechanism was proposed in which
the adsorption and dissociation of hydrogen are believed to occur on the Cu surface, while
the COz adsorption takes place on the ZnO, which is feed dissociated hydrogen from the
Cu surfaces via spill-over [39-41]. More recently, the interaction of Cu and Zn/ZnO was
identified to be more complex. Several studies report the formation of a Cu-Zn alloy when
the catalyst is investigated under higher gas pressures and temperatures, closer to the
conditions of the catalyst in the industrial application [11,15,42,43]. The surface copper-
zinc alloy was believed to form through the partial reduction of zinc oxide [13,14], a result
that is in line with more recent high pressure NEXAFS investigations of the catalyst,
showing signal associated with reduced Zn?* species under reducing gas conditions
[42,43]. While the formation of Cu-Zn alloy can be detected by investigations at elevated
pressures using techniques like NEXAFS or XPS via determination of the electronic state
of Zn, very little is known about the actual structure and exact composition of the Cu-Zn
alloy and regarding whether only a single alloy forms or whether multiple different alloy
phases can be observed under different reaction gas mixtures. This is a fundamental
question given, on the one hand, the observed reduction of ZnO to metallic Zn and, on the
other hand, the complexity of stable brass phases as seen by the Cu-Zn phase diagram in

Figure 2.2.
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Figure 2.2. Equilibrium phase diagram of Cu and Zn taken from [44].

Furthermore, the possible formation of reduced Zn species from as prepared ZnO can
cause a more dynamic behaviour of Zn under reaction conditions given the mobility of
metallic Zn atoms compared to the much more stable ZnO. In fact, binding of metallic Zn
to different reaction intermediaries was observed to enable even a gas-phase diffusion of
Zn during methanol synthesis [17,20,45]. This mobility of Zn is key for additional theories
regarding the active sites of the catalyst, with observations of metallic copper steps
decorated with individual zinc atoms [11,15] pointing to the formation of a system that
effectively constitutes an inverse catalyst with the possibly oxidized Cu acting as the
support to the metallic Zn. Furthermore, migration of Zn to the surface of Cu particles
under reaction gas mixtures containing oxygen sources caused the formation of thin zinc
oxide (ZnOx) overlayers, with the non-stochiometric sate of the ZnO being a result of the

presence of oxygen vacancies in the layer [16,17].

The role of alumina within the CZA catalyst is a much less studied question for the system
with the most common consensus being, that the phase acts as a structural promoter to
increase the surface area of the Cu phase as well as improving the lifetime of the industrial
powder catalyst [46]. Only in recent years, studies have started focusing more on the Al203

phase of the catalyst, investigating whether the oxide phase could influence the catalytic
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activity as an oxide or even via promotion with metallic Al atoms. Promotion of defect
structures within the ZnO phase through incorporation of Al3* ions into the tetrahedral
sides of the hexagonal ZnO phase, showed to improve the reducibility of ZnO and thereby
improve the catalytic performance of the CZA catalyst for methanol synthesis [47,48].
These investigations used specially prepared catalysts that were not stable under
industrial synthesis conditions however, and therefore the fundamental question of
whether or not the aluminium oxide phase of the industrial powder catalyst remains
stable under operando conditions still remains unanswered. With the rise of in-situ and
operando investigations of the catalyst and corresponding model systems, some studies
even suggest the formation of a ZnAl204 spinel structure and the possibility of a
deactivation of the catalyst as a result of the Zn incorporation into such a stable phase
[19,42,49]. Again, additional structural investigations of the catalyst under operando
conditions are necessary to determine whether the formation of new phases
incorporating aluminium is possible for the CZA catalyst and if so, how the preparation of
the catalyst overall and the aluminium oxide phase in particular facilitate the growth of

such structures.

2.2. Reaction pathway of methanol synthesis

The difficulty in understanding the catalytically driven methanol synthesis from syngas is
not only based on the interplay between the different components of the catalysts, but
also by the complexity of the reaction pathways from COz and CO towards methanol and
other possible products as seen in Figure 2.3. From the complex reaction network, four
main reaction pathways are commonly investigated for the formation of methanol from
CO and COz, namely two different variants of the formate pathway, the reverse water gas
shift pathway as well as the trans-COOH pathway [25,50-52]. The most commonly
discussed formate pathway starts from CO2 absorbed as carboxylate on the catalyst
surface, which is subsequently reacting with atomic hydrogen to form the formate
intermediate. Formate is then hydrogenated first to H2COO, then H2COOH before being
either cleaved to formaldehyde or further hydrogenated to methoxy (H3CO) and then
methanol. The reverse water gas shift route to methanol starts from CO, which is then

hydrogenated to dioxymethylene, cleaved from the catalyst surface to form formic acid,
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before being further hydrogenated to H2COO and following the same path towards

methanol from that point on, as the formate pathway.

1 5
MeOH CH,

Z

OH—C
~N

OH Jm|m 4 CH45

Figure 2.3. Possible reaction pathways for the reduction of CO to various products including
methanol. Reduction reactions are denoted in red, redox reactions in black and reverse water gas
shift reactions in blue. Stable products are marked with blue numbers, intermediates with pink,
lower case letters. Pink letters denote: carboxylate (a), carbonate (b), oxalate (c), formyl (d),
carbonic acid (e), formate (f), methoxy (g), methylene (h), H2COO (j), dioxymethylene (k), H.COOH
(), H.COO (m) and formaldehyde (n). Image taken from [25].

A third pathway can be seen as a combination of the formate pathway with the reverse
water gas shift pathway, that is often referred to as an alternative formate pathway, in
which the formate intermediate does not directly form H2COO, but instead breaks the
bidentate binding to form the dioxymethylene intermediate and from that point follow
the same reaction path as the reverse water gas shift reaction. A final and fourth reaction
pathway is the so called trans-COOH mechanism, in which COz is first hydrogenated to
hydrocarboxyl COOH-, which is then forming dihydroxycarbene COHOH under the
presence of water. The carbene is then cleaved to COH, which is then hydrogenated to first
HCOH and then H2COH and finally methanol, similar to the pathways described above.
This pathway is not included in Figure 2.3 but is illustrated instead in Figure 2.4.
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Figure 2.4. Alternative illustration of the different reaction pathways for methanol synthesis
including the trans-COOH mechanism. Taken from [51].
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3. Surface science methods

This chapter explains the theoretical and technical details about the different
experimental techniques employed during this thesis. The main method of sample
analysis was X-ray diffraction explained in detail, with shorter descriptions for X-ray
photoelectron spectroscopy (XPS), auger electron spectroscopy (AES), low-energy
electron diffraction (LEED) as well as Scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDX).

3.1. Fundamentals of X-ray interaction with matter

X-ray interaction with single electrons and atoms

The following overview of the general principles of X-ray diffraction is based on various
textbooks of the topic [53-55]. Owing to the wave-particle dualism, X-rays can be
described as electromagnetic waves as well as streams of particles called photons. The
link between the particle energy and the corresponding wavelength is given in the

equation:

E, = hk = = (4)

with the wavelength A, the corresponding photon energy Ey, Planck constant h = 6.626 x
10-34]s, the speed of light c = 2.998 x 108 m/s and the wavenumber k = 2n/A. In general,
when describing the interaction of X-rays with matter, both scattering as well as
absorption of the incident beam have to be considered. In the case of absorption, the
energy of the incident photon is being transmitted to the target material. If the energy of
the photon Ey fits to an energy difference between two distinct energy states in the atomic
shell of the target material, the energy of the incident X-ray beam is absorbed, causing an
electron to be lifted from the lower to the higher energy state. The energy difference
between such states in an atom is referred to as an absorption edge in the context of X-

rays interaction with matter.

For the discussion in this work, only weak scattering interaction of X-rays with the target
material is assumed, so that multiple scattering events can be neglected and the
kinematical approximation is valid. In the case of an elastic scattering event, no energy is

being transmitted, but a wave is again emitted from the target material. This process can
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be described by the classical description of X-ray scattering. In the classical description,
the electric field of incident X-rays exerts a force on electrons within the target material,
causing them to undergo acceleration and consequently to vibrate. A vibrating electron
constitutes an electric dipole and in turn radiates waves in all directions. In the case of a
pure scattering event without any loss, the scattering is called elastic scattering, and the
wavelength of the waves emitted by the dipole is thus equal to the wavelength of the
incident X-rays. The momentum transfer Q, defined as the difference between the incident

ki and scattered ks wavevectors can be describes as:

Q =kf—k; (5)

With the simplification for elastic scattering of |k¢| = |ki|. For scattering events, the energy-
independent scattering amplitude for free electrons is given by the Thomson scattering
length:

eZ

Ty = ——— = 2.82-107%A (6)

4TTEGMEC2

with the elemental charge e and the electron mass me, the vacuum permittivity €0 and
again the speed of light c. With the scattering length of a single electron, calculating the
scattering amplitude of an atom can be done by summing over all contributions of all of
the atom’s electrons. For an infinitesimal volume element dr, the contribution can be
described by rop(r)dr. Additionally, to account for the different phases of the scattered
waves, the phase vector ei® needs to be added, which yields the so-called atomic form

factor f0 (Q):

nof(Q) =71 [ p(r)e'?dr (7)

Since equation (7) is only valid for energies away from absorption edges, the atomic form

factor needs to be corrected to account for so-called dispersion effects:

fQ hw) = fU(Q(hw) + if " (hw) (8)

With the X-ray beam frequency w, f'(hw) describes the damping of the scattering
electrons due to the binding force acting on the electrons in an atomic shell. Additionally,
to account for the possibility of scattering and absorption taking place simultaneously,

f'’(hw) describes absorption reducing the form factor. For the considerations of this
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chapter, it is important to note that both f'(Aw) and f"'(Aw) become negligibly small if the

X-ray energy is far larger than the closest adsorption edges of the target material.

X-ray scattering from crystals

In order to describe the scattering of X-rays by a crystal, again a summation of the atomic
form factor is done. A crystal can be described as a lattice made up of unit cells. Therefore,
the summation can be separated into these two contributions as a product of two

contributing sums:

Fcrystal (Q) = Funit cett * Flattice = ij} (Q) ) Zn1,nz,n3 e'0n 9

with the lattice vector Rn = nia1 + nzaz + n3as, base vectors a1, az and a3 and integer values
ni, nz,n3. In the field of crystallography, the number of scattering unit cells is usually very
large, so the lattice structure factor can be calculated for each dimension using the

geometric series converging in $-functions:

sin

: (2
Fn(Q) = [EnZ5 " = —ia (10)
2

with Qa denoting the projection of the momentum vector Q along the direction a. Equation

(10) has maxima at:

Q,a, =2nh,heZ (11)

described as the Laue equation.
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Figure 3.1. [llustration of the evolution of the lattice structure factor for increasingly larger
numbers of unit cells N.

To illustrate how the Laue equation behaves for increasingly larger systems, Figure 3.1 is
a plot of the equation for N=4, N=8 and N=16. As can be seen in the figure, converging
toward larger N the maxima become sharper and more intense, yielding the so-called
Bragg peaks in the crystallography of real crystals. Applying the same principle to the

other dimensions similar to equation 11 gives:
Qaaz = an, k eEZ (12)
Qqaz =2ml,leZ (13)

To solve these equations, is has shown to be useful to use the concept of a reciprocal space,

with reciprocal lattice vectors defined as:

* az;Xxas

a; =2m T (agxay) (14)
x aqXas

a; = 2n a,-(azxas) (15)
x aqXap

a; = 2m a;(azxas) (16)
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Combining equations 11-13 with the reciprocal lattice vectors, we can introduce the

lattice vector G to describe the position of lattice points:

G = haj + ka; + la; (17)
Multiplying G with a real lattice vector gives
Ga; = 2n(ha; + ka, + la3) (18)
And with that an obvious solution for the Laue equation can be found with:
G=0Q (19)

corresponding to the diffraction condition.

Another useful visualization of the Laue equation can be derived if the scattering crystal

is viewed as a stack of parallel lattice planes:

Figure 3.2. Illustration of Bragg’s law taken from [56].

With this image, equation (19) can be turned to:
G=Q=ki— ki = |G| = (|kf| - |ki])? (20)
Which, using |ke| = |ki| for elastic scattering, can be rewritten as:
2k G = |G|? (21)
Comparing this equation to Figure 3.2, G and |G| can be substituted to give:
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2|ks||G|sin(0) = |G|? (22)

2- (%) (£2) - sin() = 2?2 (23)

) Ua a
with the distance between lattice planes d, the scattering angle 0, the wavelength A and

the integer n denoting the order of the diffraction.

Rearranging equation (23) yields Bragg’s law:

2d sin(0) = n (24)
Ewald sphere construction

A useful illustration of the Laue condition is the so-called Ewald sphere. The construction
of the Ewald sphere is most conveniently described in 2 dimensions as depicted in Figure

3.3.

reciprocal space

o] o o o (]
reciprocal lattice point
o o o

Ewald—sphere

scattered

incident wavevector o o
x—ray beam
2] 1+
real space o o
= Crystal scattering vector Q
o] Q
incident o o
wave vector
- =} ] ©
Origin of the
Q o] Q

Figure 3.3. Construction of Ewald’s sphere, taken from [57] .

Starting with the position of the sample in the centre, a circle with the radius of |K| is
drawn around it. Then one point in the circumference of the circle is connected to the
sample to constitute the incident X-ray beam with the corresponding wavenumber Ki.
Additionally, a scattered and a transmitted beam are added originating from the sample.
The tip of the transmitted beam is set as the origin of the reciprocal space. The Laue

condition in equation 19 is now only satisfied, when the scattered vector Q is equal to G,
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which graphically translates into the reciprocal lattice point laying on the circle of the

Ewald sphere.

In order to measure multiple lattice points, or rather Bragg peaks, two possibilities arise
from the construction of the Ewald sphere. First, one could change the energy of the X-ray
beam, thus changing the size of the incident wavevector and the radius of the Ewald
sphere. Since adjusting the X-ray beam energy in a continuous way during the experiment
is usually very inconvenient, diffraction experiments in the field of crystallography are
performed so that the sample is rotated. Rotating the sample and thus the reciprocal
space, can be illustrated with the Ewald sphere construction by rotation the sphere

around the origin.

Since most structures discussed in this work belong either to cubic or hexagonal crystal
structures, the corresponding formulas calculating the d-spacing of a specific HKL reflex

for these structures are given as follows:

a

deubic = 2t RZ112 (25)
1
dhexagonal T a/n2inkerk2\ 12 (26)
5( a? ) 2

with a and c the lattice parameters.

3.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique based on the photoelectric effect,
used to analyse the surface chemistry of the sample by irradiating it with monochromatic

X-ray photons and measuring the kinetic energy of the emitted electrons.

The principal of the photoelectric effect is that a material that is radiated with high energy
photons, emits electrons, called photoelectrons. The kinetic energy of the emitted
photoelectrons is discrete, as the electrons are ionized from the discrete atomic energy
levels of the target material, called core levels. The energy necessary to ionize the
electrons is the so-called binding energy. For electrons to be ejected, the incident photon
energy must exceed the sum of the electron's binding energy plus a work function term
for the specific surface of the material, which in real applications contains a correction by
the work function of the instrument due to a certain contact potential. Therefore, to
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describe the interaction of X-rays with matter for the case of the photoelectronic effect,

the corresponding equation can be used:

Exin =E, — (Ep + @) (27)

With the Ey is the energy of the incident photons, Eb the binding energy, Exin the energy of
emitted photoelectrons and ¢ the work function. The magnitude of the instrument’s
contribution to the work function strongly depends on the conductivity between the
sample and the instrument. Since electrons are emitted from the target material during
the measurement, a charge can build up on the sample surface, if the conductivity between
the sample and the instrument is not high enough to allow for a sufficient replenishment
of the sample surface with electrons. To combat the issue of insufficient conductivity for
non-conducting samples a so-called flood gun can be used, which constantly bombards

the sample surface with electrons during the measurement to compensate the charge.

For an XPS spectra the intensity of emitted photoelectrons is plotted against the kinetic
energy of the photons. As the core level energies are specific for each atom, peaks in the
spectra can be associated with specific atoms allowing for a determination of the chemical
composition of the sample. Due to the strong interaction between electrons and matter,
XPS predominantly probes the near-surface region of the sample, although adjustments
in photon energy or detection angle can modify the escape depth of the electrons, enabling
subsurface analysis. For typical XPS setups the penetration depth is usually around 1-10

nm.

In order to record a XPS spectrum, the instrument must be able to measure the intensity
of electrons for each specific kinetic energy. For this purpose, the detector setup of XPS
instruments first of all involves a set of electrostatic lenses that focus the electron beam
through an entrance slit into a hemispherical analyser. In order for an electron to pass
through the hemispherical analyser and reach the detector, it needs to be accelerated
around the curvature of the analyser by an external electric field. With this setup, the
energy of the electrons that reach the detector can be controlled through the energy of

the electric field and the radius of the hemisphere.

A common computer program to analyse XPS spectra is CasaXPS [58]. Such a program

allows to fit a superposition of theoretical peaks and a background to the core-level data.
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In this work the fit peak were chosen to have a Gaussian-Lorentzian line shape and
approximating of the background was done with the Shirley algorithm. Each component
of the fit is described by its peak position, area, and the full width at half maximum
(FWHM), providing quantitative and qualitative information about the sample's surface

composition.

Concentric Hemispherical Analyzer

X-ray source

Lens

/ Multichannel Detector

Figure 3.4. Illustration of the an XPS setup taken and adjusted from [59].

3.3. Auger electron spectroscopy

Auger Electron Spectroscopy (AES) is a technique for the chemical analysis of surfaces,
leveraging the radiation less Auger process, which causes the emission of electrons from
the sample with energies between 3 eV to 50 eV. These low energies limit the escape depth
of the electrons to only a few nanometres, making the technique very sensitive to atoms
located at the sample surface. Since the low energy of Auger electrons also necessitates
ultra-high vacuum (UHV) conditions, AES is commonly used in UHV molecular beam
epitaxy setups to determine the surface structure of the samples directly after the

deposition.

For the AES analysis the sample is radiated with a beam of electrons. The incident
electrons cause a core-level electron from a surface atom to be ejected. This event triggers
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an electronic rearrangement within the atom, leading to a transition of an outer shell
electron to the lower energy state of the ionized shell. In the Auger process the energy
difference between the two shells can be coupled to a second outer shell electron, the
auger electron, which is then emitted with a kinetic energy that is indicative of the target
atom. These Auger electrons, when emitted from regions within a few angstroms of the

sample surface, can escape with negligible energy loss.
The process can be described by the auger equation as illustrated in Figure 3.5:
E,=E,+E,—E,+ @, (28)

With the energy of the Auger electron Ea, the energies of the involved atomic core levels
Ez, Ey, Ex from highest to lowest and @a a work function like term to account for the local

chemical binding of the surface atoms.

Auger electron
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Figure 3.5. Schematic illustration of the Auger process. Radiation of the sample with electrons
leads to an ejection of an electron from the atomic core level Ex. The hole in the core level is filled
by an electron from a higher core level Ey which also triggers the ejection of the Auger electron
from the Ez level. Taken and adapted from [60].

3.4. Low energy electron diffraction

Low Energy Electron Diffraction (LEED) is a technique used for the surface analysis of
samples in UHV. For UHV setups it is common to employ one instrument that is capable
of both LEED as well as AES. Therefore, similar to AES, the sample is radiated

perpendicular with a beam of electrons, typically within the range of 20 to 200 eV. This
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low energy range is chosen because the corresponding wavelength of the electron beams
is in the order of the interatomic distances of solid samples, thereby giving rise to a

diffraction pattern.

As the incident electrons interact with the outermost layers of the surface, they are
elastically scattered by the atoms in the surface lattice. The diffraction is fundamentally
similar to that for X-ray radiation as described in section 1.1, but for a precise description
dynamical electron-diffraction theory needs to be employed. The electrons are scattered
onto a fluorescent screen forming a series of bright spots. The LEED setup essentially acts
as a real-world implementation of the diffraction described by the Ewald's sphere
concept, where the reciprocal lattice of the surface being studied intersects with the
Ewald sphere to reveal the diffraction conditions. Therefore, the technique is highly

suitable to determine the surface crystallography of the samples.

LEED screen

Figure 3.6. Schematic of a low energy electron diffraction setup with the scattered electron beams
as red arrows. Taken and adapted from [61].

3.5. Scanning electron microscopy and energy dispersive X-ray
spectroscopy

Scanning Electron Microscopy (SEM) is a technique for which the investigated sample is
radiated with a focused beam of high-energy electrons in a raster pattern across the
sample. Modern SEM instruments provide multiple modes for the detection of signal from

the interactions of the electrons with the sample, providing different resolutions and
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information about the sample’s elemental composition. These interactions include
secondary electrons, backscattered electrons, and characteristic X-rays among others

[62].

Secondary electrons, emitted from the specimen's surface, provide topographical
information due to their low energy and shallow emission depth, offering fine surface
detail. Therefore, the secondary electron mode is the investigation mode used for all the
SEM images shown in this work. X-ray signals generated by the interaction of the electron
beam with the sample were utilized for energy dispersive X-ray analysis in this work,

allowing to determine the elemental composition of the samples.

SEM requires that the investigated samples are electrically conductive to avoid unwanted
interactions of local charge effects with the backscattered and secondary electrons. Given
the fact, that all samples investigated in this work were made of Cu and Zn deposited on
non-conductive Al203 substrates, the conductivity of sample “CZ-Al203” had be increased

by coating half of the sample surfaces with a 3 nm carbon layer.
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4. Experimental setups for sample preparation and
characterisation

This chapter gives a detailed technical overview over all of the experimental setups used

in this thesis as well as details about the sample preparation and pre-characterization.

4.1. Ultra-high vacuum laboratory for sample preparation and
characterization at CXNS

Ultra-high vacuum chambers

All sample for this thesis were prepared in the Ultra-high vacuum (UHV) laboratory of the
CXNS. In laboratory consists of multiple chambers and instruments all connected via a
tunnel system allowing sample transport within the whole system without exposing the
sample to air. The chambers and connecting tubes are all made from stainless steel and
connections between different parts are sealed with copper gaskets, which are physically
deformed when tightening the connector screws, allowing for very low leakage through
the gaskets. The low base pressure of the laboratory is achieved through a combination of
several different pumps, including pre-pumps, turbomolecular pumps, and sorption
pumps. Initial evacuation to a rough vacuum ranging between 1 x 10-2 and 1 x 10-3 mbar
is accomplished using membrane or rotary pumps, starting from atmospheric pressure.
The vacuum is further refined to between 1 x 102 and 1 x 10-11 mbar by turbomolecular
pumps, which operate in the so-called molecular flow regime. The mechanism of
turbopumps is fundamentally different to the pre-pumps as they work by using a series
of rapidly spinning rotors and stationary stators that impart momentum to gas molecules,
propelling them from the vacuum side to the exhaust side of the pump. For achieving even
lower pressures, below the 1 x 10-11 mbar range, ion getter pumps and titanium
sublimation pumps are necessary. lon getter pumps work by ionizing gas particles and
trapping them with electrostatic forces between two titanium plates, to which a high
voltage of about 6 kV is applied. Titanium sublimation pumps use titanium filaments that
are heated by high currents to the point of titanium sublimation every couple of hours,
causing the then gas-phase titanium molecules to bind to residual gas molecules. Pressure

measurements within each chamber are taken using cold cathode pressure gauges.
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Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a technique employed for the controlled growth of
epitaxial thin films or nanoparticle structures on flat substrates. This method involves
directing a beam of molecules or atoms towards the substrate from an evaporator. For the
growth, usually ultra-pure source material is used and placed within the evaporator,

where it is heated via resistance or e-beam heating to the point of sublimation.

Figure 4.1. Top: CXNS UHV laboratory. The UHV system is setup around a long tunnel with two
sample trolleys and each UHV chamber and instrument is connected directly to the tunnel. The
tunnel is extended into the adjacent room through a cut-out in the wall. Bottom: The Zn chamber
was attached at the end of the UHV tunnel in the second room being the chamber on the right side
of the image.

MBE growth is performed in ultra-high vacuum (UHV) conditions, to ensure minimal
collision of the evaporated particles and negligible adsorption of unwanted species onto

the substrate surface.
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Depending on the evaporated material, MBE requires specific substrate temperatures to
control surface diffusion of the deposited materials in order to facilitating the formation
of thin films or nanoparticles with precise control over thickness and height. Additionally,
the growth rates in MBE processes are characteristically slow, generally on the scale of
monolayers per second. This deliberate pacing allows for the atoms to settle and migrate
across the substrate surface without interference from subsequently arriving particles. If
a crystalline substrate is used, as was the case for each sample in this study, MBE growth
allows for a formation of crystalline structures on the substrate, which align in some way
to the substrate's lattice structure, leading to highly ordered and defect-free thin films.
The orientational relationship between the substrate and the film/nanoparticle
structures is referred to as epitaxy and is a crucial tool for the preparation of crystalline

samples and especially model systems for characterization with X-ray diffraction.

MBE growth chambers, such as the ones used in the CXNS Nanolab, are usually combined
with various instruments to investigate the grown samples in UHV, typical Auger electron

spectroscopy (AES) and low-energy electron diffraction (LEED).

Argon sputtering

For argon sputtering in UHV, argon gas (in the order of 1e-6 mbar) is exposed to a strong
electric field, leading to an ionization of the argon atoms, which are subsequently
accelerated by the electric field towards the sample. The sample surface is bombarded
with argon ions, removing any contaminants as well as a certain amount of sample
material. This action effectively cleans the surface but also induces a certain degree of
roughness. Typically, the sputtering process is complemented by an annealing phase. This
subsequent step involves heating the sample to high temperatures for a brief duration,
usually a few minutes. The high temperatures greatly enhance the mobility of the surface
atoms, facilitating the repair of defects and smoothing of the surface. The cycled
application of argon sputtering and annealing is a typical process during UHV sample

preparation.

Sample heating in UHV

Within (UHV) chambers, sample heating is achieved through two principal methods:
resistive heating or electron beam heating (e-beam heating). For resistive heating a high
electrical current is applied to a tungsten filament behind the sample holder. Resistive

heating in UHV with the used molybdenum sample holders and sapphire substrates of this
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thesis is sufficient to reach up to about 900 K. For higher temperatures, e-beam heating is
necessary. For e-beam heating an additional electric voltage is applied between the
filament and the sample holder. Upon exceeding a certain voltage threshold, the energy of
the electric field is strong enough, to cause electrons to be accelerated from the filament
to the substrate. The energy of the impacting electrons is converted to heat. Since high
currents need to flow through the electric wires of the heating station, ideally with very
low electrical resistance, the wires for heating stations used in UHV are usually made of

pure Cu.

Figure 4.2. Sample manipulator and heating station for the sample stage from the Zn evaporation
chamber. The high voltage copper wires for the heating station are encased with ceramic beads to
protect from shorting with the chamber walls.

4.2. X-ray diffraction laboratory at the CXNS

The six-circle diffractometer at the CXNS X-ray laboratory consists of an area detector
mounted on the diffractometer arm along with two sets of detector slits, the
diffractometer cradles with the sample stage, and the X-ray source as seen in Figure 4.3.
The sample stage enables precise control of the sample position, allowing for both
horizontal and vertical translation, as well as rotation around the surface normal and
along two perpendicular horizontal axes for optimal sample alignment. Additionally, the
angle of incidence of the X-ray beam is adjustable. The detector arm is capable of both

horizontal and vertical movement, allowing for the collection of data across a wide area
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in reciprocal space. The X-ray source emits Cu Ka1 radiation with a wavelength of 0.154

nm.

Figure 4.3. Six circle diffractometer setup at the XRD laboratory of CXNS consisting of a X-ray
source, Huber table and an area detector mounted on the movable detector arm able to cover large
parts of reciprocal space.

4.3. Scanning electron microscopy setup at the CXNS laboratory

SEM and EDX measurements in this work were performed by S. Kulkarni or A. Jeromin of
the CXNS. SEM images were taken using the field emitter-based FEI Nova NanoSEM™ 450
instrument with a lateral resolution of ~1 nm, using a concentric back-scattered (CBS)

detector as seen in Figure 4.4.

Figure 4.4. Scanning electron microscope FEI Nova NanoSEM™ 450 in the CXNS laboratory.
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4.4. MBE chamber for the preparation of Zn thin films and
nanoparticles

In order to prepare model systems of the industrial Cu-Zn0-Al203 (CZA) catalyst that are
best suited for investigation of the catalyst in operando conditions with X-ray diffraction,
it was necessary to be able to grow crystalline, epitaxial samples containing all three
material phases. Since the Cu and Zn/ZnO phases and possible alloys of the two are
believed to be the primarily active phases of the catalyst, it was vital for this work, to be
able to control the amount of deposited Cu and Zn for the model systems. Therefore, the
most useful approach for the model systems of this work was to use crystalline Al203
substrates and grow both Cu and Zn onto these substrates via molecular beam epitaxy in

UHV.

While the general approach of particle and thin films growth on crystalline substrates is
well established in the CXNS-Nanolab, the selection of materials is limited to metals with
relatively low vapor pressure. Materials for which the growth via MBE is established at
the CXNS-Nanolab include: platinum (Pt), palladium (Pd), copper (Cu), rhodium (Rh), gold
(Au), iron (Fe), and cerium (Ce). To illustrate the difference in vapor pressure between
these elements and Zn the Clausius-Clapeyron equation [63] can be used to estimate the
dependence of vapor pressure versus temperature:

Pi) _ _AHvap 1 1
In (pz) - R (Tz Tl) (29)

With AHvap the enthalpy of vaporization, P1, P2 pressures and corresponding temperatures
T1 and T2 at two distinct states 1 and 2. A comparison of the enthalpy of vaporization for
the listed elements can be found in Table 4.1. Boiling points and enthalpy of vaporization
for selected elements. Data taken from [64]. to highlight the significant difference in vapor

pressure of Zn compared to the other metals:

Enthalpy of vaporization

Element Boiling point [K] [kJ /mol]
Au 3243 342
Ce 3743 398
Cu 2868 305
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Table 4.1. Boiling points and enthalpy of vaporization for selected elements. Data taken from [64].

Given the much higher vapor pressure of Zn compared to the other mentioned metals, the
only feasible way for MBE growth of Zn in the CXNS-Nanolab was to design and build a
special and separated growth chamber for Zn. Not only were the MBE evaporators of the
growth chamber of the CXNS-Nanolab not suited for low temperature evaporation, but
the danger of potential contamination of the chamber with Zn was too high, since such a
contamination could have seriously impacted the research work of the whole CXNS group.
Since the growth chamber was only to be used for Zn growth, the chamber itself was
designed to be much smaller compared to the other two growth chamber of the CXNS-
Nanolab. The small design was also suitable, since the high vapor pressure of the Zn also
causes a high dispersion of the Zn flux profile between the evaporator orifice and the
sample, which makes it necessary to decrease the sample-evaporator distance as much as
possible. A design was created in which the whole chamber is based on a cross of
stainless-steel tubes suitable for UHV, and all the necessary instrumentation is located at

one tube of the cross using a cluster flange with 3 flanges as seen in Figure 4.5:
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Figure 4.5. Original design of MBE growth chamber for Zn.

The instruments needed for the chamber were a low temperature Knudsen cell as the
evaporator for the Zn, an Ar-sputter gun for sample cleaning as well as an oxygen cracker
for oxygen treatment of the sapphire substrates as well as oxidation of the metallic Zn.
Different from the evaporator of the other growth chamber in the CXNS-Nanolab, the
Knudsen cell for the Zn chamber was designed for much lower evaporation temperatures
and is equipped with two separate heating circuits. The first heating circuit directly heats
the crucible with the high purity Zn material. The second heating circuit is located near
the orifice of the evaporator, a so-called hot-lip construction, to prevent any form of re-
deposition of the evaporated Zn at the orifice of the evaporator, potentially causing a
blockage of the orifice. The chamber also needed a heating station for the sample with
both resistance as well as e-beam heating, a manipulator to adjust the sample height
within the chamber as well as enabling a rotation of the sample stage to turn the sample
towards the instrument cluster for preparation as well as towards the flange connected
to the UHV tunnel of the CXNS-Nanolab for the sample transfer. Two of the flanges of the
cross were used for windows and at the bottom flange of the chamber is connected to a
combination of a turbo-molecular pump and a rotary pre-pump. Due to the small size of
the chamber an additional ion getter or titanium sublimation pump was not needed, and
the fully functioning chamber is able to reach a base pressure of about 1.5 x 10-10 mbar.

The sputter gun and oxygen cracker are both also connected to gas lines via leak valves
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for Ar and oxygen respectively. The gas lines are also connected via a T-connector to the
pre-pump. The pre-pump’s exhaust is connected to the gas exhaust system of the CXNS
building capable of safely depositing both toxic and flammable/explosive gases. The
chamber is also connected to the cooling water supply of the CXNS Nanolab, providing the
necessary cooling for operation of the Zn evaporator and the thermal oxygen cracker. For
both instruments, operation without cooling water significantly increases the
temperature of the whole instrument, which would cause a large increase in chamber

pressure.

Figure 4.6. Finished Zn evaporation chamber connected to the UHV tunnel system of the CXNS
Nanolab.
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4.5. Zn growth in UHV

General difficulties for UHV Zn deposition

The specific challenge for the Zn evaporation within a UHV system is rooted in the
comparably high vapor pressure of Zn especially compared to ZnO. As described in the
previous section, the low temperature Knudsen cell for the Zn evaporation utilizes a
crucible, which is loaded with shots of very pure Zn (Shots were purchased from
Goodfellow GmbH with 99,9998 % purity and average shot diameter of 6 mm). The as-
purchased Zn material is, however, covered with a layer of ZnO due to inevitable exposure
to air. ZnO has a boiling point of 2,630 K, compared to Zn’s boiling point at just 1180 K.
Therefore, the first major challenge for the evaporation of Zn in UHV is to break up the
ZnO layer surrounding the pure Zn material, without heating the shots to very high
temperatures. Since, if a crack in the ZnO layer would form at high temperatures, the high
vapor pressure of the Zn would cause the Zn to then evaporate extremely quickly,
potentially contaminating the whole UHV chamber. To avoid the uncontrolled
evaporation of Zn the crucible temperatures were held at 500 K with the hot lip at 600 K
for all prolonged Zn evaporation. To create cracks in the ZnO layer, the temperature was
increased for a short period of time to a max of 950 K with the hot-lip temperature at 1070
K. Additionally, the chamber was filled with pure Hz gas up to a chamber pressure of 1 x
10-* mbar with the evaporator running at a max temperature of 600 K. Even with these
limitations in crucible and hot-lip temperature, Zn evaporation was impossible to achieve

without visible contamination with Zn onto the chamber walls as depicted in Figure 4.7:
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Figure 4.7. Dismounted cluster-flange of the Zn evaporation chamber showing contamination with
Zn.

The contamination did not interfere with the function of the MBE chamber and the
corresponding instruments however. Even after preparation of more than 20 samples
containing Zn over a time period of 3 years, the Zn evaporation is still not easily controlled.
One possible explanation for the inconsistency of the evaporation could be the large
variation in Zn shot size. The effective reduction of the ZnO overlayer depends on the
particle/shot size. Therefore, when commissioning the Zn evaporator, at some point the
Zn evaporation was observed and steady for a certain time, and at a later point, Zn
evaporation suddenly stopped, even though evaporation parameters such as crucible
temperature, were kept constant. This effect could be explained, if smaller Zn shots
reduced more quickly than larger ones, so that the evaporation stops as soon as the
smaller shots are used up. The distribution of shots of different sizes within the crucible
could also play a role, as the temperature gradient within the crucible might not be
completely negligible. The inconsistency of the Zn evaporation also made it impossible to

perform a reliable calibration for the Zn deposition.

4.6. P07 - The high energy materials science beamline of Helmholtz-
Zentrum Hereon and DESY

Mapping of large area high energy reciprocal space maps was carried out utilizing a 2D

detector at the DESY Petra III synchrotron end station "High energy materials science
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beamline P07 [65]. For the 2D imaging a Varex XRD 4343R flat panel cesium iodide
scintillator detector (Pixel Matrix: 2880 x 2880 at 150 um pitch. Total Area: 432 mm x
432 mm) was used, while alignment and XRR measurements were carried out using a 0D
Oxford Cyberstar Nal detector head. The photon energy of the incident beam can be
adjusted at the beamline in the range between 30-200 keV and was set to 73.8 keV
corresponding to a X-ray wavelength of 0.168 A. The sample-detector distance was set to

about 1.5 minutes.

4.7. P23 In situ X-ray diffraction and imaging beamline at DESY

Ambient pressure experiments were carried out at the P23 beamline at Petra III, DESY.
The X-ray beam energy was set to 17.5 keV, corresponding to an X-ray wavelength of
0.70848 A. The experiment was carried out in grazing incidence geometry with an
incidence angle of 0.14° in close proximity to the critical angle of Al203. Data were

collected using a LAMBDA 750 K GaAs area detector.

The sample enviroment consisted of a portable in-situ XRD cell connected to a gas supply
and exhaust line, a ceramic heating cross onto which the sample is glued with boron
nitride paste as seen in Figure 4.8 and covered with a beryllium dome that functions as an

X-ray window.

Figure 4.8. Sample mounting on ceramic heating cross using Boron nitride paste as utilized in the
ambient pressure cell.

Gas was supplied using the gas cabinet as seen in Figure 4.9, providing individual gas flow
controllers for each of the used gases (Ar, Hz, CO and COz2) alloying to set exact gas reaction
mixtures during the experiment under constant gas flow. The gas flow system and XRD
cell is capable of being operated under vacuum conditions and up to ambient pressures

limited by the stability of the thin walls of the beryllium dome.
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Figure 4.9. Gas cabinet (left) and corresponding gas flow scheme (right) as utilized in the ambient
pressure experiments of this work.

4.8. Sample preparation and pre-characterization

All samples were prepared on single crystal Al20s (001) substrates produced by
SurfaceNet GmbH. The substrates were first cleaned chemically with both acetone and
iso-propanol using an ultrasonic bath. Afterwards the substrates were mounted onto
molybdenum sample holders by spot-welding using tantalum clips before introduction
into the DESY CXNS UHV system. To clean the surface from contaminations, especially
water, the substrates were degassed at 970 K for 1 hour under ultra-high vacuum
conditions. For the samples “Cu-Al203” and “CZ-Al203” investigated in near ambient
conditions at the P23 beamtime, the Al203 substrates had been used as test samples for
the Zn growth before. Despite the fact that no Zn signal could be detected on these
substrates, for the re-use the samples were cleaned with two additional Ar* sputtering
and annealing cycles, in which the sputtering was performed at an Ar pressure of par = 1
x 10 mbar at 1 keV beam energy for 15 minutes and subsequent annealing at 970 K for
15-25min. For all samples, these preparation steps were followed by thermal cracking
under oxygen at poz = 1 x 10-¢ mbar with a power of 60 W with the samples being held at
670 K for 20-30 minutes. Prior to the deposition of either Zn or Cu, all samples were
sputtered again in par =1 x 10-°* mbar at 1 keV beam energy for just 3-5min to roughen up
the surface and create additional nucleation sites on the sample. A subsequent AES
measurement conformed the clean surface of the substrate especially through a low
carbon peak. Zn deposition always took place in the Zn evaporation chamber as described

earlier, with the Zn evaporator set to an effusion cell temperature of 490 K and the hot lip
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to 590 K for 20-40min, while keeping the sample itself at room temperature and the
chamber at a base pressure of below 1 x 10-° mbar. The successful deposition of Zn was
conformed with AES. Deposition of metallic Zn was followed by a controlled oxidation of
the Zn in poz = 1 x 10-°® mbar oxygen pressure at room temperature and a subsequent
stepwise annealing to 673 K in oxygen. Both Cu growth directly onto the clean Al203
substrate as well as post Zn deposition was carried out with the same growth parameters
of 674 K sample temperature, 300 nA Cu FLUX for 3.5 hours of deposition (Filament
current = 1.86 A, Filament Voltage = 674 V, Emission current = 20.4 mA). A final AES

measurement conformed the deposition of Cu on top of Zn as seen in Figure 4.10.
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Figure 4.10. Exemplary Auger electron spectra taken under UHV conditions following the UHV
sample preparation showing the clear Cu and Zn signal for sample "CZ-Al,03".

51



5. Technical and safety aspects of a high gas pressure operando
diffraction cell

This chapter introduces the high gas pressure reaction cell for heterogeneous catalysis,
designed for the surface-sensitive investigation of samples using x-ray diffraction. The
setup is capable of withstanding gas pressures of up to about 100 bar, using gas mixtures
containing up to four different gases, as well as sample heating up to 800 K, and is
therefore suitable for in-situ measurements of catalyst samples under industrially
relevant conditions. The concept and first iteration of the operando SXRD cell was done
by my colleague Robert Gleifdner during his PhD. A description of this first iteration of the
setup can be found in his PhD and the corresponding publication [66]. A second
improvement to the setup was performed as a part of this thesis and is outline in the
following chapter, as well as an outlook for further improvements to the setup for future

use.

5.1. Fundamental working principle of the operando SXRD setup

The operando SXRD setup is comprised of two main parts, the system for supplying the
reaction gas mixtures as well as the reaction cell. The reaction cell constitutes a single
crystal aluminium oxide capillary, with two different inner diameters creating an edge

for the sample sitting on top of a crown spacer as seen in Figure 5.1.
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80 mm

Figure 5.1. Overview of the gas-reaction cell of the operando setup. (a) Schematic drawing of the
capillary with two different inner diameters to create a resting place for the crown spacer (green)
underneath the sample. (b) Sapphire capillary installed within the capillary holder. Image taken
and adjusted from [66].

The capillary is mounted into a specially designed capillary holder that provides the
necessary connections for the gas inlet and outlet. Sealing of the capillary is done using
Vespel® ferrules in combination with Swagelok® sealing mechanisms. A schematic
drawing of the setup can be found in Figure 5.2. The gas handling system of the setup is
designed to use high pressure gas provided from gas bottles. The mixing of the connected
gases is controlled with a mass flow meter mounted into each gas line. An additional
pumping and bypassing gas line is used to quickly reach a high pressure in the cell by
bypassing the mass flow controllers, as well as to connect to a gas pump for cleaning of
the system prior to operation. The gas handling system is connected to the reaction cell,
which is equipped with a safety valve to close the gas line supply in case of capillary

rupture.
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Figure 5.2. Schematic drawing of the full operando SXRD setup with the gas handling system
(green), the reaction cell (red) and the pressure and mass spectrometry system (orange). Image
taken from [66].
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The pressure within the reaction cell is controlled with a back-pressure controller located
downstream of the reaction cell. An additional back-pressure controller is used to set the
pressure of the outlet gas stream to a value of around 1 bar necessary for the connected

residual gas analyser.

5.2. Improvements to the original design

Following the analysis of the SXRD setup’s performance, several critical improvements
were identified, particularly in the gas handling system. Initially, increasing the pressure
in the system to high levels (>1 bar), such as after a sample change or gas composition
switch, was highly time-consuming, often taking several hours. This delay was due to the
reliance on mass flow controllers, which regulate gas flow at relatively low rates (0.9-45
ml(n)/minutes). The low flow rate was selected to maximize the dwell time of gas
molecules on the sample surface, improving the detection of reaction products via mass
spectrometry downstream of the operando cell. This step is crucial for detecting reaction
products in catalytic processes like methanol synthesis using a Cu-Zn0-Al203 catalyst,
which has a low turnover frequency. Moreover, the single-crystal samples used in these
experiments have a considerably lower surface area compared to powder samples

typically employed in catalyst studies, further complicating product detection.
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To address the slow pressure buildup, a new procedure was developed to rapidly achieve
high pressures in the reaction cell by utilizing a bypass gas line. This method would allow
the reaction pressure to be set directly to the inlet gas bottle pressure of the gas handling
system, bypassing the mass flow controllers. However, this approach was limited to
single-gas use, as precise gas mixtures could only be established through the mass flow
controllers. Fortunately, the typical sequence of measurements for the Cu-ZnO-Al203
catalyst is compatible with this method, as the catalyst activation step involves pure H,,

followed by the gradual introduction of CO and CO; in increasing fractions.

Despite its potential benefits, the bypass method posed significant safety risks due to the
configuration of the carbonyl trap in the CO line. Positioned downstream of the CO mass
flow controller, the carbonyl trap was located on the low-pressure side of the system. This
arrangement risked H, backflow into the carbonyl trap when high H, pressure was set in
the reaction cell and the CO carbonyl trap's exit valve was opened. The active material
within the carbonyl trap reacts violently with H,, leading to material degradation,
temperature increases, and, as indicated in the manufacturer's safety manual, the

possibility of an explosion.

To mitigate this risk, the gas handling system was redesigned, relocating the carbonyl trap
upstream of the CO mass flow controller, as shown in Figure 5.3. This adjustment places
the carbonyl trap on the high-pressure side of the system, effectively preventing H,
backflow as long as the H, pressure in the reaction cell remains lower than the CO bottle
pressure. It is crucial to note that the selected CO bottle pressure remains stable only
while there is sufficient pressure in the gas bottle. As gas is consumed, the bottle pressure
will eventually decrease, potentially falling below the required operating pressure of the

system.
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Figure 5.3. Illustration of the gas handling system of the SXRD setup highlighting the changed
position of the CO mass flow controller and carbonyl trap. Original image taken and adjusted from
[66].

Another critical improvement involved the Al203 capillaries used as the reaction cell.
During the initial experiment, the supposedly single-crystalline capillaries exhibited
polycrystalline reflection spots, indicating that the capillaries were not truly single-
crystalline. To address this issue, a new supplier was contacted, and authentic single-
crystalline capillaries were ordered. It is suspected that the initial set of capillaries was
fabricated by gluing different parts with varying diameters, potentially leading to the
observed polycrystallinity near regions where the inner diameter changed. Although the
separate parts of the tube may have been single-crystalline, the gluing and heating process
during manufacturing could have introduced polycrystallinity. This, however, remains

speculative.

The new sapphire capillaries were produced from a single, solid crystal cylinder, which
was meticulously bored by hand. To preserve the single crystallinity, this process was
performed slowly to minimize heat buildup in the material, as even slight heating can
disrupt the crystal structure. According to the manufacturer, this process requires
approximately one week of continuous work per capillary, contributing to a prolonged
delivery time of over three months. Subsequent measurements with the newly obtained
capillaries confirmed their single-crystalline structure, resolving the issues observed with

the original capillaries.
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Additionally, the heating system used in the experiment required improvements. During
the first test experiment, the heat gun employed to heat the capillary and the sample
within was found to cause alignment issues. Given that the beam size for SXRD
experiments at high-energy beamlines is typically 2-3 pm, even minor shifts in sample
position or temperature fluctuations can affect alignment. Observations during the initial
experiment suggested that the gas flow from the heat gun may not have been stable
enough for the setup. To address this, the previously used Steinel® HG 2320E heat gun

was replaced with a more stable hot gas blower from FMB Oxford.

A temperature calibration was conducted with the new system, in which a thermocouple
was mounted directly onto a test sample within the operando cell as seen in Figure 5.4.
The system was pressurized to 50 bars of Ar, with the cell outlet closed to prevent gas
flow. The blower nozzle was positioned 5 mm from the capillary wall, and the blower was
operated using pressurized air at 6 bar, pre-filtered to remove contaminants. Several test
measurements confirmed that varying the nozzle distance up to 8 mm from the capillary
wall did not result in a measurable change in sample temperature. Similarly, reducing the
operating pressure down to atmospheric levels also had no significant effect on the

sample temperature.

To ensure the Vespel® ferrules used to seal the capillary remained below their maximum
operating temperature of 620 K, thermal investigations were performed using an infrared
camera. These measurements indicated that the metal locking nuts of the ferrules reached
a maximum temperature of approximately 425-455 K, well within the safety limits for the

Vespel® components.
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Figure 5.4. Temperature calibration of the FMB Oxford hot gas blower as used in the SXRD
operando setup. Measurements were done at 50 bar cell pressure of Ar without air flow, and 5
mm distance between the nozzle outlet and the capillary wall.

5.3. New design of the operando cell for future experiments

I. Capillary material

A number of additional improvements to the reaction cell are described in this chapter to
address the design flaws of the current setup as described in chapter I.B of the supporting
information. The main issue with the operando SXRD stage is the connection between the
capillary and the gas lines. The issue mainly arises due to the material of the capillary, as
the sealing mechanism of Swagelok connections is absolutely gas tight up to hundreds of
bars if stainless steel gas pipes are used. Therefore, a sensible first approach on improving
the current setup is to look for alternative capillary materials. Regarding a metal capillary
the main issue is however, that the capillary materials needs to have a high transparency
for X-rays and it must be catalytically inactive. As a result, the only metal that is commonly
used for experimental X-ray cells and catalysts is beryllium. Using a beryllium capillary
might work in principle, but given the toxicity of beryllium, especially beryllium dust in
case of capillary rupture, is less than ideal for a high-pressure setup. To overcome this

issue, the walls of a beryllium capillary would have to be very thick, which makes this
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likely a very expensive option. While there certainly are polymers that can withstand high
pressures up to 100 bars as would be necessary for the setup, and others that can
withstand high temperatures, it is very hard to find one that can withstand both. This is
especially true, since the capillary has to withstand up to 800-1000°C from the heat
blower, since in order to reach a certain temperature of the sample in the capillary under
high pressure gas flow, the heat blower needs to be set to a significantly higher
temperature. That leaves only ceramics like the sapphire capillary that is already used.
One alternative out of the family of ceramics would be silica glass. The linear photoelectric

attenuation coefficient of silica is very comparable to that of Al203 as seen in Figure 5.5.
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Figure 5.5. Linear Photoelectric attenuation coefficient of Al,03 (black) and SiO; (red) as a function
of beam energy.

Additionally, using glass capillaries instead would render the setup of the experiment
somewhat easier, as the amorphous glass would not create any Bragg reflexes that have
to be covered with beam stops. Other advantages are the much lower expected cost of
glass capillaries due to the less complicated manufacturing process and with that also

much shorter delivery times.

II. New capillary holder/operando cell design

For the design of an improved operando cell without a change of the capillary material,
multiple adjustments were done to overcome the issue of connecting the capillary to the

gas lines. First of all, the shape of the capillary has been changed to a dome or cylinder
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with a closed end at the top as seen in Figure 5.6. All design schematic and technical

drawings were created with the Onshape software.

Glass/ceramic
dome

Sample

Figure 5.6. Isotropic view of the re-designed operando SXRD cell. For reference the block has side
lengths of 40 mm and a height of 25 mm. The glass/ceramic dome is marked in blue, the sample
in orange.

This shape has the advantage, that only one end of the capillary has to be sealed.
Additionally, this design allows the hot gas blower to be mounted on top of the dome,
which should reduce sample alignment issues during sample rotation. Furthermore, if the
hot gas blower would be mounted on top of the operando cell, the setup would allow a full
free 360° rotation of the sample during measurements. To prevent the glass/ceramic
dome from experiencing any sheer force during tightening of the nut, the diameters of the

setup have been changed as seen in the cross-sectional view in Figure 5.7.
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Figure 5.7. Cross-sectional view of the re-designed operando SXRD cell. For reference the block
has side lengths of 40 mm and a height of 25 mm. The glass/ceramic dome is marked in blue, the
sample in orange.

The sealing mechanism is designed to always leave a gap of 0.3 mm between the dome
and the inner wall of the metal cylinder. This gap is large enough to prevent the dome
from experiencing shear force from the metal wall even if a certain tolerance in the outer
diameter of the dome is account for, while not being too large to significantly decrease the
overall stability of the setup. Additionally, to prevent the Vesper ferrule from sliding on
the dome during tightening, small notches are incorporated into the dome to fix the
ferrule in place as seen in Figure 5.8. Another solution for this could be to also use a front
and back ferrule made from Vesper, similar to the setup of the Swagelok metal ferrules.
Given the gap between the dome and the tubing of the metal block however, fixing the
ferrule perfectly in place should not be crucial anymore. The issue of the sample not being
fixed in place in any way is solved by using a detachable sample column. The column can
be screwed into the main block, with the thread not displayed in the drawing in Figure 5.7
for visual clarity. If the column is made of metal, the sample can be fixed by spot welding
it onto the column using for example Ta clips, a well-established sample mounting method

used in the CXNS UHV laboratory. Should the column be made of a ceramic to reduce the
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amount of potentially catalytically active metal near the sample, the sample could be fixed
using boron nitride paste, similar to the sample mounting described for the in-situ

catalysis chamber.
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Figure 5.8. Close-up cross-sectional view of the operando SXRD cell revealing the small notches in
the dome to fix the ferrule in place.

Since the shape of the cell is no longer a capillary with the gas inlet on one side and the
outlet on the other side, some consideration had to made regarding the flow of the
reaction gas. At least the majority of the gas flowing into the cell should cross the sample
before exiting the cell on the opposite side. Since the sample is elevated from the entry
and exit points of the gas, additional side walls are added to the setup as seen in Figure
5.9. To ensure that the sample column remains detachable and to reduce the
manufacturing complexity of the cell, a small gap is left between the walls and the sample
column. While gas will flow through this gap, the majority of the gas is still forced to flow
over the sample. To reduce any unwanted catalytic activity of the walls, they should
ideally not be made out of metal. This is especially important as the walls are close to the
top of the sample column and therefore are expected to become hot during sample

heating.
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Gas inlet

Figure 5.9. Isometric view of the operando SXRD cell from the top without the glass/ceramic
dome. The flow of reaction gas is shown with a blue arrow.

5.4. Conclusion about the operando SXRD setup

In summary, while the high-pressure surface XRD setup underwent significant
improvements and the conducted experiment yielded valuable data, several critical issues
remain that require further attention. The encountered faults, such as gas handling
malfunctions, sample alignment difficulties, and contamination, limited the amount of
gathered data from the experiments. However, despite these challenges, the setup has
demonstrated great potential for bridging the pressure gap in XRD studies. The data
already collected clearly illustrates the system's capacity to deliver insightful results
under high-pressure conditions, making it a promising tool for advancing research in
surface-sensitive catalysis and other high-pressure applications. With the necessary

refinements, this setup could become an invaluable instrument for future experiments.
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6. ZnO-supported (CZA) and simplified (Cu-Al203) model catalyst
at near ambient conditions: Dynamic oxidation and alloy
formation

To gain insight into how the presence of ZnO in the model system changes the oxidation
behaviour of the Cu phase in near-ambient conditions, measurements were carried with
two distinct model systems of the Cu-Zn-Al203 (CZA) catalyst: a simplified form consisting
of only Cu supported on Al203, and a more complex system of Cu on ZnO supported on
Al203, denoted throughout this work as “Cu-Al203” and “CZ-Al203” respectively. Details
regarding the sample preparation and pre-characterization can be found in section 4.8.
By employing surface sensitive XRD, using synchrotron radiation with an X-ray energy of
17.5 keV, corresponding to a wavelength of 0.7085 A, both samples were investigated in
different reaction gases at up to 1 bar of total pressure and 575 K sample temperature

utilizing the in-situ catalysis chamber described in chapter 4.7.

6.1. Structural analysis of the model systems

This chapter covers the structural changes of the Cu phase of the investigated model
systems that occur between room temperature and up to 575 K in reducing gas-
atmospheres. These conditions represent the typical activation procedure for this
catalyst system, under which the analysis of the epitaxial orientation of Cu and copper
oxides on the Al203 substrate as well as the formation of additional phases including Cu-
Zn alloys is investigated. The structural differences between these systems are critical
for understanding the catalytic behaviour during activation and reduction processes as

described in the subsequent sections.

Native oxidation of the simplified model system “Cu-Al203"

As described in detail in section 4.8, both model systems were prepared using molecular
beam epitaxy (MBE) under ultra-high vacuum (UHV) conditions to ensure precise control
over the deposition of both Cu and Zn. Multiple X-ray reflectivity (XRR) measurements
were performed to investigate the stages of native oxidation by tracking the ratio between
Cu20 and metallic Cu phases, consistent with prior studies on native oxidation of Cu in
comparable model systems [67]. All the scans were fitted using a two-layer model system

of a metallic Cu layer on top of the sapphire substrate, followed by a Cu20 layer. Fitting of
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the data was performed using the GenX software [68]. The XRR data set and fit parameters

can be found in section I.C of the supporting information.

Despite the Ar* sputtering and annealing cycles performed during the sapphire
preparation as well as the shorter pre-sputtering step to roughen the surface of the
substrate in order to generate additional nucleation sides, the XRR results show that the
Al20s surface remained flat given the measured roughness of the substrate of 1.47-1.65 A
for sample “Cu-Al203” and 4.36 A for sample “CZ-Al203”. For the simplified model system
“Cu-Al203", the average height of the Cu layer deposited directly onto the sapphire
substrate was measured to be 28.1 A with a high layer roughness of 25.6 A and a surface
coverage of 79.4% in the measurement conducted a few hours after the sample was
removed from the UHV system. The high roughness of the Cu layer suggests a broad
distribution of particles sizes. The Cu20 layer on top of the metallic Cu layer was measured
to have an average height of 9.37 A, with a roughness of 9.08 A and an electron density
that fits to a full coverage of the sample surface with Cuz0. The results fit to the presence
of a Cuz0 powder on the surface, with the associated layer thickness of the oxidized layer
pointing to a full oxidation of smaller Cu particles to Cuz0 during the short exposure to
air, while larger Cu nanoparticles remained metallic in their core, forming a Cu-Cuz20 core-
shell system.

Additional two weeks of native oxidation was shown to cause a significant increase in the
layer thickness of the CuzO to 28.9 A with a roughness of 11.7 A while the surface coverage
of the phase has reduced to 89.3%. These results fit to an advanced Cu oxidation and
particle coalescence. The Cu oxidation is also observed in the Cu layer, which has
decreased in thickness to 24.9 A with a roughness of 20.1 A and surface coverage of 69%.
The XRR data gathered for the “CZ-Al203” sample were fitted using the same two-layer
model for direct comparison with the simplified model system, despite the presence of Zn
on the sample. The first layer was measured to have a thickness of 40.3 A with a roughness
of 8.04 A with a surface coverage of 20.6% assuming a pure metallic Cu layer. The results
suggest particles of roughly twice the height on the sample compared to the results for Cu
deposited directly onto the sapphire substrate. Given the deposition of Zn on the sample,
this first layer is associated with either pure Zn or a Cu-Zn alloy phase. Assuming a pure
metallic Zn layer, the measured electron density of the first layer would results in a sample
coverage of 27.1% given the lower electron density of Zn. Therefore, the actual sample

coverage of the layer can be assumed to be between 20.6-27.1% depending on the ratio
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between Cu and Zn. Similar assumptions apply to the second layer of the model measured
to have a thickness of 43.64 A with a roughness of 30.98 A and a surface coverage of
109.9% assuming a Cuz0 layer. The high electron density of the phase is a clear indicator
that the association of the phase with a Cuz0 layer is not valid. Again, assuming a Cu-Zn
alloy phase would result in a surface coverage between 12.5%-16.4% depending on the
Cu and Zn ratio. Furthermore, given the electron density of ZnO, associating the second
layer with ZnO would results in a surface coverage of 25.7%. Increasing the complexity of
the fitting model by introducing additional layers did not significantly increase the overall
fit quality.

In summary, the XRR investigation shows a continuous, structured native oxidation
process in both model systems, with a gradual growth of a Cuz0 layer atop metallic Cu.
The results for the ZnO-supported model system, namely the measured electron densities
of the layers on the sample fitting to a Cu-Zn alloy and not to Cuz0, suggest the presence
of a Cu-Zn alloy underneath a layer of ZnO, as further underlined with the following
grazing incidence XRD investigation preformed in-situ at pressures between 500-1000
mbar. In order to confirm the structural integrity of the substrate on the “Cu-Al203"
sample, a rotational in-plane scan for Al203 (110) at room temperature and under Ar gas
flow at 500 mbar total pressure was performed as seen in Figure 6.1. The reflexes show
the high symmetry direction of the sapphire substrate with their 60-degree in-plane
symmetry as well as the integrity of the substrate surface following the Al203 preparation
as described in section 4.8. To calculate the actual in-plane direction wcorrrected of an in-
plane reflex, the measured in-plane rotation angle w has to be corrected for the detector

angle of the given measurement following:

Y
Weorrected = W — 2 (30)

with w the in-plane rotation angle and y the in-plane/horizontal detector angle.
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Figure 6.1. Left: In-plane reciprocal space map with the Al;03 reflexes marked with black circles
and the scan seen on the right illustrated as a blue line. Left: Azimuthal in-plane scan for Al;03
(110) showing the high symmetry direction of the substrate and the 60-degree symmetry.

To investigate the state of Cu and Cu20 particles and their orientations, additional
azimuthal in-plane scans were carried out for each of the possible Cu and Cu20
orientations for epitaxial particles. As can be seen in Figure 6.2, the angular position of
the Bragg peaks of Cuz0 (220) and Cu (220)/Cuz0 (113) corresponds to an alignment
along the high symmetry direction of the sapphire substrate. Both of these reflexes show
a broad full width at half maximum (FWHM), indicating a preferential in-plane orientation
of these particles +- 5 degree off the high symmetry direction of sapphire. Since only these
reflexes show a preferential orientation in-plane, it is concluded that the sample
preparation yielded (111)-oriented Cu particles, that are partially oxidized to Cuz0 due to
native oxidation. Furthermore, the oxidation did not change the epitaxial relationship of
the particles with regard to the substrate, since only the same (220) type reflex in-plane
is observed for Cu20. To further investigate whether the signal of the other in-plane
reflexes is to be interpreted as a powder signal or if it has to be regarded as background
signal, radial scans along the high symmetry directions of the sapphire (110) as well as

(300) directions were carried out.

67



0)

;5, ®  Al,O, (110)-type reflexes \ {
= . * Cu (220)-type reflexes ) ———
® Cu,O (220)-type reflexes

™ e
Cu (171)

ANV N N

' .' 4l . Cu,0(002)
) 24 /-’
: N S 60[°)  Cu,0(220)

T T T T T

T T T T T
-100 -80 -60 -40 -20 0 20 40 60 80 100

010)

Intensity [a.u.]

Figure 6.2. Initial azimuthal in-plane scans for Cu20 (220) (black), Cuz0 (002) (red), Cu (111)
(blue), Cu (002) (green) and Cu (220)/Cu20 (113) (violet) at room temperature under Ar flow.
Peaks indicating preferential in-plane order are only visible for Cu,0 (220) and Cu (220)/Cu20
(113).

Between the main peaks in Figure 6.3, which can be associated with Al203 (110) and
(220), a total of 5 broad reflexes were observed, each of which can be associated with a
Cuz20 phase, showing the presence of a Cuz0 powder on the sample after two weeks of
native oxidation. Since no XRD data were gathered prior to the exposure to air, it cannot
be determined, whether the sample already consisted of a mixture of Cu powder and Cu
(111)-oriented particles in UHV post growth, or if the native oxidation of the Cu in air
caused some particles to undergo structural degradation, resulting in the Cu20 powder
signal. Low energy electron diffraction measurements in UHV post growth, commonly
used to determine the particle orientation of MBE grown samples prior to exposing the

samples to air, were inconclusive due to a strong surface charge of the samples.
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Figure 6.3. Radial in-plane scan along the Al,03 (110) (left and (300) (right) direction showing
broad nanoparticle signal, fitting to Cuz0.
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Orientation-dependent oxidation and reduction of Cu up to 575 K

To follow the oxidation at different temperatures, the azimuthal in-plane scans for Cu
(220) /Cu20 (113) and Cu20 (220) were repeated after heating the sample to 325 K still
under Ar flow, as seen in Figure 6.4. For both reflexes, even at these relatively low
temperatures, a clear increase in the peak intensity relative to the background can be
observed, indicating that an increasing number of particles adopt the epitaxial in-plane
orientation. This effect can be seen, despite the most pronounced shift of the curves, which
is the strong slope of the background signal, which is consistently higher for sample
rotations in the negative w-direction and lower for sample rotations around w = 0. In
retrospective, this change in the curves is due to the use of boron nitride paste for the
sample mounting. As the sample temperature increases, the paste dries and slightly
changes the tilt of the sample. This still happened during the measurements after the
alignment of the sample. As a result, the tilt causes the sample to be practically better
aligned at lower w-values and slightly worse aligned around w = 0. Nonetheless, the strong
changes in the peak shape and intensity cannot be explained just by the slight

misalignment due to the sample mounting.

The change is more pronounced for Cuz0, which could be explained by the fact that the Ar
gas used during the experiment contained trace amounts (~ 1 ppm) of water and oxygen,
which were enough to oxidize the Cu. The oxidizing effect of the Ar gas became evident as
well in additional measurements at higher sample temperatures (see e.g. Figure 6.7) and

was also evident in later experiments such as the operando measurements described in

chapter 7.
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Figure 6.4. Left: Azimuthal in-plane scan for Cu (220)/Cuz0 (113) in Ar at room temperature
(black) and at 325 K (red). Right: Azimuthal in-plane scan for Cuz0 (220) in Ar at room
temperature (black) and at 325 K (red).
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Regarding the azimuthal in-plane scan for Cu (220)/Cuz0 (113), the change between the
measurement at room temperature and 325 K is a definite reduction in the FWHM of the
in-plane peaks which is assumed to be the consequence of an increase in the size of the
corresponding crystallites. This assumed growth of the crystallites can be accounted for
by two separate effects: First the growth of Cu (111) particles through the increased
mobility of Cu atoms on the sample surface due to the increased sample temperature.
Second, the advanced oxidation of the Cu powder and the formation and growth of (110)-
oriented Cu20 particles, oriented in-plane with the (111) direction along sapphire (110).
A schematic illustration of the expected in-plane reflexes for (110)-oriented cubic

nanoparticles can be found in Figure 6.5.
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(220)

Figure 6.5. Schematic illustration of the top-down view of cubic particles oriented with their (111)
direction out-of-plane. The atoms of a single unit cell are shown as green spheres, with the lattice
planes indicated with straight lines and the corresponding in-plane crystallographic reflexes of
the lattice planes indicated by a dotted line of the same color.

Since the Cu20 (113) reflex has a 12-fold symmetry in-plane for (110) orientation out-of-
plane, peaks every 30 degree are expected for the Cu20 (113) reflex in-plane when (110)-
oriented Cuz0 particles form. The angle between the (111) and (113) direction is 29.5°,
as illustrated by the schematic drawing in Figure 6.6, therefore, the (113) reflex is going

to appear almost perfectly along the high symmetry direction of Al203, similar to the Cu
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(220) reflex of the (111)-oriented particles, as well as directly in the middle between the

high symmetry directions.
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Figure 6.6. Schematic illustration of the expected angular difference between the different in-
plane reflexes of cubic particles that are oriented with their (111) direction pointing out-of-plane.
A single corresponding unit cell of such a particle is illustrated by green spheres, the
corresponding lattice planes are illustrated for reference in Figure 6.5 using the same color coding.

Importantly, due to the 12-fold symmetry of the Cu20 (113) reflex, the performed scans
are not suited to distinguish whether the (110)-oriented Cu20 particles are oriented in-
plane with the Cuz0 (111) || Alz03 (100) or Cu20 (111) || Alz03 (110). For a precise
determination of the epitaxial relationship of the Cu20 particles to the substrate,

measurements of additional reflexes would be needed.
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Figure 6.7. Evolution of Cu (220)/Cuz0 (113) reflexes measured in azimuthal in-plane scans under

gas flow of: Ar at room temperature (black), Ar at 325 K (red), H2:Ar (35:15) at 375 K (blue), Hz at
375 K (green), Ar at 375 K (violet) and CO at 575 K (brown).

The formation and growth of both Cu (111) as well as Cuz20 (110) particles would be in
accordance with the decreased FWHM of the peaks in the azimuthal in-plane scan and is
further corroborated by the subsequent scans at even higher temperatures as seen in
Figure 6.7. After reaching 375 K in a H2:Ar (35:15) mixture, the peak in the scan has an
even smaller FWHM and for 475 K in Hz and Ar, an additional peak emerges between the
main peaks. This additional peak can be associated with Cuz0 (113) and therefore fits well
to the formation of Cuz20 (110) particles as described above. Finally, the scan shows a
double peak feature most clearly pronounced in the final measurement done at 575 K in
pure CO. Before switching to pure CO, 5 cycles of switching between pure Hz and Ar were
carried out at 475 K at an increased total pressure of 1 bar which was kept for the
remainder of the experiment. Afterwards, the gas mixture was switched to a (1:1) mix of

H2:CO and only afterwards the reaction gas was switched to pure CO.
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Figure 6.8. Azimuthal in-plane scans for Cu (220) (top) and Cuz0 (220) (bottom) at 575 K in pure
CO showing the high symmetry direction (HSD) of Al,O3 (100) and the +-3° peaks corresponding
to the Cu domains.

The double peak feature appears in a symmetrical way around the high symmetry
direction (HSD) of the Al203 (100) in-plane direction, which corresponds to a formation
of a coincidence site lattice of the Cu domains. Instead of showing a perfect in-plane
orientation following Cu (110) || Al203 (100), the two separate groups of domains are
oriented +-3° off the HSD of Alz203 as illustrated in Figure 6.8. This rotation around the
surface normal was shown to be favourable for the growth of Cu (111) on Al203 (001) by
Oh et. al. [69] and illustrated in Figure 6.9.
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Coincidence site lattice of (111) orientated Cu nanoparticles
on (001) Al,04
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Figure 6.9. Lattice overlay of Cu on Al,O3 with Cu (111) || Al;03 (001) in top/c-axis view. In the
image, gray circles represent Cu atoms on the (1 1 1) plane, while black circles denote oxygen ions
on the (0 0 1) sapphire surface. For clarity, Al ions and their associated OH groups have been
omitted. Three distinct positions for Cu atoms are shown: atop the oxygen ions (represented by
circles), atop the aluminum ions (represented by hexagons), and above the hollow sites
(represented by triangles). The overlay shows, that the best fit regarding the lattice mismatch
between the two phases is achieved, when the Cu (110) in-plane direction is not aligned perfectly
along Al;03 (100) but with a rotation around the surface normal of 3°. The same coincidence side
lattice is assumed for a rotation by -3°. Taken from [69].

Similar to the measurement at 575 K in pure CO in Figure 6.7, the sample heating caused
the emergence of a double peak feature in the in-plane scan of Cuz0 (220) as well as a
decrease in FWHM as seen in Figure 6.10. This double peak feature is similar to that in the
azimuthal in-plane scans of Cu (220) and points to an oxidation of the Cu domains, for
which the in-plane orientation of the domains is stable during the oxidation from Cu to

Cuz0, as the structure remains cubic.

75



Intensity [a.u.]

10

% T i 1 * T % T
-100 -76 -50 -25 0 25 50 75 100

Figure 6.10. Evolution of the Cu20 (220) reflex measured in azimuthal in-plane scans under gas
flow of: Ar at RT (black), Ar at 325 K (red), Hz:Ar (35:15) at 375 K (blue), H> at 375 K (green), Ar
at 375 K (violet) and CO at 575 K (brown).

Structure of Cu on the simplified model catalyst after activation

As seen in Figure 6.11, in order to investigate the state of Cu on the “Cu-Al203” catalyst,
several radial in-plane scans were performed at 575 K. Clear in-plane signal for Cu (111),
Cu (002) and Cu (220) were observed. For each of the reflexes, azimuthal in-plane scans
revealed the in-plane orientation and epitaxy, with the measured in-plane direction angle

corrected for the detector angle for the corresponding peak position using equation 30.
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Figure 6.11. Cu supported on Al;03 (“Cu-Al;03” sample) investigated at 575 K and 1 bar total
pressure under pure CO gas flow. Top: Radial in-plane scans for Cu (111) (green), Cu (002) (blue),
Al;03 (300) (back) and Cu (220) (red). Bottom: In-plane azimuthal scans for each of the reflexes
at 575 Kin CO (black), in Ar (blue), Ar:CO; (green) and in H; after CO; (red).

As listed in detail in Table 1.5, the in-plane direction of the Cu (002) is aligned only 0.08°
off the Al203 (300) in-plane direction. Furthermore, the difference in the in-plane
directions of Cu (111) and Cu (002) is 5.56°, which fits very well to the expected angle
between the respective directions in an FCC lattice which is 54.7°, which, accounting for
the 60° in-plane spacing between domains yields an expected angular difference of 60°-
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54.7° = 5.3 °. A schematic illustration of the in-plane reflexes and their angular difference
can be found in Figure 6.5 and Figure 6.6. Additionally, for the measurement under pure
H2 gas flow, the range of the Cu (111) radial in-plane scan was increased revealing another
distinct peak at w =-74.94°, 10.9° off the main peak position (red curve in Figure 6.11, left
image in the middle). This second peak fits perfectly to the expected angular distance
between Cu (111) and Cu (111) in-plane, which is 70.5°. This, again considering the 60°
angle between domains, yields an angular difference between (111) type reflexes of 10.5°
in the azimuthal in-plane scans for (110)-oriented particles. Therefore, the Cu (111) and
Cu (002) in-plane peaks can be clearly associated with Cu (110)-oriented particles with
the in-plane epitaxy described by Cu (001) || Al203 (100).

The Cu (220) signal cannot be explained by the same (110)-oriented particles, due to the
radial in-plane position of the peaks. Since the (110)-oriented particles have an in-plane
epitaxy of Cu (002) || Alz03 (100), the Cu (220) reflex would be expected to appear at a
30° angle off the Cu (002) peak, so it would be aligned along the Al203 (110) direction,
which was not measured. The in-plane radial position of the Cu (220) peak is instead
consistent with the measurements at room temperature and above, fitting to (111)-
oriented Cu particles with in-plane epitaxy of Cu (110) || Al203 (100) and the +-3°
coincidence site lattice as described in the previous section. To further investigate the
orientation and epitaxy of the Cu particles, out-of-plane L-scans were performed after
setting an orientation matrix using the strong Al203 signals from the substrate. Figure 6.12
shows the L-scans performed starting from the Cu (002) and from the Cu (220) in-plane
positions respectively. As a guideline, Figure 6.12 includes a simulated out-of-plane map,

which shows all the expected reflexes for the Cu and Al203 phases.
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Figure 6.12. A&B: Out-of-plane L-scans performed using the Al;03 orientation matrix in pure CO
at575 Kand 1 bar total pressure (black) and corresponding peak fits (red). A: L-scan starting from
the Cu (002) in-plane peak position. B: L-scan starting from the Cu (220) in-plane peak position.
C: Simulated reciprocal space plane for the corresponding L-scans showing the reflexes of the
following planes (first direction is always out-of-plane, second is in-plane): Al,03 (001)x(100)
[red], Cu (111)x(110) [green], Cu(110)x(001) [black]. Scan path of Cu (002) L-scan drawn in
black, scan path for Cu (220) L-scan in green. Reflexes are scaled according to their respective
relative intensity.

All of the reciprocal space simulations in this work were prepared using the xrayutilities
python package [70]. The Al203 plane that was used to create the simulations is defined
by the (001) out-of-plane direction and the (100) in-plane direction. Since the in-plane
epitaxy for the Cu particles can be described by Cu (110) || Al203 (100) for the (111)-
oriented particles and by Cu (001) || Al203 (100) for the (110)-oriented particles, the
planes for Cu used for the simulation were chosen accordingly to be: out-of-plane (111)
and in-plane (110) as well as out-of-plane (110) and in-plane (001). All reflexes occurring
in any of these three planes are included in the simulation of Figure 6.12 in red for Al20s3,
in black for (110)-oriented Cu particles and in green for (111)-oriented Cu particles.
Comparing the simulation to the measured curves underlines the previously drawn
conclusion based on the results illustrated in Figure 6.11 for the presence of both Cu (111)
and Cu (110)-oriented particles at 575 K in pure CO. The L-scan starting from the Cu (002)
in-plane position only shows one additional clear peak which can be associated with Cu
(220) as the next expected peak out-of-plane for (110)-oriented particles. Similarly, the

main peaks in the L-scan starting from the Cu (220) in-plane position shows two clear
79



peaks for Cu (311) and Cu (402) respectively. Furthermore, additional signal from other
peaks, one close to the Cu (311) and a large peak underneath the Cu (402) are seen in the
L-scan. Comparing the lattice spacings of these peaks with the simulated reciprocal space
map shows, that these peaks can be interpreted as shoulders of Al203(306) and Al203
(3012) respectively. Figure 6.13 shows additional L-scans performed form the in-plane
position of Cu (111) as well as Al203 (300). The latter clearly shows the (306) and (3012)
reflexes as expected and also underlines the vastly higher intensity of the substrate peaks,
which fits to the assumption made above, that for the other L-scans, shoulder signal of
close by substrate reflexes would still be sufficiently intense to be of comparable intensity
to the particle signals. In order to understand all the measured peaks in the L-scan starting
from the Cu (111) position, additional reflexes from Cu particles with different in-plane
orientations had to be included in the corresponding simulation compared to Figure 6.12
to account for shoulders of broad, close by Cu peaks in the scan. The additional
orientations of the particles are simulated by adding the following hkl-planes to the
simulation in Figure 6.13: (first direction is out-of-plane, second is in-plane): Cu
(111)x(112), and Cu(110)x(111). These additional planes were assumed based on to the
small angle between the corresponding in-plane directions of Cu: (110)4(112) = (001)
4(111) = 54.7°, which, again taking the 60° in-plane angular separation of domains into
account, yields an effective angular difference of 60-54.7° = 5.3°. Additionally, the
observed reflexes point toward a slight misalignment of the sample resulting in a slightly
tilted L-scan. As can be seen by the simulated reciprocal space map of Figure 6.13, a
perfectly straight L-scan starting from the in-plane position of the Cu (111) reflex
belonging to (110)-oriented particles marked with black circles, would miss the reflexes
belonging to (111)-oriented particles marked with green circles. While a certain peak
width of the corresponding peaks of (111)-oriented particles could also technically
explain the presence of the Cu (002), (220) and (311) peaks in the scan, the absence of
the (111) reflex measured out-of-plane clearly points towards a slight sample

misalignment.

Overall, the L-scans clearly underline the presence of distinct epitaxial crystalline
domains of both Cu (111) as well as (110)-oriented particles. Furthermore, the presence
of a Cu powder can also be excluded, since in the case of a powder, additional Cu signals
would be expected in the L-scan performed from the Cu (002) and (220) in-plane
positions.
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Figure 6.13. A&B: Out-of-plane L-scans performed using the Al;03 orientation matrix under pure
CO gas flow at 575 K and 1 bar total pressure (black) and corresponding peak fits (red). A: L-scan
starting from the Cu (111) in-plane peak position. B: L-scan starting from the Al;03 (300) in-plane
peak position. C: Simulated reciprocal space plane for the corresponding L-scans from the Cu
(111) in-plane peak position showing the reflexes of the following planes (first direction is always
out-of-plane, second is in-plane): Al,03 (001)x(100) [red], Cu (111)x(110) and Cu (111)x(112)
[green], Cu(110)x(001) and Cu(110)x(111) [black]. Scan path of Cu (111) L-scan drawn in black.
Reflexes are scaled according to their respective relative intensity.

Structural analysis of the ZnO-supported model system after catalyst activation

As described earlier, during the ambient pressure experiments, the boron nitride paste
used for sample mounting was continuously drying during the heating process from room
temperature, causing slight changes in the sample alignment throughout all
measurements below 575 K for “Cu-Al203”. To avoid similar problems for the second
sample, “CZ-Al203” was heated to 575 K before alignment and prior to any measurements.
Therefore, no information about the catalyst at room temperature or below 575 K was

gathered for this sample.

The integrity of the support surface after the sample preparation including Ar* sputtering
as described at the beginning of this chapter, was confirmed by an azimuthal in-plane scan
for the Al203 (300) performed under 1 bar total pressure and Hz reaction gas flow at a
sample temperature of 575 K as shown in Figure 1.8. The 60° in-plane symmetry of the
substrate is evident, with the high symmetry direction of the (300) type in-plane direction

located at a corrected angle of wcorrected = 10.22° (correction based on equation 30).
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Azimuthal in-plane scans were performed for both Cu (111) and Cu (002) revealing only
negligible variations in intensity along the sample rotation, clearly pointing to the
presence of in-plane randomly oriented Cu domains on the support (corresponding
measurements are not shown in this dissertation). The random in-plane orientation of the
Cu domains under the initial hydrogen flow for this sample is further underlined by the
in-plane scans in Figure 6.14 and the corresponding fit parameters found in Table L.6.
Clear signals were found for Cu (111), Cu (002) and Cu (220) in separate scans as well as
in the radial scan performed along the in-plane direction of the Cu (111) reflex. The
corrected in-plane directions of the separate Cu peaks show no correlation to the high
symmetry direction of the sapphire substrate being located at wcorrected,111 = -74.51°,
Weorrected,002 = -71.2° and weorrected,220 = -59.02°. Similarly, the radial scan along the Cu (111)
direction shows signals for Cu (111), (002), (220) and (113) reflexes along the same radial
direction again underlining the assumption that the Cu domains have either a textured-
or powder-like orientation in-plane. It is noteworthy though, that at least in the initial Hz
conditions, the relative intensity ratios between the Cu reflexes do not fit to the expected
ratios of a perfect Cu powder as described in the literature [71,72], as for example, the Cu
(220) reflex is measured to be of higher intensity than the Cu (002). This is true for the
separate scans with the following intensities for the Cu reflexes: 711 (111), 263 (002) and
376 (220) as well as for the radial scan: 1058 (111), 351 (002), 620 (002) and 176 (113).
The ratio of the intensities changes after the sample was exposed to different reaction
gases and undergoing Cu oxidation and reduction, as in the final H2 conditions the
intensity ratios do match well to the expected ratios for a Cu powder. Therefore, the
results in the initial conditions indicate, that the Cu on this sample had formed
preferentially oriented particles during the growth in UHV similar to “Cu-Al203”, while the
heating process up to 575 K, caused the Cu domains to form in-plane randomly orientated
domains as well as fully powder-like particles. Assuming that the Cu particles have grown
in a similar fashion on “CZ-Al203” as they have on “Cu-Al203”, predominately Cu (111)-
oriented particles would be expected on the sample at room temperature. This
assumption is accordance with the measured intensity of the Cu (220) reflex, seen to be
higher than the intensity of the Cu (002) reflex, with the signal for the Cu (220) reflex

including contributions of out-of-plane (111)-oriented domains.
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Figure 6.14. In-plane q and radial scans (black dotted lines) and corresponding fits (red lines) for
“CZ-Al;03” taken in initial H, conditions at 575 K at 1 bar total pressure. Peaks associated with
roman letters as well as the fitting details can be found in Table I.6.

Furthermore, the in-plane scans show a number of additional reflexes associated with
different phases. As discussed in detail in chapter 6.7, reflexes from an additional phase
were observed during these measurements, whose chemical composition could not yet be
determined. This phase is therefore referenced throughout this work as unknown
structure 1 (US1), assumed to have a cubic lattice structure with a lattice constant of
7.1149 A, oriented with the (111) direction along Al203 (001). Another peak is observed
in the Cu (111) scan not only for “CZ-Al203” but also “Cu-Al203”, which has been associated
with the molybdenum (110) reflex caused by diffraction with the molybdenum screws
used in the experimental setup. This association also fits well to the fact, that for both

samples, this particular reflex does not change in either position nor intensity throughout
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the exposure to various different reaction gases. Similarly, a peak is observed in the Cu
(002) scan which can be assigned to the Be (110) reflex from the beryllium dome used in

the experimental setup.

Finally, the scan used to investigate the Cuz0 (220) reflex, shows no peak in the
corresponding g-range in the initial H2 condition, revealing a full reduction of the Cu at

575 K similar to the results seen for “Cu-Al203” upon reaching 575 K.

6.2. Oxidation of activated model systems at 575 K

Formation of (111)- and (110)-oriented Cuz0 domains

The oxidation and reduction of the different Cu particles was investigated in different
oxidizing and reducing gas atmospheres at 575 K. Figure 6.15 shows L-scans in different
gas atmospheres for the simplified model catalyst (“Cu-Al203"), that were done using the
Al203 orientation matrix and measuring the L-range for the Cu (220) and the Cu (113)
reflexes in the L-scan along the direction of the Cu (11L) position. As derived in the
previous section, the corresponding peaks can be clearly associated with Cu (111)-
oriented particles. As the changes in the scans are subtle, the exact fitting results for all
scans are listed in Table I.7. As mentioned in the previous section, the Ar gas was observed
to have an oxidizing effect on the samples, which is associated with the presence of a small
amount of water and oxygen in the gas in the 1 ppm range. The Cu(11L) scans performed
in Ar (A) and an Ar:COz (1:1) mixture (B) respectively were both measured exactly 35
minutes after switching the reaction gases. As can be seen, there is only negligible change
in the curves. Furthermore, the fitting parameters are also very similar to the L-scan
performed in pure CO. On the other hand, clear changes are observed for the Cu(11L)
scans, which were performed in pure Hz and only 15 minutes (C) and 25 minutes (D) after
switching the reaction gases, respectively. The most pronounced change in the peaks is
the change in the FWHM, but a clear change in the lattice position can be observed as well.
While in Ar/Ar:CO: the lattice spacings for Cu (220) were q=8.05 1/A = d=1.283 A and for
Cu (113) q = 10.08 1/A = d=1.100 4, in Hz, the averaged lattice spacings shift to q=8.02
1/A = d=1.286 A for Cu (220) and q = 10.14 1/A = d=1.096 A. Even more pronounced are
the differences in the FWHM of the peaks, reducing from an average of 0.236 1/A for Cu
(220) and 0.090 1/A for Cu (113) in Ar/Ar:COz to just 0.088 1/A for Cu (220) and 0.077
1/A for Cu (113) in Ha.
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Figure 6.15. Out-of-plane L-scans along the L-direction of the Cu (111) in-plane reflex of the “Cu-
Al;03) sample, around the range of the Cu (220) and Cu (113) reflex at 575 K: after 35 minutes in
Ar (A), after 35 minutes in Ar:CO; (1:1) (B), after 15 minutes in H; (C) and after 25 minutes in H»

(D).

To understand the changes in the peak position and width in Ar/Ar:CO2 compared to Hz,
another simulation of the corresponding reciprocal space planes is shown in Figure 6.16.
Compared to the simulated reciprocal space maps shown in the previous section, the map
in Figure 6.16 now also includes reflexes belonging to both (111) and (110)-oriented Cu20
particles with the same in-plane epitaxy as the previously discussed Cu (111)- and (110)-
oriented particles. With this addition, the large peak width can be explained by an overlap
of the Cu (220) peaks with the nearby Cuz20 (222) and (311) peaks of (110)-oriented Cu20
particles. Comparison of the scans under pure Ar to the scans under Ar mixed with CO2
reveals no visible changes in the curves caused by the presence of CO2 (Figure 6.15 A vs.

B).
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Following the oxidation of Cu under Ar gas flow, the reaction gas was switched to H,,
resulting in the reduction of the Cu20 (110)-oriented particles. In the L-scan the
previously broad peaks attributed to the superposition of Cuz0 signals appear much
sharper as a result of a significant decrease in the intensity of the overlapping Cu20 (222)
and (311) peaks. Additionally, for the measurements in Hz, the lattice spacing of Cu (220)
matches perfectly with the temperature corrected literature lattice spacing for Cu (220)
at 575 K, which is d220575x = 1.286 A [71,72]. The changes in the Cu (113) peak are less
pronounced, but can also be explained by an overlap of the peak with the nearby Cu (311)
reflex. Specifically, the reduction of the peak width as well as the increase in the lattice
spacing are in line with a more pronounced increase in the signal of the Cu (113) reflex
associated with (111)-oriented Cu particles, compared to the increase in the Cu (311)
signal associated with (110)-oriented particles, resulting in a measured lattice spacing
fitting almost perfectly to the temperature corrected expected lattice spacing of Cu at

d113575x =1.097 A.

Cu-Zn alloying and ZnO formation under oxidizing gas flow
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Similar to the oxidation observed for the simplified model system “Cu-Al203”, exposure of
the ZnO-supported model system “CZ-Al203” to Ar gas flow caused a full oxidation of the
Cuas shown in Figure 6.17 and corresponding Table 1.8. All of the reflexes associated with
Cu disappeared and reflexes for Cuz0 are seen instead, namely Cuz0 (002) and (220). The
Cuz20 (002) peak appears along the corrected in-plane direction wcorrected,002 = -74.37°,
while the (220) reflex was measured in several different scans corresponding to in-plane
directions of Wcorrected,220 = -56.59°/11.46°/-74.53°. The (220) reflex is always observed
near an Al203 (300) reflex and it shows by far the highest intensity in the scan that is
nearest to the actual Al203 (300) in-plane direction at wcorrected,220 = 11.46°. Therefore, the
in-plane scans for Cuz0 show the presence of both fully randomly oriented domains as

well as, domains with a preferential orientation along the Al203 (300) direction.
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Figure 6.17. In-plane q and radial scans (black dotted lines) and corresponding fits (red lines) for
the ZnO-supported model catalyst “CZ-Al,03” taken under Ar flow at 575 K at 1 bar total pressure.
Peaks associated with roman letters as well as the fitting details can be found in Table I.8.

Additional peaks emerged under oxidizing reaction conditions, associated with a Cu-Zn
alloy formation, namely the Cuo.64Zno.3s phase, specifically the Cuo.64Zno.ss (002) reflex
which can be associated to peak Il in the Cu (111) scan, peak I in the Cu (002) and peak I
in the radial scan along Cu (111) as well as the Cuo.64Zno3s (113) reflex associated with
peak V in the radial scan. For details see Table 1.8. The association of the measured peaks
to this particular phase was further corroborated in the high energy X-ray measurements
in air discussed in detail later in this chapter. In Ar, signal from the (002) reflex of
Cuo.64Zno.36 was observed in three different scans with fitted reciprocal d*-spacings of 3.27
1/A, 3.24 1/A and 3.25 1/4, while the corresponding (113) reflex was measured in one

scan with a d*-spacing of 5.39 1/A. Comparing these values to the literature lattice of the
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Cuo.64Zno.36 phase [73] yields an in-plane strain of the lattice of +4% after accounting for
the thermal expansion of the phase, giving a reciprocal d*-spacing of 3.25 1/A for the (002)
reflex and 5.39 1/A for the (113). The in-plane orientation of the reflexes associated with
the Cuos4Znose phase show that the phase either has in-plane randomly orientated
domains, or at least two different in-plane orientations are present. As is discussed in
more detail later in this chapter, the Cu-Zn alloy phase showed predominately (111)-
oriented domains, but a weaker powder-like signal was observed as well. As shown in
Figure 6.18, azimuthal in-plane scans were performed for ZnO (110) in both Hz as well as
Ar conditions. In Hz a detector scan was performed at w=-43.07° showing that the broad
peaks are shoulders of Al203 (300) reflexes. In Ar gas however, a number of very small
and sharp peaks appeared, and performing detector scans at the corresponding sample
rotation positions revealed that these belong to ZnO (110), as seen in the bottom scan of
Figure 6.17. Given the UHV preparation pathway for the ZnO on the Al203 substrates, the
formation of (001) oriented ZnO domains was certainly expected for this sample [74], and
the appearing of the (110) reflex as the strongest expected in-plane peak for c-oriented
ZnO points towards the formation of such domains after exposing the sample to Ar. A total
of 7 in-plane peaks were measured in the azimuthal scan, which can be associated to two
distinct in-plane orientations of ZnO domains, each showing the characteristic angular 60°

in-plane spacing as seen in Table L.9.
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separate domains of (001) oriented ZnO. The corresponding peaks are numbered from 1 to 7,
details for the peak position can be found in Table 1.9.

Comparing the two domains to the in-plane directions of the Al203 (100) direction, the
first ZnO domain corresponding to the peaks number 1,3,5 and 7, shows an angle of 9.77°
to the Al203 (100) direction. The second ZnO domain corresponding to the peaks number
2,4 and 6 shows an in-plane angular distance of 11.9° to the Al203 (100), with an angle of

21.67° between the two Zn0O domains.

6.3. Reversible reduction of Cuat 575 K

Further investigations of the simplified model system, 'Cu-Al203," revealed that the
oxidation of Cu and the reduction of Cuz0 at 575 Kand 1 bar total pressure are not equally
facile. After switching from pure CO to Ar, followed by Ar:CO2(1:1), and allowing 35
minutes for stabilization after each gas change, the L-scans of the Cu reflexes showed only
negligible changes. In contrast, clear changes were observed just 15 minutes after
switching from the oxidizing reaction gases back to H,. To further explore the oxidation
and reduction processes, additional measurements were performed, focusing on the in-
plane Cu signal, as shown in Figure 6.19. Both the Cu (002) and the Cu (111) in-plane
reflexes were measured in different gas atmospheres and showed the complete
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reversibility of the oxidation. The strong Cu (002) and (111) signals observed under H:
gas flow decreased significantly during 45 minutes of Ar exposure and vanished
completely after 60 minutes. The Cu (111) scan measured under Ar flow also shows the
emergence of a Cu20 (002) reflex. Due to the small angle between the (002) and (111)
direction of 5.3°, the appearance of the Cuz0 (002) peak in the detector scan for Cu (111)
is not a clear sign of a different epitaxy of Cu20 particles compared to the Cu particles
however. Following another exposure to H, for 30 minutes, both in-plane peaks re-
emerged, attaining at least 50% of their original intensity. This reduction step was
followed by a 15-minute exposure to pure CO,, but as the intensity of the reference peak
did not stabilize under CO,, the reaction gas was switched to Ar again for another 45
minutes and resulted in the complete oxidation of Cu, as evidenced by the disappearance
of the in-plane peaks. Additionally, radial and azimuthal in-plane scans, as presented in
Figure 6.11, confirm that the Cu particles retained their structural integrity during the
oxidation and reduction processes, as seen by the consistent in-plane orientation

observed under reducing conditions.
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Figure 6.19. In-plane detector scans for the Cu (002) and Cu (111) reflexes in different gas
atmospheres all at 575 K and 1 bar total pressure in pure H; (black), in Ar after 45min (red), in Ar
after 60min (blue), back in H; after 30 minutes (violet) and in Ar post CO; (green).

Comparing the L-scan of Figure 6.15 with the in-plane scans of Figure 6.19, a different
reduction and oxidation behaviour is observed. While for the re-oxidation of the Cu the
in-plane scans show a consistent decrease in peak intensity over time with a full
disappearance of Cu peaks after 1 hour for both pure Ar as well as mixed exposure to pure
CO2 followed by Ar, only negligible changes are observed in the L-scans after switching
from pure CO to Ar and afterwards Ar:COz (1:1). The combined exposure time of the

sample to either Ar or Ar:COz was 70min without any change in the reflexes for the L-
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scans. Exposure to pure Hz yielded pronounced changes in the peaks after only 30 minutes
for both measurements however. While the signal of the out-of-plane measurements of
Figure 6.15 can be solely associated with Cu (111)-oriented particles, the in-plane Bragg
peaks of Figure 6.19 belong to Cu (110)-oriented particles. The observed differences in
oxidation and reduction behaviour may be attributed to the varying thermodynamic
stability of the differently oriented Cu particles with respect to oxidation. While CO and
H, differ in their effectiveness as reducing agents under the given conditions, the sample
had already been exposed to both pure H, and H,:Ar mixtures at 575 K before the
introduction of pure CO. Thus, the differences in the reducing capabilities of the gases
alone cannot account for the observed behaviour. Additionally, prior to the switch to pure
CO, the sample underwent five cycles of switching between H, and Ar at 475 K to ensure
surface cleaning. This makes it unlikely that surface contamination played a significant

role in the variations observed between the out-of-plane and in-plane scans.

To investigate the reversibility of the reduction and oxidation of the Cu on the ZnO-
supported model system “CZ-Al203”, the sample was exposed to Hz again after the
observed oxidation under Ar flow. As can be seen in Figure 6.20 and the corresponding
Table 1.10, the signal corresponding to Cuz0 has disappeared and instead the reflexes
from Cu are observed again. The radial scan along the Cu (111) in-plane direction includes
the Cu (111), (002), (220) and (113) reflexes, still consistent with a powder-like
orientation of the Cu domains in-plane. The intensity ratio between the reflexes in the
radial scan remains inconsistent with literature values. For instance, the (220) reflex still
exhibits higher intensity than the (002) reflex. However, the (002) reflex does show an
increase in intensity compared to the initial measurement under H; conditions. Therefore,
the intensity ratios of the Cu peaks are closer to those expected for a perfect powder
compared to the measurements under the initial H2 conditions, pointing to a more
complete formation of Cu powder instead of preferentially oriented domains, through

multiple oxidation and reduction cycles.
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Figure 6.20. In-plane g-detector and radial scans (black dotted lines) and corresponding fits (red
lines) for “CZ-Al,03” taken in second H; conditions after oxidation in Ar at 575 K at 1 bar total

pressure. Full fitting details can be found in Table 1.10.

Furthermore, the radial scan shows additional peaks compared to the previous
measurements belonging to the ZnO and US1 phase. For the latter structure the (220) and
(440) reflex were already observed in the initial Hz conditions and reappear under the Hz
gas flow following the Ar exposure. In these conditions, the radial scan along the Cu (111)
direction also shows the (440) reflex again as well as an additional peak at q=4.36 1/A.
This additional peak is also observed in the Cuz0 (220) scan at q=4.27 1/A. And is
associated with the US1 (224) signal with detailed discussion in chapter 6.7. While the
oxidation of the Cu was observed to be fully reversible at the given temperature and
pressure, the ZnO reflex, first observed in the previous Ar condition, is still present after
switching of the reaction gas back to Hz, and the peak even shows an increase in intensity
of about 16%. Furthermore, the peak is now also observed in the radial scan along the Cu

(111) direction.

To further investigate the reduction of Cu in different reaction gases, CO was introduced
into the reaction gas feed, at a ratio of H2:CO (3:1), without relevant changes observed
compared to pure Hz gas flow. Additional out-of-plane scans were performed using an

orientation matrix for the Al203 substrate, with the out-of-plane L-scan starting from the
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previously determined in-plane position of the Cu (111) reflex shown in Figure 6.21 and

corresponding fitting details in Table 1.11.
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Figure 6.21. Out-of-plane L-scan starting from the in-plane Cu (111) position (black dotted lines)
and corresponding fits (red lines) taken in second H, conditions after oxidation in Ar at 575 K at
1 bar total pressure. Full fitting details can be found in Table [.11.

The scan shows a number of peaks associated with Cu and ZnO, as already observed in-
plane. The in-plane signal can be associated with preferentially oriented particles,
showing that the randomly oriented Cu domains observed in-plane belong to either
textured domains or a weaker powder signal that is superimposing the signal from
epitaxial Cu domains. Assuming an orientation of the Cu domains following Cu (110) ||
Alz03 (001), an out-of-plane L-scan starting from the (111) in-plane position is expected
to only show the Cu (200) and Cu (113) reflex out-of-plane, just as observed in the scan,
whereas for a perfect powder, the Cu (220) reflex would be expected between the (200)
and (113) reflex as can be seen in Figure 6.22. The peaks would not be expected to be
oriented at the exact same in-plane angle however, so a certain degree of out-of-plane tilt
of the particles needs to be assumed. Additionally, if all the (110)-oriented Cu domains
would have the same in-plane orientation, only either the Cu (111) and (113) reflexes or
only the Cu (200) reflex would be expected to appear in one L-scan, as the in-plane angle
between the corresponding domains corresponds to (111) £ (110) = 35.3° This
observation can be explained by either of two scenarios. First, while (110)-oriented Cu
domains exist, two distinct in-plane orientations for these are observed 30° apart from
another, e.g. Cu (111) || Al203 (110) and Cu (111) || Al203 (100). Second, while the Cu
domains do show a clear preferential (110) out-of-plane orientation, they are in-plane
preferentially randomly oriented, a so-called fibre-like texture. For such a case, the in-
plane scans would show powder like signals, while only out-of-plane at least more of a
preferential orientation is observed.
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Figure 6.22. Reciprocal space map corresponding to the L-scans of Figure 6.21., showing the
reflexes of the following planes (first direction is always out-of-plane, second is in-plane): Al,O3
(001)x(100) [red], ZnO (001)x(100) [magenta], Cu(110)x(110) [green] and Cu(110)x(111)
[black]. Scan path of L-scan drawn in black. Reflexes are scaled according to their respective
relative intensity.

Similarly, for the ZnO reflexes, a large number of additional reflexes would be expected in
the out-of-plane scan in the case of a powder-like orientation and only a c-orientation ZnO
matched the observed peaks. As was already discussed above, the reflexes for ZnO in
Figure 6.18 showed at least two domains of distinct in-plane orientation for ZnO, which
can now clearly both be associated to ZnO oriented with ZnO (001) || Al203 (001). This
assumption is further underlined by the results of another out-of-plane scan performed
starting from the in-plane position of the ZnO (110) reflex as seen in Figure 6.23 and the

corresponding data set in Table .12.
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Figure 6.23. Out-of-plane L-scans started from the in-plane ZnO (110) position at 575 K at 1 bar
total pressure in various different reaction gases. Full fitting details can be found in Table 1.12.

As expected for an out-of-plane scan starting from the in-plane position of ZnO (110) for
c-oriented ZnO, both the ZnO (112) as well as the (114) reflexes are observed in the scan.
The most pronounced peaks in the scan however, fit only to the US1 structure with two
separate orientations of US1 domains as discussed in detail in chapter 6.7. For the (110)-
oriented US1 domains, the reflexes (224), (444) and (460) are observed as well, with the
(444) reflex forming a superposition with the ZnO (114) peak. This L-scan was performed
in all reaction gas mixtures containing various ratios of CO, CO2 and H2z but no relevant
changes in the scan were observed as seen in Figure 6.23, showing the high stability of the

US1 phase.
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Figure 6.24. Reciprocal space map corresponding to the L-scans of Figure 6.23., showing the
reflexes of the following planes (first direction is always out-of-plane, second is in-plane): Al,O3
(001)x(120) [red], ZnO (001)x(110) [magenta], US1(111)x(14-5) [green] and US1(110)x(001)
[black]. Scan path of L-scan drawn in black. Reflexes are scaled according to their respective
relative intensity.

6.4. Cu particle diameter of the simplified model system during
reduction and oxidation

To determine the average diameter of the Cu particles deposited directly onto the Al203
substrate for the simplified model system “Cu-Al203", during the repeated exposure to
oxidizing and reducing reaction gases, the average size of the corresponding crystal
domain was extracted by determining the FWHM of the corresponding in-plane Bragg
reflex. As can be seen in the data set in Table 1.13, the results for the Cu particle diameter
are consistent along the Cu (111) and Cu (002) directions, further underlining the
assumption, that these two reflexes originate from the same Cu (110)-oriented particles.
Averaging over all in-plane scans performed under Hz gas flow at 575 K, the diameter of
the Cu particles along the (111) direction yields 10.53 nm and 9.63 nm for the (002)
direction. The ratio between the calculated particle diameter along the (111) and (002)
directions shows a similar ratio as the inverse ratio of surface energies of the

corresponding Cu facets [75]:
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avarage diameter along (002)  9.63nm 0.91

average diameter along (111) ~ 10.53 nm

Surface energy (111) 1.34 ]/mz
Surface energy (002) 1 47 ]/mz

=091

This is an indication, that the ratio of the diameters along the two investigated in-plane
directions is similar to that expected for Cu particles with Wulff's shape, under the
experimental conditions in pure Hz, but for a more exact analysis the impact of the
substrate on the Cu particle shape would need to be considered in detail. The particle
diameters were measured at different points in the experiment, namely during three
separate exposures to pure Hz, while the sample was always exposed to at least one
oxidizing gas in-between each of the Hz exposures. The duration of the exposure to Hz
prior to the corresponding scan is also listed for each measurement. By comparing the
particle diameters between these exposures, a trend is visible were the particle diameter
along the (111) direction is slowly decreasing from 10.73 nm for the first H2 exposure, to
10.49 nm in the second and 10.17 nm in the third. On the contrary, the evolution of the
diameter in the (002) direction is inverse, moving from an average particle size of 9.47
nm during the first exposure to 10.1 nm in the second. This inverse evolution of the two
directions could indicate a change in the nanoparticle shape throughout the oxidation and
reduction cycles, from a disc-like morphology to a shape with more pronounced facets.
Table 1.14 lists the particle diameter determination for the Cu (220) as well as the Cu20
(002) in-plane reflexes. As described earlier, the in-plane reflex of Cu (220) at the given
sample rotation angle can be associated to Cu (111)-oriented particles. This reflex was
measured in pure CO and pure Hz atmosphere respectively, yielding an average particle
diameter along the (220) direction of 8.67 nm, with an observed decrease from 9.12 nm
in CO to 8.25 nm in H2. Overall, the measured particle diameter for the (111)-oriented Cu
particles is very comparable to the size of the Cu (110)-oriented particles, which implies,
that the difference in the oxidation and reduction behaviour of the two different particle
orientations cannot be linked to a difference in particle size. The measurements for the
Cuz0 (002) in-plane reflex, were taken from the peak emerging in the range of the scan of
the Cu (111) reflex as seen in Figure 6.19. Both measurements were performed in Ar, the
first prior and the second after the sample was also exposed to COz. The average particle
diameter of the Cuz0 in the (002) direction of 9.65 nm is similar to the estimated size of

the corresponding Cu particles in Hz along the same direction, measured to be 9.63 nm.
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Analysis of the peak positions yields an average lattice parameter of 3.644 A + 0.004 A
averaged over a total of four Cu (111) and four Cu (002) in-plane reflexes measured at
three different occasions during the experiment always under pure Hz conditions. These
reflexes are associated with (110)-oriented Cu particles. The resulting lattice parameter
is increased compared to the temperature adjusted lattice constant of Cu of 3.6378 A by
0.179% likely due to the lattice mismatch with the sapphire substrate. The measured
value is used as a reference for the lattice constant of fully metallic (110)-oriented Cu

particle supported on Al203 at 575 K within this work.

6.5. Cu particle diameter and alloying as a function of partial H
pressure for the ZnO-supported model system (CZA)

Cu particle diameter in different reaction gases

Similar to the analysis of the Cu particle size and lattice changes for the simplified model
system described in the previous section, the FWHM of the Cu reflexes was analysed for
the ZnO-supported model system “CZ-Al203”, to determine the diameter of the Cu
nanoparticles. The results from the out-of-plane L-scans were not used due to a large

amount of superposition of the peaks.
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Average Cu nanoparticle diameter along (111) direction Average Cu nanoparticle diameter along (220) direction
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Figure 6.25. Cu nanoparticle diameter as calculated from the FWHM of the corresponding Bragg
reflexes at 575 K as a function of the exposure to the different reaction gas mixtures. The averaged
particles diameters are a result of averaging the given reflex from the detector scans with the same
reflex measured in the radial scan for the (002) and (220) reflexes, while for the other only one
scan was measured. The error bars were therefore calculated using the mean deviation for the
(002) and (220) reflexes, while for the other reflexes the error bars were estimated to be equal to
the average error of the (002) and (220) reflexes.

As can be seen in Figure 6.25, the in-plane nanoparticle diameter was evaluated along the
Cu (111),(002), (220) and (113) direction respectively and yields slightly different results
for each direction. Furthermore, the diameters increase dramatically from the first
exposure to Hz to the second, with the sample being exposed to Ar in between. The
increase in particle diameter was measured to be 30.9% along the Cu (220) and (113)
direction as well as 20.3% and 14.0% along (002) and (111) respectively. Interestingly,
the particle diameter is decreasing as the Hz content of the reaction gas mixture decreases.
Averaging the particle diameter over all measured directions as seen in Figure 6.26, more

clearly reveals the overall evolution of the particles and shows that after the initial jump
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between the first two exposures to pure Hz, the particles diameters always reach a local
minimum when there is no Hz in the reaction gas mixture, as is the case for exposure to
pure CO and COz. Overall the Cu nanoparticle diameter for the ZnO-supported model
system “CZ-Al203” is very comparable to the diameter of Cu nanoparticles measured on
the simplified model system “Cu-Al203”, with the averaged size between a minimum value
of 7.09 nm in the initial H2 condition and a maximum value of 9.31 nm in the H2:CO:CO2

(3:1:1) mixture.
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Figure 6.26. Cu nanoparticle diameter averaged over all measured Bragg reflexes as seen in Figure
6.25, at 575 K as a function of the exposure to the different reaction gas mixtures.
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Zn incorporation into Cu particles

Throughout the experiment the sample was exposed to various different reaction gases
including pure Hz, Ar, CO and COz2 as well as different mixtures of H2 with CO and Hz with
both CO and CO2. For each reaction gas mixture, the same set of measurements was
performed. Figure 6.27 shows the evolution of the reciprocal d*-spacing measured for the
different Cu reflexes both in- and out-of-plane as a function of the reaction gas mixtures.
To investigate the small changes in the reciprocal d*-spacing, the measured values used in
this section were rounded to 4 decimal points, whereas for the more general analysis of
the peaks in the previous sections, values were rounded to 2 decimal points. As can be
seen, a clear dependency of the momentum transfer as a function of the H2 content of the
reaction gas is evident. For each of the measured Cu reflexes, the same general trend can
be observed. Starting in the initial H2 condition, a large reciprocal d*-spacing is observed,
after which the samples are exposed to Ar and a complete oxidation of the Cu to Cu20 is
observed. After switching the reaction gas then back to Hz the observed lattice spacing of
Cu was again very similar to the one measured in the initial H2 condition. Introduction of
CO into the reaction gas, first in a H2:CO ratio of (3:1), causes a decrease in the reciprocal
d*-spacing, followed by an even stronger decrease after switching to pure CO. After the
pure CO condition, the reaction gas mixture was changed to also include COz, starting with
a mixture of H2:C0O:CO2 (3:1:1), causing the reciprocal d*-spacing to increase again. Raising
the amount of CO in the mixture to (3:2:1) caused a slight decrease in the reciprocal d*-
spacing. Afterwards, the switch of the reaction gas to pure COz caused a decrease in the
reciprocal d*-spacing similar to the decrease observed in pure CO. At this point the
reaction gas was changed to pure Hz for a third time, which caused a huge increase in the
reciprocal d*-spacing of the Cu reflexes, which reached the same values as in the previous
H2 conditions. Finally, CO was introduced again, in a mixture of H2:CO (2:1) which caused

a decrease in the reciprocal d*-spacing similar to the beginning of the experiment.
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Figure 6.27. Reciprocal d*-spacing of all measured Cu reflexes in g-, radial- and L-scans in all
reaction gas phases (excluding pure Ar) at 1 bar total pressure and at a sample temperature of
575K.

The observed changes in the reciprocal d*-spacings of the Cu reflexes point to a direct
dependency of the lattice parameter of the Cu on the H2 amount in the reaction gas
mixture. Surprisingly, the change of the lattice parameter of the Cu is similar regardless
of whether the H2 amount in the reaction gas is reduced by the introduction of CO or by
CO2. Furthermore, for each of the Cu reflexes the change in the reciprocal d*-spacing was
averaged over all the performed scans, and then used to calculate the lattice spacing of
the Cu in each reaction gas. These values were then compared to the expected Cu lattice
parameter from literature adjusted for thermal expansion at 575 K, which yields acu, 575 &
= 3.6378 A. The change in the lattice parameter in percent for each of the Cu reflexes is

shown in Figure 6.28.
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Figure 6.28. Average increase of the Cu lattice compared to the temperature corrected Cu lattice
spacing at 575 K from literature (3.6378 A) in percent as a function of the exposure to the different
reaction gas mixtures. For each reflex, the data set was averaged over all measured scans (g-,
radial- and L-scans), expect for the Cu (111), for which the results for the L-scan were excluded as
the signal is assumed to be superimposed by another reflex. The error bars were calculated using
the mean deviation of the measured data set. The right scale shows the Zn content of the phase
based on the assumption, that the lattice increase is caused by incorporation of Zn into the Cu
lattice.

The observed change in the lattice parameter is very consistent throughout the different
measurements in the same experimental condition for all the different Cu reflexes. For
this image, the data set of the Cu (111) L-scan was chosen to be excluded, as it seems to
be superimposed by another peak, since the consistent trend in the measured lattice
parameter of all other Cu reflexes was not observed for this reflex. The increase in the Cu
lattice parameter is associated with Zn incorporation into the Cu constituting Cu-Zn alloy
formation. The increase in the lattice parameter of Cu-Zn alloys up to a 38% Zn content
can be estimated to be linear [76,77]. While the increase in the lattice parameter in the
literature was calculated for room temperature measurements, the Zn content for the
phase in this work is approximated using the Cu lattice constant at 575 K determined for
the “Cu-Al203” sample of 3.644 A as a first reference point. The second reference point is
the lattice constant of the Cuo.64Zno.3s phase adjusted for thermal expansion assuming a
thermal expansion coefficient of 20.2x10-6 K1 of 3.7192 A. Linear approximation of the Zn
content in the measured phase based on these two reference points was calculated and is

shown in Figure 6.28.
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The measurements performed on the sample in the reaction gas conditions of pure CO
and pure COz showed not only the strongest change in Cu lattices spacings as described
in the previous section, but the emergence of additional peaks. These peaks appeared in
the in-plane detector scans of Cu (111) and (002) as well as in the radial scan along the
Cu (111) direction and can be associated with the Cu-Zn alloy phases of Cuo.64Zno.3s as
seen in Figure 6.29 and corresponding Table [.15. Determining the peak positions from
the different scans yields reciprocal space vectors d* for the alloy phase of 2.83 1/A for
(111), 3.26 1/A for (002) and 4.59 1/A for (220), which match the phase well after
accounting for thermal expansion and with the 4% in-plane lattice strain already
observed earlier. The in-plane direction of the measured reflexes shows that the domains
of the Cu-Zn alloy phase are in-plane randomly oriented, since all reflexes are observed
very close to the same in-plane direction. The higher intensity of the Cuo.s4Zno3s (220)
reflex compared to the (002) reflex in the same radial scan however, could point the
presence of additional domains with a preferential orientation following Cuo.64Zno.36 ||
Al203 (001). This assumption is further corroborated with the high energy X-ray
measurements performed in air after the exposure to various oxidizing and reducing
gases, were predominately (111)-oriented Cuoe4Znose particles were observed, as
discussed in detail in section 6.6. These peaks can be first seen in the Ar reaction
conditions and afterwards are observed under pure CO and CO2 gas flow, clearly pointing
to a connection of the emergence of the Cuo.64Zno3e alloy phase with the presence of an
oxygen source in the reaction gas. Since it seems counterintuitive, that the Cuo.64Zno3s
alloy phase would form under the most oxidizing reaction conditions, the presence and
interplay of another Cu-Zn alloy phase was investigated as described in the following

section.
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Figure 6.29. In-plane q and radial scans at 575 K at 1 bar total pressure in initial H; (black), pure
CO (red) and pure CO; (green). Full fitting details can be found in Table 1.15.

Indications for the presence of a Cuo.2Zno.s alloy phase

Given the preparation of the “CZ-Al203” as well as the additional XRD analysis, the
presence of Zn on this sample is unambiguous. However, the data set shows only very
weak signals for Zn-containing phases, specifically weak ZnO after exposure to Ar as well
as Cuo.64Zno36 in Ar, CO and CO,, as discussed in the previous section. While factors such
as crystallite size, preferred orientation, or the distribution of Zn within the sample have
a strong influence on the intensity of a measured reflex, these factors alone cannot fully
account for the discrepancy between the observed data and the expected amount of Zn on
the sample. Given the analysis of the Auger measurements performed in UHV conditions,
as well as comparison to other experiments [78], it is expected that c-oriented Zn formed
on Al203 and that after the oxidation of the Zn, a thin overlayer of ZnO formed on top of
the Zn in a core-shell type system. Since no signal for metallic Zn was found and the weak
ZnO0 signal is not sufficient to account for the expected amount of Zn on the sample, it is
assumed that during the Cu deposition on ZnO/Zn in UHV, Cu already diffused into the Zn

layer forming a Cu-Zn alloy. This alloy is further assumed to share the same hexagonal
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crystal structure as that of Zn. With these assumptions, the Cuo.2Zno.s phase is a very likely
candidate to account for the Zn on this sample, despite not being measured directly, as
becomes evident when comparing the simulated reciprocal space maps of this phase with
the Al203 substrate phase as seen in Figure 6.30. The figure shows that the reflexes of the

Cuo.2Zno.s phase largely overlap with Al20s reflexes and were therefore not detected.
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Figure 6.30. Simulated reciprocal space map showing all reflexes for Cuo2Znos (green) as well as
Al;03 (red) in the g-range relevant for the performed experiments. Reflexes are scaled according
to their respective relative intensity.

Nevertheless, a closer investigation of the measured Al203 reflex as seen in Figure 6.31,
does indicate some changes during the exposure to different gas atmospheres. As can be
seen, clear changes in the FWHM during the experiment are observed, first seen in the
clear decrease in FWHM after the switch from the oxidizing Ar gas flow back to a pure Hz
reaction gas. Afterwards, the FWHM seems to stay relatively constant with a noticeably
drop in pure CO2. Assuming that the peak shape is a result of a superposition of a sharp
Al203 substrate peak with a broad Cuo.2Zno.s nanoparticle peak, a decrease in the FWHM
is associated with a decrease in the Cuo.2Zno.s peak. These results support the assumption
that alarge part of the deposited Zn on the sample formed the Cuo.2Zno.s during the sample
preparation and or activation of the catalysts, while the phase remains stable throughout
the exposure to various oxidizing and reducing reaction gases afterwards. The decrease
in FWHM post Ar could indicate however, that Zn diffusion from this phase caused the
formation of ZnO as well Zn incorporation into the Cu particles in the oxidizing
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atmosphere. Therefore, it stands to reason that the ZnO formed on or at least close to the

Cuo.2Zno.s domains, causing some of these domains to lose some of the incorporated Zn

and in turn form the more Cu rich Cuo.64Zno.36 phase.
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Figure 6.31. Top: In-plane detector scans for Al;03(300)/ Cuo2Znos (110) in all measured reaction
gases showing the clear change in FWHM of the peak. Bottom: Evolution of the fitted FWHM of the
reflex in the different reaction gases.
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6.6. Structural analysis in air post reaction conditions

Both model systems, “Cu-Al203” and “CZ-Al203”, were further investigated in air and at
room temperature after the exposure to various reaction gas mixtures a near ambient
pressure and 575 K, utilizing high energy X-rays at the P07 beamline at DESY. The setup
of the P07 beamline with a 2D detector allows for very fast measurements of large parts
of reciprocal space. While each data set consists of a large number of detector images
taken over a certain angular range of sample rotation, the images shown here are so called
maximum pixel images. For such an image, for each pixel of the detector the measured
intensity of that pixel is compared over the whole data set and only the maximum
intensity is shown, regardless of the sample rotation position the maximum intensity was
measured at. These maximum pixel images are useful to illustrate the presence of
crystalline phases on the sample, while all the actual data analysis was done by a thorough
integration separately for each reflex. For this integration, first a region of interest (ROI)
was set around the peak as well as for a nearby region on the detector without any peaks
used as a reference for the background signal. The intensity of the signal ROI was then
plotted over the sample rotation angle and the corresponding peak positions were fitted.
Using the fits of the peak over the sample rotation angle, the intensity of the signal and
background ROI was integrated over all images that were determined to be inside of the
FWHM of the analysed peak. The integrated intensity was then normalized with respect
to the size of the ROI and the background intensity. Finally, in order to extract the
structure factors from the measured intensity of the reflexes, the data sets were corrected
for the stationary geometry of the sample and detector position using the Lorentz
correction, while the polarization correction for the horizontally polarized X-ray beam of
the synchrotron was found to be negligible. Additionally, the exact peak position inside
the signal ROI was determined by fitting the intensity along the horizontal (qxy) and
vertical (qz) direction. The data analysis including the reciprocal space transition,
azimuthal integration and calibration of the sample position was done with custom
python scripts utilizing the python packages PyFAI and corresponding PyGix [79], FablO
[80] and xrayutilities [70].
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Structure of the highly ordered Cuo.64Zno.36 structure in air

As mentioned in the previous sections, during the in-situ XRD measurements at ambient
pressure, as discussed in the previous section, a number of reflexes were measured that
can be associated with the Cu-Zn alloy phase of Cuos4Znoss. In the additional
measurements in air conducted using high energy X-rays and a 2D detector setup, the

Cuo.64Zno.36 phase can be clearly observed as seen in Figure 6.32.

Qz [VA]

Qxy [1/4]

Figure 6.32. Maximum pixel image of the 2D detector data of “CZ-Al,03” measured at room
temperature in air over a 90° sample rotation. The red circles indicate the position of the reflexes
corresponding to the CuossZno 36 structure. Magenta dots show the position of the Al,03 substrate
reflexes, most of which are covered by beamstops.

Detailed analysis of each of the measured peaks was carried out following the procedure
described above, resulting in the data set found in Table 1.19. The reflexes can be
associated with an FCC type lattice structure, with a lattice parameter of 3.822 A + 0.169
A. However, a slight deviation from the ideal cubic structure was observed, as evidenced

by a discrepancy between the measured reflection positions along the q. and qxy
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directions compared to the expected positions based on the calculated lattice parameter,
with the calculated lattice parameter showing the smallest overall deviation as shown in

Figure 6.33.
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Figure 6.33. Calculated discrepancy between the calculated and measured reflex positions in q;
and gy direction as well as the sum of both as a function of the lattice parameter.

This lattice parameter yields average discrepancy along gz of -1% and 0.27% along qxy,
where a negative value denotes a more compressed measured lattice compared to the
calculated values. Given the assumed epitaxial relationship of the phase with respect to
the support, a certain discrepancy between the reflex position along the in-plane and the
out-of-plane direction can be explained by a certain strain in the phase. Comparison of the
measured reflexes with the literature for the Cuo.e4Znoss structure shows that the
measured phase has an increased lattice parameter, increased by 3.36% compared to the
literature value, in good agreement with the measured increased lattice parameter of the
phase in-situ under reaction gas flow at ambient pressure at 575 K as described in the
previous sections. The change in the lattice parameter can be explained by a reduction of
the lattice mismatch between the Cuo.4Zno.36 phase and the Al203 substrate. To calculate
the lattice mismatch for the (111)-oriented phase on the (001) oriented substrate, the

lattice spacing of the Cu-Zn alloy phases along the in-plane direction is calculated using:

_ V3agpcc

ain—plane - V2 (31)
The resulting value can then be compared to the in-plane spacing of the Al203 substrate

of 4.754 A. The results can be found in the Table 6.1:
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Phase Lattice parameter [A] In-plane lattice Lattice mismatch [%]
parameter [A]

Unstrained 3.6982 4,529 4.744
Cuo.64Zn0.36
Strained Cuo4Zno36 3.8223 4.681 1.536

Table 6.1. In-plane lattice mismatch between strained (as measured) and unstrained (111)-
oriented Cugs4Zno 36 and the (001) oriented Al,O3 substrate.

As can be seen, the strain of the structure results in a considerable decrease in the lattice
mismatch between the Cu-Zn alloy and the substrate. Additionally, the structure factor of
the measured phase was calculated from the measured reflex intensities, which were both
Lorentz- and Polarization-corrected. All of the determined structure factors are listed in
Table 1.19. For each reflex, multiple peaks, usually with different intensities, were
measured at different angles of the sample rotation. Comparison of the resulting structure
factors to the literature phase [73] showed that taking only the maximum measured
intensity for each reflex for the determination of the structure factor, yielded a better
match than averaging over all measured intensities. Therefore, Table [.19 also includes a
list of only the maximum measured structure factors for each reflex denoted as “|F| max”.
Furthermore, the (111) reflex is located very close to an Al203 CTR and a strong
discrepancy between the measured and reference structure factors of the phase lead to
the assumption, that the measured intensity associated with the (111) reflex is affected
by a superposition with signal of the substrate. Therefore, Table 1.19 also includes a
comparison of the structure factors without the (111) reflex. The true error in the
structure factor is difficult to determine, therefore the measured background signal close
to each reflex was used as a measure for the error instead. Figure 6.34 shows a
comparison of the measured structure factors for both the case including as well as
excluding the (111) reflex. Averaging over the discrepancy between the measured and
literature values for each reflex yields an r-factor of 1.087 between the literature structure
factors and the measured ones, while this discrepancy is reduced to an r-factor of just
0.114 if the (111) reflex is excluded. It is important to point out, that the investigation
method used here is not ideally suited for a detailed determination of the structure factors
of a crystalline phase on the sample. The literature values were measured using a powder
sample and averaging over a much larger number of reflexes, using the Rietfield
refinement method to yield the structures factors, while the total number of analysed

reflexes for the structure in this work was just 58 peaks in total belonging to just 8 truly
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different lattice reflexes. Therefore, a certain discrepancy between the measured
structure factors and the literature is not unexpected. Additionally, the structure factors
are of course affected by strain in the crystal phase, as the strain causes a slight change in

the position of the atoms in the unit cell.
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Figure 6.34. Comparison of the measured structure factor of the Cuo.¢sZno3s phase compared to
the literature phase. “|F| max” denotes the measured structure factor for which the most intense
peak was selected from all the peaks measured at different sample rotation positions for a given
reflex. The columns including “without (111)” refer to data for which the (111) reflex was taken
out of the consideration due to the assumption of a possible superposition of the (111) reflex with
an Al;03 CTR signal.

Native Cu oxidation, tilted Cu-Zn alloy particles and ZnO in air on the ZnO-
supported model system

In order to analyse the presence of powder-like signal on the ZnO-supported model
system “CZ-Al203", an azimuthal integration was performed for all collected 2D detector
images, resulting in a conventional powder diffraction pattern. The azimuthal integration
was performed over the whole 180° angular range along the azimuthal direction of the
images and the data for all images was summed and normalized. As can be seen in Figure
6.35, almost all of the peaks of the azimuthal integration can be associated with either
Cuz0 or the previously discussed Cuo.s4Zno.36 phase. For the Cuz0 phase, no signal was
detected that could be associated with any kind of crystalline order in- or out-of-plane,

clearly showing that this copper oxide phase can be regarded as a perfect powder. As
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during the in-situ experiment, only a very small fraction of the Cu on the sample was
oxidized, the presence of the Cuz20 phase is a result of the native oxidation of the Cu
following the exposure to air. The sample was exposed to air for a total of 17 days after
the ambient pressure in-situ measurements, before the measurement at ambient
pressure using high energy X-rays and a 2D detector setup were performed. Evidently,
the oxidation of the Cu to Cuz0 also caused a disintegration of any crystalline structure of
the Cu, which were previously observed during the in-situ measurements. For the
Cuo.64Zno.36 phase on the other hand, both crystalline and powder-like signal can be clearly
observed. Figure 6.36 shows the results of plotting the measured intensity along the
azimuthal angle following the Debye-Scherrer ring at the scattering vector corresponding
to the four first reflexes of the Cuo.64Zno 36 structure. The azimuthal scans were performed
on each scan image and subsequently summed using a width of the integrated rings of +
0.3 1/A. While no clear correlation between peaks in the individual scans can be seen,
three distinct azimuthal angles are more pronounced and could possible indicate a
preferential out-of-plane tilt angle of the particles. These angles are 20°, 35° and 55° off

the sample horizon.
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Figure 6.35. Results for the azimuthal integration of the 2D detector images measured of the ZnO-
supported model system “CZ-Al;03” as seen in Figure 6.37. The dotted vertical lines represent the
expected scattering vectors for Cuz0 (blue) and Cuo.esZno3s (red). While the scattering vectors for
Cuz0 correspond to the literature lattice of Cu;O at room temperature [81], the values of
Cuoe4Zng 36 correspond to the phase with an increased lattice parameter as described in detail in
the previous section.
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Figure 6.36. Scans along the azimuthal angle of “CZ-Al;03” performed at a scattering vector
corresponding to the CugesZnose reflexes of (111) (black), (002) (red), (220) (blue) and (113)
(green). For each scan, the integrated width of the corresponding ring was set to be + 0.3 1/A of
the fitted scattering vector for the given reflex. Vertical lines indicate azimuthal angles at which a
certain preferential orientation of out-of-plane tilted particles could be observed.

Since weak signals from (001) oriented ZnO particles were observed during the in-situ
XRD experiment at ambient pressure, the data set from the high energy XRD
measurements were also carefully analysed to see if any ZnO reflexes are visible. As can
be seen in Figure 6.37, only signal from the (101) reflex of (001) oriented ZnO domains
could be observed in the data. The corresponding in-plane reflex (100) is superimposed
with a reflex of the unknown cubic structure US1 denoted as “1c” as discussed in detail in
the next section, while all other reflexes of the ZnO are not visible, which can be explained
by the overall low intensity of the phase. Accounting for the Lorentz-correction, the next
highest intensity reflex of the phase would be the (110) reflex, which is already expected
to have an intensity of only about % of the observed (101) reflex. All other reflexes are of

even lower intensity.
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Figure 6.37. Maximum pixel image of the 2D detector data of “CZ-Al,03” measured at room
temperature in air over a 90° sample rotation. The white circles indicate the position of the first
order reflexes corresponding to ZnO. Magenta dots show the position of the Al,03 substrate
reflexes, most of which are covered by beamstops.

The results of the peak analysis as seen in Table [.21, indicate, that there are at least two
separate domains of ZnO on the sample, that share the same out-of-plane orientation, but
exhibit different in-plane orientations. The angle between these reflexes is 12.59° which
is very different to the angle between the in-plane domains observed in-situ at ambient
pressure measured, measured at 21.67°. The change in the angle between the two
separate in-plane orientations of the ZnO domains could be a result of a change caused by
the difference in temperature between the in-situ measurement at ambient pressure and
at 575 K and the measurements discussed here, which were conducted at room
temperature. A change in the in-plane orientation driven by the reduction of the lattice
mismatch to the sapphire substrate would also explain the slight change in the lattice

parameter of the ZnO phase as described in Table 1.21.
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Stable Cu signal in air on the simplified model system (“Cu-Alz03")

Similar to the proceedings described above for the “CZ-Al203” samples, images collected
for the simplified model system “Cu-Al203” from the 90° sample rotation scan were
integrated along the azimuthal direction as seen in Figure 6.38. Unfortunately, the “Cu-
Al203” sample was not as flat as the sample of the ZnO-supported model system, yielding
much less information from the same 90° sample rotation scan, since for most of the
measured sample rotation angles, the sample alignment was inconsistent as a result.
Therefore, certain sample rotation angles that showed signals were selected by eye and
then the sample was measured at these selected angles again after re-alignment. While
the intensity of the peaks for this sample is considerably lower for the reasons described,
there are still a number of clear peaks visible. These peaks do not belong to Cuz0, as was
the case for the “CZ-Al203” system, but actually can be clearly associated with metallic Cu.
This result is quite unexpected, given the identical growth procedure for the Cu particles
for both samples, the very comparable experimental history, the fact that they both were
exposed to the same reaction gases at the same temperature during the conducted
experiments, and finally the same time being exposed to air between the in-situ
measurements and the high energy X-ray measurements in air. Additionally, the
nanoparticle diameter analysis during the in-situ experiment as described in chapters 6.4
and 6.5, shows that the Cu particles were also of very comparable diameter at elevated

temperatures and under reaction gas conditions.
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Figure 6.38. Results for the azimuthal integration of the 2D detector images measured of the Cu
on Al;03 “Cu-Al;03” as seen in Figure 6.52. The dotted vertical lines represent the expected
scattering vectors for Cu (red).

6.7. Analysis of an additional cubic phases with unknown chemical
composition

A number of reflexes associated with a cubic structure of yet unknown chemical
compositions were measured on both sample systems, the simplified (“Cu-Al203") as well
as the ZnO-supported model system (“CZ-Al203"), referred to throughout this work as the
“US1” structure. The (220) in-plane reflex of the structure was observed under gas flow
of various different reaction gas mixtures on the simplified catalyst at 575 K close to the
sapphire (110) reflex as shown in Figure 6.39. The corresponding azimuthal in-plane
scans show, that this in-plane (220) signal cannot be associated with an in-plane powder-
like signal, but evidently originates from ordered domains of US1 (111)-oriented
particles, as the radial in-plane scan along Al203 (110) yielded a strong signal for US1

(220), which was not observed for the scan along a different radial in-plane direction.
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Figure 6.39. Left: detector scan for US1 (220) (left peak) and Al,03(110) (right peak) in different
gas phases all at 575 K: Black in H, red in Ar, blue after being in Ar for about 1h 45min, green after
switching back again to H». Violet after being in H; for 50 mins, brown back in Ar after being
exposed to CO; for 30 minutes. Right: Radial in-plane scans for US1 (220) at different in-plane
azimuthal angles showing that the reflex is only visible at certain in-plane angles, and therefore
the signal originates from an ordered domain and not a powder.

This assumption is further underlined by the measurements performed in air at room
temperature, after the exposure to various reaction gases at 575 K, in which the phase
was observed to consist of highly ordered (111)-oriented particles as discussed in detail
later in this section. Since no corresponding radial in-plane scans were performed at room
temperature for this phase, it cannot be unambiguously determined whether it has
formed during the sample annealing during catalyst activation or if it was already present
at room temperature or even under UHV conditions. However, the azimuthal in-plane
scans performed for Cu20 (111) at q=2.55 1/A in Figure 6.40 show an increase in the
FWHM of the main peaks with increasing sample temperature. The main peak intensity
here is associated with Al203 (110) at g=2.64 1/A, but the slight increase in FWHM could
be the result of small changes in the underlying US1 (220) reflex, as a change in the Alz203
structure is unlikely. Regarding the ZnO-supported model system, azimuthal in-plane
scans performed at 1 bar total pressure under H: reaction gas flow at a sample
temperature of 575 K showed the presence of the same US1 (220) reflex that was
observed on the simplified model system (“Cu-Al203") as well, as seen in Figure 6.41 and

the corresponding fitting details in Table I.16.
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Figure 6.40. Evolution of azimuthal in-plane scan for US1 (220) overlapping the sapphire (110) in
different gas phases and temperatures: Ar at RT (black), Ar at 325 K (red), H2 at 375 K (blue) and
Ar at 375 K (green).

=5 US1(220) |
L scan
B\ 1031
@
=
2
=

0.0 -

-0.14 I -
22 23 2.4 2.5 2.6 27
q[1/A]
il ‘ Radial Cu

. (111)scan
S 104 1
s
)
D 6x 10°
@
=
= o1

0.0

30 35 40 45 50 55 60

q[1/A]

Figure 6.41. In-plane q-detector scan (top) and radial scan (bottom), with the measured data
(black dotted lines) and corresponding fits (red lines) for “CZ-Al;03” taken in initial H, conditions
at 575 K and 1 bar total pressure. Peaks associated to the US1 structure and the corresponding
the fitting details can be found in Table 1.16, while the fitting details for the other reflexes can be
found in section 6.1.

Since a larger part of reciprocal space was sampled for “CZ-Al203” compared to “Cu-Al203”",
additional reflexes associated with the US1 structure were observed for this sample. In

the initial Hz condition, a broad reflex is seen in the radial scan along the Cu (111)
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direction centred around q = 5.21 A, a superposition of the close by reflexes US1 (440)
with the Al203 (220) reflex. Assuming an epitaxial orientation of the US1 structure to the
substrate following US1 (110) || Al203 (110), as was clearly observed in the
measurements conducted in air after the exposure to various reaction gases, the US1
(440) reflex would be found along the same in-plane direction as the Al203 (220) reflex.
Given the corrected in-plane direction of the radial scan, along the Cu (111) direction of
Weorrected,111 = -74.51°, and the closest corrected direction for the Al203 (222) of wcorrected,220
=-79.78°, results in an in-plane angular distance of the peaks of 5.27°, which explains the
low intensity of these peaks in the radial scan. Regarding the observed reciprocal d*-
spacing of this broad peak at 5.21 A, a superposition of the US1 (440) at q = 5.00 with the
Al203 (220) at q = 5.29 A is reasonable. While the exposure of the activated catalyst to an
oxidizing gas flow in the form of Ar with trace amounts of oxygen and water, caused the
full oxidation of the Cu and the emergence of a number of additional peaks, the signals of
the unknown structure US1, namely the (220) and (440) reflexes, remain stable with only

a minor shift of the respective reciprocal d*-spacings as shown in Figure 6.42.
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Figure 6.42. In-plane g-detector scan (top) and radial scan (bottom), with the measured data
(black dotted lines) and corresponding fits (red lines) for “CZ-Al;03” taken under Ar gas flow at
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575 Kand 1 bar total pressure. Peaks associated to the US1 structure and the corresponding fitting
details can be found in Table 1.17, while the fitting details for the other reflexes can be found in
section 6.2.

In this condition an additional azimuthal in-plane scan was performed for the US1 (220)

peak as seen in Figure 6.43.
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Figure 6.43. Azimuthal in-plane scans for US1 (220) at 575 K in Ar condition.

The peaks show a perfect 60° angular separation of domains oriented along the Al203
(110) in-plane directions further conforming the epitaxial relationship of the US1
structure with the sapphire substrate. Following the exposure to Ar, switching the
reaction gas flow to pure Hz for a second time caused a clear increase in intensity of the
US1 (220) reflex compared to the Al203 (110) reflex next to it as shown in Figure 6.44,
following the evolution of intensity ratios between the US1 and Al203 reflex of: Riinitial H2 =
0.27, Riar = 1.09, Risecond H2 = 2.19. The radial scan along the Cu (111) direction also shows
the (440) reflex again as well as a new peak at q=4.36 1/A. This peak is also observed in
the Cuz0 (220) scan at q=4.27 1/A. Given the increased signal of the US1 phase in this
condition, this new peak can be associated with the US1 (224) signal, as one of the three
most intense in-plane peaks expected for this phase in case of an orientation of US1 (111)

|| Al203 (001).
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Figure 6.44. In-plane q-detector scan (top) and radial scan (bottom), with the measured data
(black dotted lines) and corresponding fits (red lines) for “CZ-Al;03” taken in the second H:
condition at 575 K and 1 bar total pressure. Peaks associated to the US1 structure and the
corresponding fitting details can be found in Table 1.18, while the fitting details for the other
reflexes can be found in section 6.3.

The in-plane direction of this peak points to a preferential orientation, as the much more
intense signal observed in the Cuz0 (220) scan is observed along the corrected in-plane
direction of wcorrected = 9.19°, so only about 1° off the Al203 (100) HSD in-plane direction.
This direction fits well to the in-plane direction of the US1 (220) reflex observed just 1.75°
off the Al203 (110) in-plane direction. Both of these in-plane orientation of the US1
reflexes fit well to an epitaxial relationship following US1 (224) || Al203 (100). This
assumption is further underlined by the results of the out-of-plane L-scan starting from
the in-plane position of the ZnO (110) reflex shown in Figure 6.23 and the corresponding
data set in Table .12 in section 6.3, where the main conclusions of the measurements
regarding the ZnO phase are discussed. Regarding the US1 structure the most pronounced
peaks in the scan, are associated with the US1 structure, for which two separate in-plane
oriented US1 domains have to be taken into consideration. The first peak in the scan can
be explained by (111)-oriented US1 domains, for which the first peak would fit to the
(133) reflex. As can be seen by the corresponding simulation of the reciprocal space

planes in Figure 6.45, for the orientation of the (111)-oriented US1 domains, also the
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(242) as well as the (351) are expected in the scan. While the latter cannot be
distinguished in the scan, which is reasonable as its intensity is much lower than that of
the other two reflexes, the (242) also fits to the peaks in the scan. For the (110)-oriented
US1 domains, a reflex belonging to the (224) type is observed as well for the given
orientation, as well as the (444) reflex. The latter fits well to the most intense reflex in the
data as it would form a superposition with the ZnO (114) as well as the US1(460) peak
from the (111)-oriented domains. This L-scan was performed in all following reaction gas

mixtures but no relevant changes in the scan were observed as seen in Figure 6.23.
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Figure 6.45. Reciprocal space map corresponding to the L-scans of Figure 6.23., showing the
reflexes of the following planes (first direction is always out-of-plane, second is in-plane): Al,O3
(001)x(120) [red], ZnO (001)x(110) [magenta], US1(111)x(14-5) [green] and US1(110)x(001)
[black]. Scan path of L-scan drawn in black. Reflexes are scaled according to their respective
relative intensity.

Following the in-situ measurements at ambient pressure in which both model systems
were exposed to various different reaction gas mixtures at 575 K, additional SXRD
measurements in air at room temperature were conducted using a large 2D detector
setup. These measurements yielded extensive reciprocal space maps of the samples which
clearly show reflexes related to the unknown structure (US1) as seen for the ZnO-
supported model system “CZ-Al203” in Figure 6.46. The strong substrate reflexes of the
Al203 were mostly covered with lead beamstops as can be seen by the magenta points in
Figure 6.46 showing the position of the sapphire reflexes. Two of the reflexes observed in

the reciprocal space map were later also identified as Al203 reflexes, which were not
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covered by beamstops due to their very low intensity compared to the other Al203

reflexes, namely the (111) and (115) reflex.
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Figure 6.46. Maximum pixel image of the 2D detector data of “CZ-Al,03” measured at room
temperature in air over a 90° sample rotation. The black circles indicate the position of the
reflexes corresponding to the US1 structure and each peak is named for further reference
throughout this chapter. Magenta dots show the position of the Al,O3 substrate reflexes, most of
which are covered by beamstops. Green circles indicate additional reflexes that would be expected
for a lattice of the Fm3m space group, that were not observed for the crystal structure on the
sample.

The position of the reflexes associated with the US1 structure are indicated by black
circles in Figure 6.46, fitting to a cubic crystal structure with a lattice spacing of 7.1149 A
that is oriented with respect to the sapphire substrate according to US1 (111) || Al203
(001). The fact that this structure is based on a face-centred cubic (FCC) structure became
quickly evident by the characteristic sequence and spacing of the reflexes along the out-
of-plane direction denoted by the “a”-reflexes in Figure 6.46, starting from the (111) reflex
named “+1a”. When referring to an FCC lattice in this context, the space group in question
is the Fm3m (space group number 225) as the simplest FCC space group. For an FCC

structure with the (111) direction oriented out-of-plane, the spacings of the reflexes along
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the out-of-plane direction starting from the (111) position, directly illustrate the presence
of the two stacking orders ABC and CBA of close-packed planes in the FCC lattice. While
the first stacking order produces the (111) (1a), the (220) (3a) and (331) (5a) reflexes,
the CBA stacking represents the same type of lattice planes just rotated by 60° around the
surface normal. Summing over the reflexes of a sample rotation of in this case 90°, both
spacings appear, with the reflexes corresponding to the CBA stacking (002) (2a), (113)
(4a) and (224) (6a). Both stacking orders show the same distance between each
associated peak, which is equivalent to the length of the (111) vector, while the CBA
stacking is shifted with respect to the reflexes of the ABC stacking by exactly 1/3 of the
length of the (111) vector. This 1/3 length corresponds to the number of close-packed

planes in the stacking orders, so in this case 3.

Based on the assumption of a cubic lattice, all reflexes were identified corresponding to
the measured momentum transfer components along qxy and gz as seen in Table 1.22. The
calculated A values are based on the discrepancy of the measured reflexes to the
corresponding reflexes of a cubic structure with lattice constant 7.115 A + 0.454 A. This
lattice constant was determined by calculating the average discrepancy in both gxy and gz
for the calculated lattice constant, and then minimizing the overall discrepancy of the

structure in both directions as illustrated in Figure 6.47.
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Figure 6.47. Calculated average discrepancy A of the measured reflex positions compared to the

calculated positions in g, and qgxy direction as well as the sum of both as a function of the lattice
parameter.

Similar to the determination of the lattice parameter for the Cuo.s4Znoss phase as

described in section 0, the discrepancy between the measured values and the expected
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peak position based on the calculated lattice parameter are not perfectly identical along
the in-plane and out-of-plane directions, with a discrepancy of -2.11 % along qz, and
0.25% along qxy. The negative discrepancy along g corresponds to a slightly increased
lattices compared to the calculated values, while the opposite is true for the values along
gxy- These results would indicate a compression of the structure along the out-of-plane
direction and a slight expansion in-plane. However, simulating the position of all expected
reflexes for a structure with the Fm3m space group and a lattice constant of 7.1149 A,
yields additional reflexes that were not observed as indicated by the green circles in
Figure 6.46. These circles refer to the (420), (442) and (622) type reflexes. For the Fm3m
space group the structure factors for these reflexes would definitely be large enough to
produce visible peaks in the measurements as the structure factors of these reflexes are
almost identical to nearby reflexes that were observed. Specifically, the (420) reflex has a
structure factor that is very close to that of the (331) type reflexes observed as peaks (8a,
4e), the (442) reflex has similar intensity to the (135) type reflexes observed as peaks (3d,
5i, 2k,11), and the (622) reflex has a very similar structure factor to the (620) type reflexes
observed as peaks (6i, 21). Therefore, the absence of these peaks clearly proofs, that the

crystal structure does not belong to the Fm3m space group.

In order to clearly identify the structure type of the measured structure, a vast number of
material phases was examined in order to find a cubic structure for which the (420), (442)
and (622) are either forbidden, or show a significantly lower structure factor than the
surrounding reflexes. Additionally, the structure factors of the other reflexes of the phase
also had to be taken into consideration. For example, the (113) reflex of the measured
structure has a significantly lower intensity than the (002), (111) or (220) reflex, which
is not the case for most cubic structures, for which the (113) reflex is usually the strongest
or second strongest reflex. While the search for possible candidates for the given structure
was initially limited to structures containing any combination of the expected elements,
namely oxygen, aluminium, copper, zinc, carbon and hydrogen, eventually this limitation
had to be abandoned since no fitting structures were found. Finally, a very fitting structure
type was found with the cristobalite structure of SiO2 measured originally by Barth et. al

in 1932 [82] as illustrated in Figure 6.48.
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Figure 6.48. lllustration of the cristobalite structure of Si0; as described by Barth et. al. [82]. Blue
atoms are Si, red atoms are oxygen.

The cristobalite structure of SiO2 has the cubic space group P 21 3, space group number
198, with a lattice parameter of 7.16 A, and was measured at room temperature and in
ambient pressure. Using the cristobalite structure to describe the measured phase fits
well especially because the phase shows a low relative intensity of the (113) reflex, very
low intensity of the (420) and (622) reflex and the (442) reflex is even forbidden. Even
the fit with the silica cristobalite structure type is not perfect however, since all measured
reflexes can be explained with the structure, but the structure is expected to produce
additional reflexes, that have not been measured. To fit the data, it has to be assumed, that
certain reflexes were not measured, simply because their relative intensity is too low for
a signal to be distinguishable from the background signal, as no crystal structure can
perfectly explain only all the measured reflexes. For example, the first order of reflexes
along the out-of-plane direction is supposed to contain the reflexes (110), (112), (221),
(223), (332), (334) and (443) within the measured g-range. Only the (112) and (223)
reflex could be clearly measured however. The relative intensities of the missing reflexes
are comparably low however for SiO2. Additionally, it is important to note that with a
sample rotation of only 90°, some reflexes could have not been measured, especially given
the general difficulty with the alignment of the samples, which could have influenced the

measurement in specific angular ranges of the sample rotation. Finally, the true elemental
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composition and the exact position of the atoms within the unit cell has a great influence
on the relative intensity of the measured reflexes. So even though the cristobalite
structure as observed for SiO2 does fit reasonably well to the measured data, Si02 cannot
explain the data due to a too large discrepancy between the relative expected intensity of
reflexes that were not measured and because the presence of a significant amount of Si
on the sample can be excluded with high certainty. This is evident as none of the pre- and
post-beamtime investigations of the measured sample, or any of the other prepared
samples of this work for that matter, have shown any signal of Si. Especially the
spectroscopic measurement techniques like XPS, EDX and AES, would have shown any Si
present on the sample. Having identified the cristobalite structure type as a potent
candidate for the observed crystal structure, the search for a fitting material phase was
extended to see if other materials that also form cristobalite could explain the data. A
particularly interesting candidate emerged in AlPO4 as it is described in the literature to
from isotypic structures to those of SiOz, for which simply half of the Si atoms have to be
replaced with Al and P respectively [83,84]. As is described in more detail in the following
section, phosphorus was actually observed on the sample in one of the EDX
measurements following the ambient pressure experiments. While almost all of the
structures observed for SiO2 have also been reported for AlPO4, the exact structure as
described by Barth et. al. as mentioned above was not reported for aluminium phosphate.
Instead, AIPO4 was reported to form an orthorhombic structure that is only a very slight
deviation from a cubic structure as seen in Figure 6.49 described as a low-cristobalite type

structure.
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Figure 6.49. lllustration of the low-cristobalite structure of AIPO4. Blue atoms are Si, red atoms are
oxygen [83].

The low-cristobalite structure has lattice parameters of a=7.0843 A, b=7.0823 A and
c=6.9989 A, as measured again at room temperature and ambient pressure. The
correlation between the AIPO4 phase and the measured data is even better than with the
cristobalite SiOs structure, since the relative intensities and forbidden reflexes fit much

better to the measured data set as illustrated in the comparison in Figure 6.50.
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Figure 6.50. Simulated reciprocal space map showing all reflexes for the SiO; cristobalite structure
(blue) as well as for the low-cristobalite AIPO4 (green) in the g-range relevant for the performed
experiments. Substrate reflexes of Al;03; are shown for reference in red. All reflexes are scaled
according to their respective relative intensity.

Comparing the relative intensities of the first order of reflexes along the out-of-plane
direction for example, shows a much better fit of the measured data with the low-
cristobalite structure, as the reflexes (110) and (221), both of which were not measured
for the sample, have a significantly lower intensity for this structure. The relative intensity
of the reflexes in the simulation does not account for the Lorenz-correction, which causes
a decline in intensity with increasing momentum transfer of reflexes, which is why the
high intensity of the signal of the low-cristobalite structure for the higher order reflexes
(223), (332) and (443) is accounted for. It has to be noted however, that for the simulation
in Figure 6.50, the same orientation of the low-cristobalite orthorhombic structure was
chosen as for the cristobalite structure, meaning that the (111) direction is perfectly

parallel to the substrates out-of-plane (001) direction. While for a cubic structure this
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orientation is expected for particles on a hexagonal substrate, the argument is not quite
as simple for an orthorhombic structure. The assumption of (111)-orientation is however,
based on the fact that the AIPO4 is reported to from a cubic structure at elevated
temperature of 573 K [84], which is in the exact temperature range of the ambient
pressure XRD experiment conducted, at which the structure is assumed to have formed.
Therefore, it is reasonable to assume, that the low-cristobalite structure formed as a slight
deviation from the previously present cubic phase, which happened without a substantial
change in the particle orientation. This assumption is further underlined by the good fit
of the data with the simulation of the (111)-oriented low-cristobalite structure. A full
comparison of the structure factors of the AIPO4 structure with the measured data set can
be found in Table 1.24. For the comparison, the measured peak intensity was averaged for
each reflex. As can be seen, two comparisons were done, one with all measured reflexes
and one without the data of the (111) reflex. This is due to the fact that the intensity of the
(111) reflex is assumed to be superimposed with the (111) substrate reflex. With an
average discrepency between the measured structure factor and the literature value of
24.25% + 85.39% for the full comparison and 86.31% * 132.72%, both of the comparisons
are clearly dominated by some strong outliers. Other possible superpositions of the signal
cannot be excluded as most of the measured reflexes are positioned very close to
substrate reflexes. The general trend of the structure factor fits better to the data as the

mean deviations suggest as can be seen in the comparison as bar diagrams in Figure 6.51.
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Figure 6.51. Comparison of the structure factor of the measured phase to the literature AIPO4
phase [83]. Top: Comparison including all reflexes. Bottom: Comparison without the (111) reflex,
which was taken out of the consideration due to the assumption of a possible superposition of the
(111) reflex with the (111) Al,Os substrate reflex.
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Further analysis of the crystal structure of the US1 phase

For a more fundamental investigation of the measured structure, the data set was
prepared in a way that resembles the data sets used for a classical structure analysis as
done typically with single crystal samples. For this, each reflex was listed separately,
including reflexes with the same momentum transfer that were measured at different
angles of the sample rotation range. While the resulting data bank included a total of 116
reflexes, the number of reflexes is still very small compared to a structural XRD analysis.
Additionally, the reflexes were indexed in hexagonal surface coordinates as shown in
Table 1.27. Mapping of the reflexes onto a hexagonal lattice structure yielded a certain
discrepancy A between the calculated reflex positions and the measured in-plane angles
of the peaks w. The overall fit of the structure to a hexagonal lattice yielded an average A
0of 0.161° £ 1.16°. As can be seen in the data, most of the reflex can be described well within
the context of a hexagonal lattice, while a few reflexes show high discrepancies to the
calculated peak position. A first cell parameter refinement of the data has been performed
and yielded lattice parameters of a=10.07 A b=10.05 A, c=12.3 &, a= 90.2°, =90.36° and
y=119.9°. Further analysis of the data is underway but unfortunately beyond the scope of
this work. The relatively high discrepancy between the surface coordinates and the
measured peak positions which are also evident in the deviation of the hexagonal angles
in the resulting fit of the structure, point to the presence of a hexagonal base structure
with a cubic structural motif. This could be a result of a certain superlattice structure

emerging from a certain oxygen/cation vacancy ordering.

Signal of the US1 Structure on the simplified model system

The investigation of the “Cu-Al203"” samples using high energy X-rays with a 2D detector
setup showed that the same unknown structure US1 also formed on this sample, proofing
that the structure cannot be caused by the presence of Zn/Zn0O on the ZnO-supported
system. As discussed in the previous section, the “Cu-Al203” sample was not perfectly flat,
yielding much less information from the same 90° sample rotation scan, since for most of
the measured angles, the sample height was not correct. Therefore, specific sample
rotation angles were selected by eye and measured again after re-alignment. Following
this approach Figure 6.52 shows the result of the scan performed over the whole 90°
sample rotation, while Figure 6.53 and Figure 6.54 show scans at two selected sample

rotation angles.
134



Qz [1/A]

Qxy [1/4]

Figure 6.52. Maximum pixel image of the 2D detector data of “Cu-Al;03”, Cu on Al,03, measured at
room temperature in air over a 90° sample rotation. The black circles indicate the position of the
reflexes corresponding to the US1 structure. Magenta dots show the position of the Al,03 substrate
reflexes, most of which are covered by beamstops. The sample height was inconsistent, causing
alignment issues at most of the measured sample rotations angles during the 90° sample rotation
scan, causing only a few reflexes of the US1 structure to be observed in the scan.
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Figure 6.53. Maximum pixel image of the 2D detector data of “Cu-Al;03”, Cu on Al,03, measured at
room temperature in air at a steady sample rotation angle of 0°. The black circles indicate the
position of the reflexes corresponding to the US1 structure. Magenta dots show the position of the
Al;03 substrate reflexes, most of which are covered by beamstops.

All the figures have the same overlay of black circles indicating the expected position of
reflexes belonging to the unknown structure US1 as used in the previous section for “CZ-
Al203”. Despite the considerably lower amount of signal from the sample, each of the scans
does show reflexes, all of which fit well to the unknown structure. Furthermore, the
positioning of the strongest reflexes of the unknown structure directly next to the crystal
truncation rods of the sapphire, clearly visible in both Figure 6.52 and Figure 6.53, are
clear indications that the same structure observed for “CZ-Al203” is also present on this
sample. Therefore, the conclusion can be made that the unknown structure formed on
both samples, proofing that the presence of ZnO on “CZ-Al203” did not have an influence

on its formation.
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Figure 6.54. Maximum pixel image of the 2D detector data of “Cu-Al>03”, Cu on Al;03, measured at
room temperature in air at a steady sample rotation angle of 11.28°. The black circles indicate the
position of the reflexes corresponding to the US1 structure. Magenta dots show the position of the
Al;03 substrate reflexes, most of which are covered by beamstops.

6.8. Particle agglomeration and Zn loss in air at room temperature

Based on the analysis of the data set collected for the ZnO-supported model system “CZ-
Al203”, a number of additional measurements were conducted in air and at room
temperature following the exposure to various reaction gas mixtures at 575 K during the

in-situ measurements, and are described in the following section.

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX)

The first scanning electron microscopy measurements of “CZ-Al203” were conducted
about 3 months after the XRD measurements, as seen in Figure 6.55. Only a limited
number of images and magnifications could be measured as the sample was exhibiting
significant electrical surface charging during the measurement. Nonetheless, a
homogenous coverage of the sample with mostly elongated nanoparticles can already be
observed. Despite the charging effects, nanoparticles size of 20 handpicked particles was
analysed yielding an average size of 188.475 nm + 73.295 nm. For the analysis, the length
of each particle was measured along two different in-plane directions and the results were

averaged. Smaller particles may also be present, but cannot be clearly differentiated from
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the surrounding sample surface. Energy dispersive X-ray analysis (EDX) was performed
on the sample, once directly atop one of the clearly visible nanoparticles (Figure 6.55, top),
and once on the surrounding sample surface (Figure 6.55, bottom). While the latter
spectrum showed mostly elements belonging to the sapphire substrate, namely oxygen
and aluminium, with only a small amount of Cu of 3.79%, the spectra measured on one of
the large nanoparticles shows a considerable amount of Cu of 34.54 % as seen in Table

6.2.

Figure 6.55. Left: SEM images of “CZ-Al,03” as measured in the first post beamtime SEM
measurement in air. Areas used for EDX analysis are marked in white. Right: Corresponding
energy dispersive X-ray spectra (EDX) for each of the areas marked in the images on the left.
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Spectrum Label Spectrum 1 (nanoparticle) Spectrum 7 (sample surface)

Table 6.2. Detailed elemental composition of the ZnO-supported model system in air as measured
with EDX corresponding to Figure 6.55.

Signal from Zn was found in neither of the analysed areas on the sample. To reduce the
amount of electrical surface charging and thereby improve the measurement, half the
sample was covered by a 3 nm thick layer of carbon to promote electron mobility on the
sample. Afterwards the measurements were repeated, about 8.5 months after the XRD
measurements. As can be seen in Figure 6.56, again a homogenous coverage of the sample
with mostly elongated nanoparticles can be observed. Again 20 of these particles were
handpicked and their size analysed yielding an average size of 148.1 nm #* 47.065 nm.
While a direct and detailed comparison of the different SEM measurements is difficult, it
is unlikely, that the surface charging that effected the first SEM measurement, introduced
a systematic error in the analysed size of the particles, especially in the order of the
observed 27% decrease in particle size. Therefore, the SEM analysis shows a slow
decrease in particle size with time, which could be a consequence of previously present
Zn evaporating from the sample. Between the larger nanoparticles, additional smaller and
more roundish particles can also be observed. Analysis of the size of these particles was
difficult as the contrast between the particle edges and the surrounding sample surface
was weak. The resulting size of the particles of 73.54 nm * 13.14 nm can only be used as

a rough estimation.
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Figure 6.56. Scanning electron microscopy (SEM) image of “CZ-Al;03”, Cu on ZnO on Al,03, taken
about 9 months after the in-situ experiment and 8.5 months after the high energy X-ray
measurements. The sample is covered homogenously with elongated nanoparticles.

Similar to the first measurement, during the second SEM measurement EDX
measurements were carried out analysing the elemental composition of the larger
particles versus the sample surface with the smaller particles as seen in Figure 6.57 and

detailed composition in Table 6.3.
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Figure 6.57. Scanning electron microscopy (SEM) image of “CZ-Al;03”, Cu on ZnO on Al;03, taken
about 9 months after the in-situ experiment and 8.5 months after the high energy X-ray
measurements. This detailed view shows that the sample is covered with larger, mostly elongated
particles, with smaller particles visible in-between the larger ones.

As expected, the elemental composition of all spectra shows a strongly increased amount
of carbon compared to the first measurement as a result of the carbon layer that was
added on half of the sample surface to reduce the surface charging effect (SEM
measurements were carried out on the side of the sample that was not covered with
carbon). The considerably higher amount of carbon for the spectra measured on the
particles was not found to be consistent throughout all the analysed areas. Additionally,
throughout all conducted SEM measurements a small amount of phosphorus is observed.
As was also observed during the first SEM measurement, the clear difference in the
elemental composition of the large particles and the surrounding sample surface can be
seen in the amount of Cu in these areas. While the sample surface was measured to have
a Cu content of just 0.76%, the spectra collected on the large nanoparticles yield an
average of 49.2% of Cu. Since a native oxidation of the Cu is expected and oxidation of the
Cu to Cuz20 was already clearly observed in the XRD measurements conducted 8.5 months
earlier, the large nanoparticles can be assumed to be partially oxidized to CuO or Cu:zO0.
The comparably low amount of oxygen as measured in the elemental composition could

suggests however, that the particles still exhibit a certain core-shell type structure with a
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Cuz0 core surrounded by a CuO shell. Furthermore, while the carbon coating significantly
improved the issue of surface charging and enabled the collection of much higher
resolution SEM and EDX measurements, all of the analysed spectra of this sample showed

again 0% Zn.
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Figure 6.58. Top: Detailed SEM image of “CZ-Al;03” post beamtime in air. Areas used for EDX
analysis are marked in white. Bottom: Energy dispersive X-ray spectra (EDX) for each of the areas
marked in the top image.
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Spectrum Label Spectrum 1 Spectrum 2 Spectrum 3

(nanoparticle) :
(sample surface) (nanoparticle)

Table 6.3. Detailed elemental composition as measured with EDX as seen in Figure 6.58.
Scanning auger microscopy

Since the results of the EDX measurements performed for the first and second
measurements both showed 0% of Zn in the elemental composition of all analysed areas,
scanning auger spectroscopy measurements were conducted as well. As can be seen in
Figure 6.59, again different areas of the sample were investigated, distinguishing between
the larger nanoparticles and the surrounding sample surface. The results for these
measurements are again very consistent with the previously performed SEM and EDX
measurements. While the large nanoparticles show a clear Cu and oxygen signal, the
surrounding sample surface shows no Cu and mainly aluminium and oxygen. Clear carbon
peaks are also observed for all areas due to the carbon coating, while again, scans for Zn

showed no signal.
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Figure 6.59. Scanning auger microscopy results for “CZ-Al;03”. The three analysed areas are
marked in the image in the top left. The other images show the auger spectra in the range of
carbon, aluminium, oxygen, copper and zinc respectively, corresponding to Areal (red), Area2
(blue) and Area3 (green). About half of the sample was previously covered with a 3 nm thick layer
of carbon to reduce electric charging for SEM and Scanning Auger measurements.

X-ray photoelectron spectroscopy (XPS)

To further analyse the elemental composition of “CZ-Al203”, XPS measurements were
carried out as well, 9 months after the XRD measurements. A survey scan of the sample at
room temperature showed signal consistent with the results of the SEM and scanning
Auger measurements as can be seen in Figure 6.60. Strong signal for oxygen and
aluminium is seen as expected with clear signal visible for Cu and carbon as well. To
investigate the oxidation state of Cu on the sample, the 2p core level of Cu was measured

in detail and the resulting peaks were fitted using the XPS software Casa XPS [58] as
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shown in Figure 6.61 and detailed fitting results in Table 6.4. The Cu 2p core level spectra
are highly suited to determine the oxidation state of Cu and the measured data set fits
very well to CuO [85]. The strong presence of satellite peaks in the spectra, which are of
comparable intensity to the Cu 2p %2 peak clearly proof that at least the Cu near the sample

surface has oxidized to CuO.
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Figure 6.60. XPS survey scan for “CZ-Al;03” measured post beamtime at room temperature. About
half of the sample was previously covered with a 3 nm thick layer of carbon to reduce electric
charging for SEM and Scanning Auger measurements.
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Figure 6.61. XPS spectra for Cu for “CZ-Al;03” measured post beamtime at room temperature. The
measured data set (red) was fitted with five separate components (violet, dark green, blue, light
green, magenta) using the CASA XPS software. Detailed fit results can be found in Table 6.4.

Parameter Cu2p Cu2p3/2 Cu2p3/2 Cu 2p Cu2p1/2
3/2 satellite satellite 1/2 satellite
Area 3898.2 1597.3 1492.5 3682.6 4025.5
FWHM 4.199 4.800 4.083 6.336 7.264
Position 934.11 940.35 944.03 953.99 962.71

Table 6.4. Detailed fitting results for the Cu XPS spectra of “CZ-Al;03” as seen in Figure 6.61.

Finally, multiple spots on the sample were investigated and detailed scans for the Zn 2p
core level were performed to see if any signal from Zn could be found. Despite comparably
long measurement times, no clear Zn signal was found with the spectra shown in Figure
6.62, being the only spectra were a very small signal of Zn could possibly be seen. The data
set is far from conclusive however, as the very slight peak in the spectra is hardly

distinguishable from the level of background noise.
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Figure 6.62. XPS spectra for Zn for “CZ-Al,03” measured post beamtime at room temperature. Very
slight peaks for Zn could possibly be identified here, but the data set is not conclusive. Multiple
positions on the sample were analysed as well, revealing no visible Zn signal.

6.9. Summary and discussion

Stable (111)-oriented core-shell Cu-Cuz0 particles and formation of (110)-
oriented particles below 575 K

The investigations of the simplified model system “Cu-Al203” show a clear evolution of Cu
and Cuz0 phases in different reaction gas mixtures and at different temperatures. At room
temperature in Ar, assumed to contain trace amounts of oxygen and water in the ~1 ppm
range, prior to any activation procedure for the catalyst, clear signal for both Cu (111) and
Cuz20 (111)-oriented particles as well as signal from a Cu20 powder was measured, with
the Cu20 signal associated with native oxidation in air of the MBE grown metallic Cu
particles. The particles show a clear epitaxial relationship with the sapphire substrate
following Cu/Cuz20 (111) || Al203 (001) and Cu/Cuz0 (110) || Al203 (100). This epitaxial
relationship of the Cu particles with the sapphire substrate was observed in previous
studies using MBE growth of Cu on (001) single crystals of a-Al203 as well [69,86]. Given
that only powder signal associated with Cuz0 powder was measured, the oxidation of the
randomly oriented domains points to a smaller average size of these domains given the
well-known size dependency of the copper oxidation of nanometre-sized particles [87].

Furthermore, in-plane signal of (111)-oriented particles is visible for both Cu and Cu:z0,
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which clearly points to a core-shell type oxidation of the Cu particles, with a metallic Cu
core being covered by a Cuz0 shell with the same crystal structure and orientation.
Previous studies on ZnO substrates have also observed the oxidation of epitaxial Cu

nanoparticles to Cuz0 without a change in the orientation of the particles [67].

With the stepwise increase of the sample temperature, changes in the in-plane signal for
the different phases show the continuous growth of a Cu20 phase with (110) out-of-plane
orientation. As the in-plane signal for both Cu (111) and Cuz0 (111) remains stable, the
formation of (110)-oriented particles could be associated with a rearrangement of the
randomly oriented domains of Cu. This assumption is in accordance with later
measurements at 575 K, for which the signal from powdered phases has vanished
completely, pointing to a high mobility of Cu20 at moderately elevated temperatures
above 375 K. This formation of (110)-oriented domains on (001) Al203 at moderate
temperatures is unexpected, given that the growth of epitaxial (110)-oriented Cu20
particles on sapphire was only reported on c-plane sapphire with the utilisation of a buffer
layer [88] or on a-plane sapphire [89]. Furthermore, an increasingly more pronounced
splitting in the in-plane signal for both Cu (220) and Cuz20 (220) is observed with
increasing sample temperature, which is in accordance with the formation of a
coincidence site lattice of (111)-oriented particles on Al203, for which the Cu domains are
in-plane rotated #3° with respect to the high symmetry direction of the sapphire
substrate. This coincidence site lattice was also observed by Oh et. al. for (111)-oriented
Cu nanoparticles on (001) Al203 grown by MBE after annealing to 775 K in UHV [69]. The
fact that this splitting is observed for both Cu and Cu20 again points to the assumption of
a core-shell type Cu-Cuz20 structure. This core-shell type structure remained stable below
575K, in both Ar, observed to have an oxidizing effect due to trace amounts of water and
oxygen estimated at about 1 ppm each, Hz as well as CO including several cycling steps
between pure Ar and Hz. The Cu20 signal only disappeared after reaching 575 K in pure
CO. At this condition both the (111) as well as the (110)-oriented particles were fully
reduced without changing the epitaxial relation to the substrate and their out-of-plane
orientation. These results indicate a stabilizing role of the sapphire substrate on the Cu20
phase, as a previous study on very similarly prepared Cu nanoparticles on ZnO observed
the full reduction of the Cu nanoparticles already at 500 K and under gas flow of a 4:1 ratio
of Ar:H2 under ambient pressure [67]. This stability could be a result of the formation of

Cu-Al bonds as observed by Scheu et. al. for MBE grown Cu on a-Al203, observed in the
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case that the support was cleaned with a number of Ar*-sputtering and annealing cycles
similar to the preparation of the supports in this work. Preparation without the Ar+*-
sputter and annealing cycles were assumed to cause the formation of the less stable Cu-
0-Al bonds instead, which were also proposed by Jensen et. al. [90]. In the latter study, the
wetting-behaviour of Cu on Al203 is also linked to the presence of oxygen/hydroxyl-
molecules on the surface, which for Cu growth on sapphire is assumed to improve the
wetting, while for Cu growth on ZnO, the opposite behaviour is observed, were the
presence of oxygen vacancies is assumed to improve the wetting behaviour [91,92].

Cu (110)-oriented particles show higher oxidation rate than (111)-oriented
particles of the same size under the same reaction conditions

The in-situ ambient pressure measurements indicate that Cu particles with (110)
orientation undergo oxidation and reduction more readily than Cu particles with (111)
orientation at 575 K. This observed difference in oxidation behaviour cannot be attributed
to variations in particle size, as analysis of the particle diameters during measurement
reveals comparable sizes of 8-10 nm for both Cu (111) and Cu (110) domains.
Additionally, the size of the (110) domains in the oxidized state remains consistent, with
anotable increase in particle size upon prolonged exposure to oxidizing reaction gas. This
increase aligns with a progressive oxidation process of the particles. These findings are
consistent with the higher surface energy associated with Cu (110) facets compared to
(111) facets, as established by Hansen et al. [91]. In their study, the morphology of copper
nanocrystals was shown to dynamically adapt to variations in the reaction gas
environment. Predominantly (111) facets stabilized under pure hydrogen, while
exposure to an H,/H,0 mixture promoted the growth of (110) and (100) facets, resulting
in a more spherical particle shape. In this work, a similar evolution in Cu nanoparticle
shape was observed by tracking the in-plane diameter of Cu particles under H, flow at
various experimental stages. Initially, the particles exhibited a more disc-like morphology
in the first H, condition, with progressively stronger signals from (110) and (100) facets
as the number of reduction and oxidation cycles increased. Moreover, the stable
preferential in-plane orientation of Cu (110)-oriented domains demonstrated that
particle orientation remains stable through at least one oxidation-reduction cycle at these
temperatures. Two separate domains with in-plane orientations following Cu (111) ||
Al203 (100) and Cu (001) || Al203 (100) were observed for the (110)-oriented particles

following the reduction. The reaction gas dependent shape changes of Cu nanoparticles
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as observed by Hansen et. al. were also observed for the Cu nanoparticles on the ZnO-
supported model system “CZ-Al203” in this work. The analysis of the average Cu domain
sizes shows a high mobility of the Cu atoms and particle sintering under oxidation and
reduction cycles for the ZnO-supported model system at 575 K. Following the catalyst
activation, the reduced Cu domains were fully oxidized to Cu20 in Ar and then reduced
again in Hz, causing an increase in the average Cu domains size of more than 20%.
Additionally, the oxidation-reduction cycle resulted in the disappearance of the initially
preferential (111)-oriented Cu domains, with a fully random in-plane orientation of Cu
particles observed instead. Upon CO introduction into the reaction gas feed, preferential
(110) orientation of Cu was observed, associated with the presence of two distinct Cu
domains with different in-plane orientations, namely Cu (111) || Al203 (110) and Cu (001)
|| Al203 (100). The presence of two distinct in-plane oriented domains is similar to the
observation made for the simplified model system “Cu-Al203”, with the first set of domains
oriented along the sapphire high symmetry direction and the second rotated with respect
to the first around the surface normal. The rotation angle between the two types of
domains is distinctly different between the two model systems however, with the
observed angle of 5.3° for “Cu-Al203” and 35.3° for the ZnO-supported sample “CZ-Al203".
The formation of 30° shifted domains on “CZ-Al203” can be associated with the
comparably faster activation procedure of this catalyst model system under reducing
conditions, since a similar phenomenon was observed by Oh et. al. [69]. In their paper
from 2006, two separate in-plane orientations rotated by 30° with respect to each other
around the surface normal were observed for (111)-oriented Cu nanoparticles on (001)
Al203, depending on whether the Al203 surface termination was prepared to be -OH or -O.
The domain that was shifted by 30° was observed to grow on -O terminated sapphire
during a heat treatment at 675 K in UHV. Given the comparable sample preparation
procedure of the study and this work, the presence of -O terminations on the support
surface can be assumed, and the growth of the 30° shifted in-plane domain for “CZ-Al203"
could be a result of the fast temperature increase during sample annealing under Hz,
compared to the stepwise increase of the sample temperature under different and mostly
oxidizing gases for “Cu-Al203". Furthermore, while the presence of two distinct in-plane
orientations was also observed for ZnO for the ZnO-supported samples, the orientation of
these domains is distinctly different to the ones observed for Cu, showing that the

epitaxial Cu domains did not grow on top of the ZnO. For ZnO the out-of-plane signal
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confirmed the assumption of c-oriented ZnO, with the two in-plane domains rotated by
an angle of 21.67° around the surface normal with respect to each other. The in-plane
orientations of these two ZnO domains are each about 10° off the sapphire high symmetry
direction along (100) and are therefore unlikely candidates to explain the presence of the
two distinct Cu in-plane oriented domains. The formation of ZnO is expected for the
sample system, given that the oxidation of Zn to ZnO is highly exothermic with an
approximated heat of formation for nanoscale particles of 3.456 + 0.003 eV at 575 K
(details in SI).

Oxidation of the metallic Cu domains was observed for both model system at 575 K under
exposure to 1 bar of Ar gas flow, assumed to contain trace amounts of around 1 ppm of
both oxygen and water. While the oxidation of Cu towards Cuz0 is exothermic at the
experimental temperature, with a heat of formation of -1.74 eV, the activation energy of
the oxidation can be approximated to be between 0.4-0.6 eV (details in SI). The chemical
potentials of both 02 and Hz at 575 K and 1 bar total pressure were calculated to be
between -0.3 to -0.6 eV for oxygen and -0.1 to -0.5 eV for H2 depending on the partial
pressure of the reaction gas as shown in Figure 1.1. Therefore, the chemical potential of
gas-phase oxygen is already sufficient to account for the Cu oxidation under the
experimental conditions. The reduction of the Cu20 phases to Cu however, can be
approximated to have an activation barrier around 1.19 eV as determined for bulk phases,
clearly showing that the chemical potential of Hz from the gas phase cannot account for
the reduction. Nonetheless, H; acts as a stronger reducing agent at 575 K for the simplified
catalyst model system “Cu-Al203”, compared to CO. Prolonged exposure to CO induced
only negligible changes of the associated reflexes, whereas a switch to pure H; led to
notable changes within 15 minutes. A full oxidation of the reduced (110)-oriented
particles was observed after approximately 1 hour of exposure to Ar and CO; at 1 bar total
pressure. Upon subsequent reduction in H,, the Cu20 signal disappeared after just 15
minutes, with Cu reflection signals reaching about half the intensity associated with fully
reduced particles. Comparison of the simplified to the ZnO-supported model system
reveal that the presence of Zn/ZnO did not affect the oxidation and reduction behaviour
of the Cu domains for all of the different reaction gas mixtures used in the experiments,
with the exception of exposure to pure CO2. For the simplified model system, the Cuz20
signal did not stabilize under exposure to pure COz, suggesting rapid oxidation likely

accompanied by particle sintering or rearrangement towards a powder-like structure.
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Such a drastic structural degradation of the nanoparticles to a randomly orientated
powder-like structure under CO2 was also observed in a recent study for very similarly
prepared Cu particles on ZnO substrates [67]. For the ZnO-supported model system,
however, the Cu particles not only retained their structural integrity under pure CO,, but
no oxidation of the domains was observed. This difference in CO, reactivity is attributed
to the incorporation of Zn into the Cu lattice and Cu-Zn alloy formation for the ZnO-

supported system, as discussed in the following section.

Zn incorporation into Cu as a function of the reaction gas mixture

Analysis of the Cu reflexes under exposure to different gas atmospheres containing Ho,
CO, COz and Ar showed a change in the lattice parameter of Cu, that is dependent on the
amount of hydrogen in the reaction gas mixture. The increased lattice parameter for Cu
on the “CZ-Al203” sample can be associated with the incorporation of Zn into the Cu lattice.
Given the similar experimental conditions as well as the Cu particle orientation, the lattice
parameter determined for (110)-oriented Cu particles on the “Cu-Al203” sample can serve
as a reference for the strain- and temperature corrected lattice parameter of metallic Cu.
The measured increase in the lattice parameter comparted to this reference point for the
“CZ-Al203” sample of up to 0.61% cannot be explained by either the incorporation of
carbon nor oxygen into the lattice as the solubility of these elements in solid Cu is much
too low [93,94]. Therefore, the incorporation of Zn is assumed as the cause for the lattice
increase, reaching a maximum of 14.5% Zn into Cu in pure CO2z at 575 K. Incorporation of
Zn into the Cu lattice and the associated increase in the measured Cu lattice parameter
was also suggested by Frei et. al. [95]. In their study, the increase of the bulk lattice
parameter was observed to depend on the sample temperature during catalyst activation
under hydrogen and was measured to reach about 10% for an annealing temperature of
673 K. While the Zn incorporation into the Cu domains during the activation of the catalyst
under pure hydrogen was also observed in this work, the diffusion of Zn into the Cu
domains is shown to change dynamically under reaction conditions, and was found to be
a function of the amount of hydrogen in the reaction gas mixture. The strongest increase
of the lattice parameter was observed under the absence of Hz in pure Ar, CO and COz, and
the smallest lattice constant measured in pure Hz. Additionally, signal form the Cuo.64Zno.36
phase only emerged under reaction gas mixtures containing no Hz. From a
thermodynamic standpoint, Zn incorporation into a Cu lattice is slightly exothermic with
the heat of formation ranging from -0.01 to -0.09 eV, but the activation barriers involved
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are relatively high, estimated between 1.244 eV to 1.814 eV for Zn contents between 5-34
at. % (details in Si). Therefore, the observed dynamic behaviour of the Zn incorporation
as a function of the hydrogen content within the reaction gas mixture suggests a direct
contact between the Cu phase and an adjacent phase of either a Cu-Zn alloy or ZnO, which
is able to supply Zn with substantially lower activation barriers. Such a dynamic exchange
of Zn between different crystal phases of the samples was further underlined by the
measurements of the average Cu/Cu-Zn alloy crystal domain size in the different
experimental conditions. The domain size showed a similar dependency on the amount of
hydrogen in the reaction gas mixture, only inverse to the changes observed for the lattice
parameter, as the domain size was determined to reach the lowest values in the absence
of hydrogen and the highest under pure Hz flow. For the Cu-Zn0-Al203 catalyst, a mobility
of Zn under reaction gas conditions at elevated temperatures has been reported in
numerous works, with a consensus that Zn diffusion between phases causes Cu-Zn alloy
formation under reducing conditions and ZnO formation under oxidizing conditions
[17,20,21]. Especially the works of Song et. al. [17] as well as Beck et. al. [43] can serve as
direct comparison with this work, as they observed the formation of the same Cuo.64Zno .6
phase on the surface of Cu after prolonged exposure of pure Hz. Furthermore, Song et. al.
described the formation of a ZnOx overlayer, when the sample was instead exposed to a
0.5% CO2/H2 mixture. While Amann et. al. [21] performed in-situ high pressure XPS
measurements and therefore could not directly identify the exact structure of the Cu-Zn
alloy phase, they report the formation of metallic Zn under CO reaction gas and ZnO under
CO2. Finally, Jensen et. al. [20] observed the presence of Cu-Zn alloy in H2/CO2, while only
in gas mixtures containing CO, ZnOx also emerged. A fundamental conclusion of these as
well as other publications is that the formation of a Cu-Zn alloy phase is expected under
reducing conditions of gas phases containing pure Hz, or H2 and CO. The results of this
work on the other hand show the emergence of the Cuo.s4Zno.36 phase only under reaction
gas conditions free of Hz, so arguably in the most oxidizing conditions. One possible theory
to explain this fundamental difference in the observed data is based on the presence of an
additional Cuo.2Znos phase. The observed change in the FWHM of the Al203 reflex in
different reaction gas mixtures in this work was therefore investigated, especially the
pronounced decrease measured between the first and second exposure of the sample to
pure H2. Given the overall low intensity of the ZnO and Cuo.s4Zno3e reflexes in stark

contrast to the amount of Zn deposited on the sample during UHV sample preparation,
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the presence of the Cuo2Znos phase on the sample is considered. Given the lattice
parameter of the Cuo2Znos phase, the expected reflexes of this phase overlap almost
perfectly with the Al203 reflexes, making it impossible to directly measure the presence
of such a phase on the sample. Therefore, the observed changes in the FWHM of the
sapphire reflex could be accounted for by a superposition of the reflex with a reflex of the
Cuo2Znos phase. This assumption is hard to validate further however, as the
measurements of the Al203 reflexes were not adjusted to investigate the presence of a
superposition with another reflex. The heat of formation for the Cuo.2Zno.s phase can be
estimated to be around -0.06 eV, with a relatively low activation barrier for the phase
reported around 0.69 eV (details in SI). The formation of the Cuo.2Zno.s phase is assumed
to have occurred during the UHV sample preparation of the ZnO-supported model
catalysts, specifically during the Cu deposition onto the previously deposited and oxidized
Zn0. Within this context, Harikumar et. al. investigated the oxidation of metallic Zn as well
as Cu diffusion through ZnO for sample systems that were prepared in a very similar
procedure to the one used within this work [96]. They observed the formation of a dense
ZnO layer of approximately 10 A thickness during the oxidation of metallic Zn at 400-450
K, after which the layer thickness plateaued. Furthermore, the activation barrier for Cu
diffusion through this 10 A ZnO layer was measured to be 0.44 eV at 400 K, allowing
significant Cu diffusion through the oxide shell and the formation of Cu-Zn alloy phases
underneath this particle shell. While the study utilized mainly XPS measurements and
thus could not determine the exact phase composition of the Cu-Zn alloy, its findings
strongly implicate the formation of a Cu-Zn alloy on the ZnO-supported samples used in
this work. Additionally, the Cuo.2Zno.s phase is thermodynamically the most likely Cu-Zn
alloy to form under the described process for the model systems of this work, as its
hexagonal structure offers the lowest lattice mismatch with the hexagonal structures of
both the Al203 support and the c-oriented Zn and ZnO phases, compared to other stable
Cu-Zn alloy phases. A general consensus within the literature regarding the dynamic
behaviour of Zn within the CZA catalyst is that the exposure of ZnO on Cu to reducing
reaction gas mixtures causes a reduction of the Zn and as a consequence a formation of a

Cu-Zn alloy.
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In-situ observed structures at ambient ZnO-supported model

pressures and 575 K system CZ-Al,03:  “Z”

Measured phases—>

Cuo.64Zn0236

Reaction gas

mixtures |

H,

Ar + 1ppm O,
and H;0

co

CO;

H:CO (3:1)

H:CO (3:1)

Hz:CO:COz
(3:1:1)

H»:CO:CO;
(3:2:1)

Table 6.5. Overview of the measured material phases under the different reaction gas mixtures at
ambient pressure and 575 K as observed for both the simplified and ZnO-supported model
systems.

Exposure of the system to oxidizing atmospheres however, causes the opposite reaction,
in which the Zn is preferentially oxidized, and an increased signal for ZnO/ZnOx is
measured. This general consensus cannot be applied to explain the appearance of the Cu-
Zn alloy and ZnO phases of this work however. As is illustrated in Table 6.5, the
appearance of the Cuo.s4Znose as well as an increased signal of the ZnO phase is instead
observed in the most oxidizing reaction gas mixtures which contain little to no hydrogen.
To explain this observation, a possible mechanism of the interplay between the different
phases of the sample is presented here and illustrated in Figure 6.63. Given the
appearance of the Cuo.s4Zno.36 phase under oxidizing reaction gas mixtures, it is proposed
that the presence of oxygen caused an oxidation of Zn from the outermost layers of the Zn

rich Cuo.2Znos phase, which is covered by a thin layer of ZnO. The depletion of Zn from
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these Cuo.2Znos domains could induce the transitions of these domains into the more Cu

rich Cuo.64Zno.36 phase.

H,-containing
reaction gas
mixtures at 1 bar
total pressure

T

Cuy,Zngg

H,-free

reaction gas
mixtures at 1 bar
total pressure

Figure 6.63. Schematic illustration of the proposed mechanism of Zn diffusion and the appearance
of the different material phases of the ZnO-supported model catalyst under reaction gas flow
containing H» (top) and free of H, (bottom) at 575 K and 1 bar total. Top: Under flow of hydrogen
containing reaction gases the (001) Al,O3 supportis at least partially covered by a (001) Cuo.2Znos
phase encapsuled by a thin ZnO layer, on top of which disc-shaped metallic Cu particles were
observed. Bottom: Under reaction gas flow containing no, or only trace amounts of hydrogen, Zn
from the Cuo2Znos phase is oxidized, forming ZnOxat the surface. The depletion of Zn from the top
layers of the Cuo2Zngs phase causes a transformation of these layers to the more Cu rich
CuoesZngss alloy phase. Additionally, Zn from the Cuo:Znes phase diffuses into the Cu
nanoparticles either through the bulk or via the gas-phase and causes an increase in the lattice
spacing of the Cu.

The transition of the phase simultaneously triggered the diffusion of Zn into the adjacent
Cu nanoparticles, causing the observed lattice change of Cu in the different reaction gas
mixtures. Additionally, The Zn from the Cuo.2Znos phase is oxidized, forming Zn0O/ZnOx
phases at the surface. This proposed mechanism is based on the different observations

made during the ambient pressure experiments, namely the measured signal for both

156



Cuo.64Zno.36 and ZnO reflexes under the most oxidizing reaction gas mixtures, the dynamic
variations of the Cu lattice parameter, as well as the change in the FWHM of the sapphire
reflex assumed to be superimposed by the Cuo2Znos phase. While the proposed
mechanism for the dynamic diffusion of Zn between the two different Cu-Zn alloy phases
of Cuo.64Zno.36 and Cuo.2Znos, has, to the best knowledge of the author, not been observed
within the literature, a fundamentally similar mechanism was described by Xu et. al. [97].
Their study investigated the high-temperature oxidation behavior of a bulk Cu-Zn alloy
with 38 at. % Zn, initially in the form of a single-phase a-brass alloy. During oxidation at
temperatures ranging from 773 K to 1123 K, zinc atoms in the alloy diffused toward the
surface, where they reacted with oxygen to form a ZnO shell. This process led to the
formation of a Zn-depleted zone beneath the oxide shell, consisting of a-brass with a
reduced Zn content due to selective oxidation. The oxidation kinetics followed a parabolic
rate law, indicating diffusion control, and an activation energy of 1.82 eV was determined
for this process. The mechanism described in the study is fundamentally similar to the
mechanism proposed for the observations in this work, with the main difference being
the scale of the Zn diffusion. While in the study of Xu et. al. the Cu-Zn alloy remained in its
a-brass structure during the Zn depletion, the Zn diffusion in this work is assumed to be
of a higher magnitude causing the transition of the Cuo.2Zno.s to the Cuo.s4Zno.36 phase as
well as additional Zn diffusion into the adjacent Cu atoms. The increased diffusion
observed in this work could be caused by the lower thermodynamic barriers for the
removal of Zn from the Cuo.2Zno.s compared to the a-brass alloy as discussed above and in

the supporting information.

Furthermore, the results of this work would suggest that for the investigated model
system, not the presence of CO or CO:z in the reaction gas mixtures is the determining
factor in the oxidation of the Cuo.2Znos phase, but instead merely the absence of Ha.
Assuming that the oxidation of the Cuo.2Zno.s phase causes the formation of Cuo.64Znoz3s,
none of the reaction gas mixtures containing H2 with CO, CO2z or both, created a strong
enough oxidation potential to oxidize the Cuo.2Zno.s phase. Only the absence of hydrogen
in the reaction gases of Ar, pure CO or pure CO2 enabled the oxidation of the Cuo.2Zno.s and
in turn the increased signal of the Cuo.64Zno.36 phase. The presence of the Cuo.2Zno.s phase
was, to the best knowledge of the author, not reported before for the CZA catalyst system

in the context of methanol synthesis.
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Since no direct proof for the presence of this phase was observed, another theory for the
observed alloy formation is discussed here. Assuming that the Cu and Zn interplay is
fundamentally similar to the observations made in the other works mentioned above,
meaning that the Cu domains are covered by a thin ZnOx overlayer and Cu-Zn alloy
formation is caused by the reduction of the overlayer, the role of hydrogen in the reaction
gas mixture needs to be considered in more detail. The fundamental difference for the
model system investigated in this work in this context is, that only reaction gas mixture
free of H2 would cause a reduction of the ZnOx overlayer. Therefore, the reduction of the
ZnOxwould mostly likely depend on the presence of H20 on the sample, which is expected
for all of the measured reaction gas mixtures containing Hz due to the reverse water gas
shift reaction. In his study [98], Spencer proposes, that for the Cu-ZnO catalysts, hydrogen
dissociation on the ZnO phase only occurs under reaction gas conditions that cause a
deficiency of adsorbed hydrogen on the Cu phase. In this context, the exposure to
hydrogen-free reaction gas mixtures in this work may lead to oxidation of the Cu particle
surface, thereby diminishing the ability of the Cu particles to absorb hydrogen from the
ZnO phase via spill-over. This reduction in hydrogen uptake could trigger hydrogen
dissociation directly on the ZnO surface, leading to the reduction of the ZnO phase. This
process could explain the formation of the Cu-Zn alloy, which is observed only in

hydrogen-free reaction gas mixtures.

Full transformation of Cu particles to (111)-oriented Cuo.64Zno.36 in air

Additional investigations of the ZnO-supported model system “CZ-Al203” after a total of
17 days of exposure to air at room temperature, showed the formation of the Cuo.64Zno.36
as the most prominent structure on the sample next to the unknown cubic structure US1,
whereas no signal from epitaxial Cu or Cu20 particles was observed. The prolonged
exposure to air and therefore water, caused not only the formation of the Cuo.64Zno.s
structure but also the full oxidation of the Cu to Cuz20 powder, similar to the changes
observed at elevated temperatures under the exposure to Ar gas at 575 K assumed to
contain trace amounts of H20. The simplified model system "Cu-Al203" sample, in contrast,
still exhibited fully metallic Cu powder signal even after prolonged exposure to air. This
is particularly notable, as room temperature measurements in Ar, conducted after just 2
days of air exposure prior to the ambient pressure experiment, clearly showed the

presence of Cuz0 due to native oxidation. This suggests that exposure to the various
158



reaction gas mixtures at elevated temperatures likely resulted in the formation of an
oxidized Cu shell around the metallic Cu cores. Once this shell reached a certain thickness,
it significantly hindered further oxygen diffusion into the Cu core during air exposure. The
formation of such a dense CuO shell surrounding a Cu core and preventing further
oxidation of the core was observed for example by Fang et. al. in 2024 [99]. While the
measured Cu domain size during the ambient pressure experiments were very
comparable between “Cu-Al203” and “CZ-Al203”, the difference in the oxidation behaviour
could still be influenced by a difference in the particle size, which is known to be an
important factor in the oxidation behaviour of nanometre-sized Cu particles [87]. Particle
size analysis using SEM of the ZnO-supported model system “CZ-Al203”, showed particles
with an average size almost 20 times larger than the size determined during the ambient
pressure measurements, with a size of 188 nm after 3 months and 148 nm after 8.5
months of exposure to air. Such coalescence of nanoparticles on substrates at room
temperature is associated with Oswald ripening [100]. Similar measurements could
unfortunately not be conducted on the simplified model system “Cu-Al203”, so the
influence of the Cu particle size on the oxidation behaviour in air for the investigated
systems remains elusive. Nonetheless, the full oxidation of the Cu on the ZnO-supported
model system further supports the assumption of the formation of a Cu-Zn alloy at the
surface of the Cu particles, which fundamentally changes their oxidation behaviour and

prevents the formation of a dense CuO shell around a metallic Cu core.

Loss of Zn from Cu-Zn alloy in air

The mobility and reactivity of Zn at room temperature in air is further underlined by the
EDX measurements of the sample after both 3 and 8.5 months of exposure to air, which
did not reveal any Zn signal on the sample. To gather more surface sensitive signal, the
sample was then further investigated by both scanning auger as well as XPS. No clear Zn
signal was detected in these measurements either, showing a near complete depletion of
Zn from the sample. A depletion of Zn from Cu-Zn alloy particles was also mentioned in
the literature as caused by Zn entering the gas-phase due to its high vapor pressure and
was observed at pressures of only several hundred millibar and at moderate temperature
of 318 to 418 K [17,21]. Such a depletion of Zn is only expected directly from the Cu-Zn
alloy phase as Zn is known to form a stable ZnO layer in air, which is protecting the

metallic core underneath from further oxidation [101,102]. Therefore, these results again
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show that the Zn that was deposited onto the ZnO-supported model system readily

formed Cu-Zn alloy phases, whereas only thin ZnO layers were formed.

Measurement of unknown crystal structure

Signal from a crystal structure with yet unknown chemical composition, referred to as
unknown structure 1 or US1, was observed for both the simplified “Cu-Al203” and ZnO-
supported model system “CZ-Al203”. The measurements indicate that the structure was
already present either directly after the UHV sample preparation or after the 2 additional
days of exposure to air, with only minor changes in the associated signal of the structure
observed under different reaction gas mixtures. The US1 structure was identified as a
cubic structure with a lattice parameter of 7.1149 A, oriented with the (111) direction
along Al203 (001). An extensive search for a fitting structure type for this phase was
conducted with the most promising candidate being the low-cristobalite structure of
AlPOa. This structure matched best to both the presence of measured reflexes as well as
the structure factors out of all the compared structures, but further analysis of the data is
still needed and will continue beyond the scope of this work. Given the elemental
composition of the phase and its presence on both “Cu-Al203” and “CZ-Al203”, it is believed
that the structure formed during the Al203 sample preparation in UHV and was caused by
the Ar*-sputtering of the sapphire substrates. This assumption is further underlined by
the fact that the samples investigated under operando conations as described in the
following chapter, were prepared in the exact same way as the ambient pressure samples,
except for the Ar*-sputtering and annealing cycles, which were omitted for these samples.
In the investigation of the other samples under operando conations, no signal from the
US1 structure was found. It is not clear at which point a possible contamination with P
could have occurred, but trance amounts of phosphorus were also identified in the EDX
measurements 3 months after the ambient pressure experiment. The formation of an
AlPOs structure is not mentioned in the context of the CZA catalyst for methanol synthesis

or the MBE-based preparation of single crystal sapphire.
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7. Operando SXRD measurements: Reduction and sintering of
Cuz0 particles at pressures over 20 bar

Similar to the measurements done at ambient pressure as described in the previous
chapter, two different model systems, one with and one without ZnO/Zn were used during
the operando measurements, denoted “Cu-Al203-operando” for the simplified model
system and “CZ-Al20s3-operando” for the ZnO-supported one. Both samples were
investigated at the DESY P07 beamline, already described in the previous chapter,
utilizing high energy X-rays and a 2D detector setup in different reaction gases at up to 30
bar of total pressure and 685 K sample temperature. For the experiment, the operando

SXRD stage as described in chapter 5 was used.

7.1. Reduction of copper oxide particles on Al,03(001)

Representing the simplified model catalyst, the sample “Cu-Al203-operando” - Cu
nanoparticles grown directly onto a (001) Al203 single crystal substrate following the
same growth parameters as for the “Cu-Al203” sample which was investigated in ambient
pressure - showed clear signs of native oxidation of Cu at room temperature at a total
pressure of 23 bar in pure Ar as can be seen in Figure 7.1. At this point of the measurement

the sample had already been exposed to 23 bar of Ar pressure for about 20 hours.
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Figure 7.1. Maximum pixel image of the 2D detector data of “Cu-Al;0s-operando” measured at
room temperature in Ar at a pressure of 23 bar over a 90° sample rotation. Visible powder ring
sections are numbered in red, with the corresponding momentum transfer listed in Table 1.28.

Under these conditions, several powder-ring sections were observed, as analyzed in Table
[.28. Drawing from the results of the in-situ XRD measurements at ambient pressures,
exposure to Ar gas, assumed to contain trace amounts of oxygen and water, is expected to
oxidize the metallic Cu nanoparticles. Similarly, prior to the exposure to high pressure Ar
gas flow, the sample was exposed to air for multiple days, which was shown in the
previous chapter to cause the partial oxidation of the Cu particles to Cuz0 due to native

oxidation.

As shown in Table 1.28, the momentum transfer of the measured signals does not align
directly with reflexes from either Al203 or Cu20. Although the measured values could
technically be most closely matched to Al203 reflexes, this association comes with an
average discrepancy of 0.91% * 0.46%, and would only occur in case of the formation of
an Al203 powder, for which numerous additional reflexes would be expected, none of
which appear in the data. Furthermore, Al203 is known to be highly stable at the
experimental temperature and under the range of reaction gases used in this work,

making the presence of an Al203 powder unlikely. In contrast, the association with Cu20
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is notably more consistent: while the average discrepancy is 2.28%, all measured reflexes
closely align with the expected Cuz0 reflexes, and the discrepancy is uniform, suggesting
a strain effect within the particles. This level of deviation falls well within the expected
strain range for epitaxial particles with a lattice mismatch to the support. The peak
labelled "3" aligns well with Cu (111), the most intense Cu reflex, clearly showing the
presence of (111)-oriented metallic Cu particles on the support. Continued oxidation and
increasing particle strain was observed upon an additional 1.5 hours of exposure to the
high pressure Ar gas flow as shown in Figure 7.2 and Table [.29, with the momentum
transfer being on average 0.38% * 0.09% smaller than in the first measurement. For the
second measurement the comparison with both Al203 and Cuz0 yields similar results as
for the first measurement, in that the sapphire reflexes are much closer on average, but
show a much higher inconsistency as seen by the equally high mean deviation of 0.46%.
The Cuz20 reflexes now shown an on average 2.66% larger momentum transfer, but with
amore consistent mean deviation of just 0.19%. The peak denoted with number “3”, again

matches Cu (111).

Given the much higher consistency of the comparison with the Cuz0 reflexes, the data set
points to the presence of an oxidized Cuz0 lattice, which is considerably strained. The
lattice is slowly expanding with continued exposure to high pressure Ar gas, containing
oxygen and H20 impurities, pointing to a continuous advancement of the partial oxidation
of Cu particles. The further the oxidation of the Cu particles advances, the more strain is
induced, causing an increase in the measured lattice spacing. The signal fitting to the (111)
reflex of metallic Cu shows the presence of an unstrained copper core underneath the

Cuz0.

163



-4 -2 0 2 4
Q_xy

Figure 7.2. Maximum pixel image of the 2D detector data of “Cu-Al;03-operando” measured at
room temperature in Ar at a pressure of 23 bar over a 90° sample rotation, 1.5 hours after the
previous measurement. Visible powder ring sections are numbered in red, with the corresponding
momentum transfer listed in Table [.29.

Following the room temperature exposure to 23 bar of Ar, the sample temperature was
increased to 685 K and the pressure was increased to 30 bar. The increased sample
temperature caused a complete reduction of the previously observed oxidized Cu phase
to a metallic Cu powder as seen in Figure 7.3. Additionally, an azimuthal integration was
carried out for this measurement, which further underlines, that all signals observed in

the scan can be associated with either metallic Cu or Al20s3.

164



[ cu_adjusted B

42500

40000

37500

35000

32500

Intensity [a.u.]

30000

27500

2 4 8

Scattering vector q [1/A]

Figure 7.3. Top: Maximum pixel image of the 2D detector data of “Cu-Al,03-operando” measured
at 685 Kin Ar at a pressure of 30 bar over a 90° sample rotation. Black lines indicate the position
of Cu powder rings. Bottom: Azimuthal integration of the max pixel image and vertical lines
indicating the position of Al;03 (red) and Cu (blue).

Following exposure to pure Ar, introduction of Hz in an Hz2:Ar (4:1) mixture yielded very
similar results as can be seen in Figure 7.4. The reduction of the Cu with Hz evidently did
not cause the formation of ordered particles, as no signal from ordered domains or any

preferential orientation within the powder rings can be observed.
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Figure 7.4. Top: Maximum pixel image of the 2D detector data of “Cu-Al,03-operando” measured
at 685 K in an Hz:Ar (4:1) mixture, at a total pressure of 30 bar over a 90° sample rotation. Red
lines indicate the position of Cu powder rings. Bottom: Azimuthal integration of the max pixel
image and vertical lines indicating the position the different Cu reflexes.

After the introduction of hydrogen, the next scans of the sample were performed in
reaction gas mixtures containing CO. As the post beamtime analysis revealed, the installed
carbonyl trap of the CO gas line did not function properly, and evidently the sample was
exposed to Ni-carbonyls, which are still contained in CO gas even of very high purity. The

signal of Ni was immediately observed in the first scan containing CO as seen in Figure
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7.5. In the CO:H2:Ar (1:4:1.25) reaction gas mixture additional powder rings of Ni can be

seen, close to the powder ring of Cu.

Qz[A™]

-4 =2 0 2 4
Qxy[A™1]

Figure 7.5. Maximum pixel image of the 2D detector data of “Cu-Al,03-operando” measured at 685
Kinan CO:Hz:Ar (1:4:1.25) mixture, at a total pressure of 30 bar over a 90° sample rotation. Black
lines indicate the position of Cu powder rings. Inlet: Close-up on the first two powder rings
revealing the presence of two distinct powder rings very close to another.

Following an increase of the CO fraction in the reaction gas mixture to CO:Hz2:Ar (2:4:0.75),
the Ni signal becomes considerably more intense and the co-existence of both Cu and Ni

becomes even more evident as seen in Figure 7.6.

167



Q z[A1]

Q_xy [A71]

Figure 7.6. Maximum pixel image of the 2D detector data of “Cu-Al,03-operando” measured at 685
Kinan CO:Hz:Ar (2:4:0.75) mixture, at a total pressure of 30 bar over a 90° sample rotation. Lines
indicate the position of powder rings of Cu (black) and Ni (red). Inlet: Close-up on the first two
powder rings underlining the presence of both metallic Cu and Ni.

Despite the unwanted exposure of the sample with Ni, even in a reaction gas containing
CO:Hzin a ratio of 1:2, the spotty character of the Cu powder rings is still apparent. While
the smooth Debye diffraction ring of Ni evidently shows that the Ni has formed a powder
of individual nanoparticles, the spotty character of the Cu proofs a stable presence of

larger Cu domains, associated with macroparticles [103].

7.2. Reduction and sintering of copper oxide on CZA model catalyst

As a more complete model system for the industrial Cu-Zn0O-Al203 catalyst, “CZ-Al203-
operando” was prepared in the same way as the “CZ-Al203” sample analysed in the

previous chapter.

ZnO-supported model catalyst under 30 bar Ar pressure at room temperature

The first scan of “CZ-Al203-operando” was performed at room temperature and under 30

bar of Ar pressure as shown in Figure 7.7. A number of powder ring sections can be
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identified in these conditions, which match well to the ones observed on the simplified
model system “Cu-Al203-operando” at room temperature described above, as can be seen
in the analysed momentum transfer in Table 1.30. Again, one can find Al203 reflexes close
to each of the measured values, with an average discrepancy of 0.64%, but the consistency
of the comparison to sapphire is low as seen by the high mean deviation of 0.43%.
Comparison to Cuz0 yields much more consistent results with an average discrepancy of
2.27% and a much lower mean deviation of 0.18%. The peak denoted with the number
“3”, is again associated with the (111) reflex of unstrained metallic Cu, showing the

presence of a metallic core underneath the Cuz0 shell.
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Figure 7.7. Maximum pixel image of the 2D detector data of “CZ-Al;03-operando” measured at
room temperature in Ar at a pressure of 30 bar over a 90° sample rotation. Visible powder ring
sections are numbered in red, with the corresponding momentum transfer listed in Table 1.30.

Investigation of specific angular ranges of the sample rotation revealed oriented domains
as shown in Figure 7.8. In addition to the previously discussed powder rings, signal from
preferentially oriented domains is visible as seen in the zoomed in view in the inlet of
Figure 7.8. As shown in Table 1.31, the peak matches to Cu (111). The position of the

preferential orientation is also consistent with Cu nanoparticles oriented with the (111)
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direction parallel to the substrates (001) direction. On the right-hand side of the detector
the (220) Cu reflex can be observed as well as seen in Figure 7.9, further underlining the

assumption of (111)-oriented Cu domains.
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Figure 7.8. Top: Maximum pixel image of the 2D detector data of “CZ-Al,03-operando” measured
at room temperature in Ar at a pressure of 30 bar over a 6° sample rotation. The region of interest
is marked in red. Inlet: Zoomed view of ROI. Bottom: Fit results for the signal in the red ROI with
data found in Table 1.31.
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Figure 7.9. Top: Maximum pixel image of the 2D detector data of “CZ-Al,03-operando” measured
at room temperature in Ar at a pressure of 30 bar over a 6° sample rotation. The region of interest
is marked in red. Inlet: Zoomed view of ROI. Bottom: Fit results for the signal in the red ROI with
data found in Table 1.31.

Additionally, a powder matching Cuz0 (111) is visible as seen in Figure 7.10. For all of the
reflexes associated with (111)-oriented Cu and Cuz0, the average FWHM of the peaks was
determined, to calculate the domain size of the given reflex as an indication of the
nanoparticle size. As shown in Table 1.31, the size of the nanoparticles of Cu and Cuz0 is
in the 4-6 nm range, which is comparable to the nanoparticle sizes determined for the
similarly prepared samples measured in-situ at ambient pressure, as discussed in the

previous chapter. Especially considering the presence of both Cu and Cuz0, a 4-6 nm Cu
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core with a 4 nm shell, matches very well to the domain sizes of the fully reduced Cu

particles determined at ambient pressures, of 8-10 nm.

q, [1/ Al

-4 -2 0 2 4
Qe [1/A]
2.4%10? 2.4x 102
2.3x 102
— — 23x10?
S5 22x10? = .
5 s 22x10
T 21x10? L
2 2x10 2 21x10?
2 2
o Lox 102 S 2 %102
— —
S 18x102 =
0.05 4 1.9 % 307
0.00 1 0.0
-0.05 4
200 2.05 210 215 220 225 230 235 240 110 115 120 125 130 135 140 145
Quy [1/ A] a, [1/ Al

Figure 7.10. Top: Maximum pixel image of the 2D detector data of “CZ-Al;03-operando” measured
at room temperature in Ar at a pressure of 30 bar over a 6° sample rotation. The region of interest
is marked in red. Inlet: Zoomed view of ROI. Bottom: Fit results for the signal in the red ROI with
data found in Table 1.31.
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ZnO-supported model system at 30 bar Ar pressure at 550 K

Following the room temperature measurement, the gas composition and pressure were
kept constant while the sample temperature was increased to 550 K. As can be seen in
Figure 7.11, a large number of powder rings with a spotty appearance were observed,
most of which are associated with Al203. On the ring fitting to the position of Cu (111) also
multiple separated spots are observed, including one at the position of the powder ring at
which the preferential orientation was observed in the previous scan, fitting to the signal
expected for (111)-oriented particles, which was fitted and yielded an estimated
domain/particle size of 25.86 nm as seen in Table 7.1. As the momentum transfer of the
Cu (111) reflex is also very close to the Al203 (113) it cannot be determined with certainty,
whether the observed signal does indeed belong to Cu (111). Similar to the measurements
in the previous experimental condition, also smaller angular ranges of just a few degrees

were analysed for this scan, but no additional signals were found.
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Figure 7.11. Top: Maximum pixel image of the 2D detector data of “CZ-Al;03-operando” measured
at 550 Kin Ar at a pressure of 30 bar over a 90° sample rotation. The region of interest is marked
in red. Inlet: Zoomed view of ROI. Bottom: Fit results for the signal in the red ROI with data found
in Table 7.1.

Reference Average Nanoparticle
; FWHM [1/ A] size [nm]
[1/ A]

Table 7.1. Fit results and nanoparticle size calculations for the ROI in Figure 7.11.

Apart from the Cu nanoparticle signal, another spotty powder ring was observed as seen
in Figure 7.12. The momentum transfer of this ring is clearly different from any of the
close by Al203 reflexes, and a fit of one of the measured reflexes in the ring yielded a

momentum transfer of 3.077 as seen in Table 7.2. Given the observations of the Cu-ZnO-
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Al203 sample measured in-situ at ambient pressure, in which the presence of a Cuo.2Zno.s
phase was assumed, the powder ring seen here could arise from a similar Cu-Zn alloys
phase. For the Cuo2Znos, most reflexes are very close to Al203 reflexes and could be
covered by the substrate signals to a large extend. The visible spotty powder ring is about

1.75% too large for the Cuo.2Zno.s however, as seen in Table 7.2.

-4 -2 0 2 4

Ay [1/A]

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Gy [1/A]

Figure 7.12. Top: Maximum pixel image of the 2D detector data of “CZ-Al;03-operando” measured
at 550 K in Ar at a pressure of 30 bar over a 90° sample rotation with black line showing the
position of Al,O; reflexes as Debye-Scherrer rings. The transparency of the rings scale with the
relative intensity of the reflex. Bottom: Close-up view of the image showing the spotty Debye-
Scherrer ring. Inlet: Close-up of the spotty Debye-Scherrer ring with the analysed spot marked
with a ROl in red. Fit results for the signal in the red ROI can be found in Table 7.2.

175



q_xy qz q Cuo2Znog Reference

[1/A] [1/ A] [1/ A] [1/ A]
1 2.462 1.845 3.077 3.024 (101) 175

Table 7.2. Fit results for the ROI in Figure 7.12.
ZnO-supported model system under 30 bar H: pressure at 550 K

A malfunction of the setup caused a delay as well as the sample to be turned up-side down.
The delay was used to switch the reaction gas to pure H2 keeping the sample temperature
at 550 K. As can be seen in Figure 7.13, after the delay and the switch to hydrogen, very
clear and smooth Debye-Scherrer rings for Cu are visible. Very few small spots can still be
seen on the first (111) Cu ring, but these cannot be clearly associated with larger
macroparticles as the position of the spots is inconsistent and does not fit to the
previously observed preferential orientation. An azimuthal integration of the scan was

performed as well, clearly proofing the presence of a Cu powder.
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Figure 7.13. Top: Maximum pixel image of the 2D detector data of “CZ-Al;03-operando” measured
at 550 K in Hy, at a total pressure of 30 bar over a 90° sample rotation. Bottom: Azimuthal
integration of the max pixel image and vertical lines indicating the position the different Cu
reflexes.

Similar to the previous measurement, additional spotty Debye-Scherrer rings appeared
as shown in Figure 7.14. The analysis of the momentum transfer of the rings in Table 4.7,
and the comparison to the close-by Al203 reflex positions shows an average discrepancy

of 2.13% and a very high inconsistency of the comparison as seen by the mean deviation
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of 2.65%. The results clearly point to a phase that is not closely related to the crystal
structure of sapphire. Additionally, the spotty Debye-Scherrer ring observed in the

previous measurement is not visible under the Hz conditions.
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Figure 7.14. Maximum pixel image of the 2D detector data of “CZ-Al;03-operando” measured at
550 K in Hy, at a total pressure of 30 bar over a 90° sample rotation. Black lines indicate the
position of Al,O; reflexes as Debye-Scherrer rings. Additional spotty rings are marked with red
numbers and analysed in Table [.32.

ZnO-supported model catalyst at 611 K

Increasing the sample temperature to 611 K caused the disappearance of any spotty-
Debye-Scherrer rings as shown in Figure 7.15. Smooth rings are still visible for Cu, and
the azimuthal integration clearly shows, that all signals can be associated with either Cu
or Al203. No noticeable changes were observed upon introduction of CO in a H2:CO ratio
of 4:1.
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Figure 7.15. Maximum pixel image (right) and azimuthal integration results (left) of the 2D
detector data set of “CZ-Al;03-operando” measured at 611 K in H, at a total pressure of 30 bar
over a 90° sample rotation. Black lines indicate the position of Al,O;3 reflexes as Debye-Scherrer
rings in the right image.
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7.3. Summary and discussion

Structural evolution of Cuz20 particles during oxidation at high pressures

A simplified model systems of Cu nanoparticles on (001) Al203 as well as a ZnO-supported
system of Cu nanoparticles on ZnO on (001) Al20s3, similar to the model systems
investigated at ambient pressures, were analysed under true operando conditions using
high energy X-rays. Room temperature measurements of both model systems performed
at 23-30 bar of Ar pressure, showed signal associated with preferentially oriented Cu20
domains with an increased lattice constant compared to the literature value of 2.28% for
the simplified model system “Cu-Al203-operando” and 2.27% for the ZnO-supported
sample “CZ-Al203-operando”. The large increase of the lattice of the Cu20 phase is
associated with the high lattice mismatch between (111)-oriented Cuz0 particles and the
sapphire support of 36.6%, inducing a significant amount of strain in the particles [88].
The observed gradual increase in strain within the Cu20 particles under prolonged
exposure to high-pressure oxidizing gas aligns with continued oxidation and growth of
the Cuz0 layer. Literature indicates that strain in (111)-oriented Cuz0 particles on Al203
depends on layer thickness, with strain relaxation occurring only beyond a thickness of
approximately 35 nm [89,104,105]. The elevated pressure of the oxidizing gas generates
a higher oxidation potential, enabling further oxidation despite the accumulating strain, a
phenomenon not observed at ambient pressure. This assumption is supported by the
calculated exponential increase in the chemical potential of oxygen as a function of the
oxygen partial pressure in the range associated with the trace amounts of oxygen and
water in the Ar gas at ambient pressure and operando pressure of 1 ppm and about 30
ppm respectively, as shown in Figure 1.1. Additionally, for both samples clear signal for
(111)-oriented metallic Cu domains were observed as well, for which the lattice spacing
matched with unstrained Cu. As observed and discussed for the ambient pressure
experiments in the previous chapter, the (111)-oriented Cu domains show the expected
epitaxial relationship for the deposition on (001) Al20s3 as described in the literature
[69,86,106]. The increased lattice parameter for the Cu20 phase was furthermore
observed to expand the longer the samples are exposed to the high pressure Ar gas flow
assumed to contain trace amounts of oxygen and water in the ~1 ppm range. While the
Cuz0 lattice parameter for the simplified model system “Cu-Al203-operando” increased to

the aforementioned 2.28% during a total of 20 hours under 23 bars of Ar pressure, a
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further expansion of the lattice to 2.66% was observed upon an additional 90 minutes of
exposure in the same conditions. The ZnO-supported model system was instead exposed
to Ar gas flow at a pressure of 30 bar, causing an expansion of the lattice to 2.27% in just
3 hours. Additionally, while for the simplified model system only signal for (111)-oriented
Cu nanoparticles was observed, with the Cu20 phase only showing signal associated with
a certain preferential orientation, the ZnO-supported system still showed signal from
unstrained (111)-oriented Cuz20 after the shorter exposure time, similar to the
observations made at the ambient pressure experiments. Analysis of the (111)-oriented
particles on the ZnO-supported system revealed crystal domain sizes of 4-6 nm for Cu and
4 nm for Cu20 in good agreement with the domain size of fully reduced Cu particles
measured in ambient pressure of 8-10 nm. These results strongly suggest a progression
in the oxidation of the Cu particles, beginning with the formation of a Cu-Cuz0 core-shell
structure, for which the Cu20 phase retains the same epitaxial orientation as the Cu
particles. This core-shell structure was also observed to form due to native oxidation in
air as observed for the samples exposed to ambient pressures described in the previous
chapter. As oxidation continues, the increasing strain in the particles, caused by the lattice
mismatch between Al203 and Cuz0, leads to a gradual loss of the highly oriented nature of
the Cuz20 phase. Eventually, the strain becomes significant enough that only a limited
preferential orientation of the Cu20 phase is observed. In agreement with the literature
[105], a re-arrangement of the Cuz20 phase is apparently hindered by a limited mobility of
the atoms at room temperature and below ~400 K, as the measurements at elevated
temperatures showed the formation of (110)-oriented Cu20 domains for the ambient
pressure measurements and fully randomly oriented domains for the samples measured
under operando pressures. Randomly oriented domains of fully reduced Cu were
observed under Ar flow at a sample temperature of 685 K for the simplified model system
and at 611 K for the ZnO-supported system. This indicates that sample temperature is the
critical factor for Cu reduction, as reduction occurred even under 30 bar Ar containing
both oxygen and H,O—conditions previously shown to have a strong oxidizing effect at
ambient pressure. In both cases, the Debye-Scherrer rings exhibited a spotty pattern,
signifying significant coalescence of Cu particles into larger micro-particles, a degree of
coalescence not observed under ambient pressure conditions. The increased particle size
strongly influences the reduction behavior, as larger particles typically reduce more

readily under these conditions.

181



Possible Cu-Zn alloy phase on the ZnO-supported model system

None of the measurements performed on the ZnO-supported model system revealed clear
signal associated with phases containing Zn. Two possible explanations for this
observation are discussed here, as the presence of Zn on the samples after the preparation
was confirmed by post-deposition AES measurements. First, the Zn had already been
depleted via the gas-phase from the sample surface at room temperature due to the
exposure to the high pressure Ar gas flow. As mentioned in the previous chapter, Zn
entering the gas-phase due to its high vapor pressure was observed at pressures of only
several hundred millibar and at moderate temperature of 318 to 418 K[17,21]. A second
explanation involves the formation of the Cuo.2Zno.s alloy phase, which is also believed to
be present in the ZnO-supported samples investigated under ambient pressure. As
discussed in detail in the previous chapter, the reflexes of the Cuo.2Zno.s phase would
overlap with those of the Al203 support and could therefore be obscured by beamstops
during operando measurements, assuming ordered alloy domains with (001) orientation
along Al203 (001). This assumption could also account for the observation of spotty
Debye-Scherrer rings in the ZnO-supported sample under high pressures, for which the

reflex positions correspond to either Al203 or Cuo.2Znoas.
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8. Summary and conclusion

This thesis aimed to provide a deeper understanding of the Cu-Zn0-Al203 (CZA) catalyst,
used in the industrial synthesis of methanol from syngas. In-situ, surface-sensitive X-ray
diffraction (XRD) measurements were employed to investigate the catalyst under various
reaction gas mixtures, both at ambient pressures and under high pressures exceeding 30
bar, simulating real-world industrial conditions, so-called operando conditions. To
explore the role of Zn within the catalyst, two model systems of the CZA catalyst were
used: (1) a simplified model system of epitaxial Cu nanoparticles deposited on a single-
crystal (001) Al203 support, and (2) a ZnO-supported model system for which the Cu
deposition was performed after the deposition and subsequent oxidation of Zn onto the
samples, again supported on (001) Al20s. For the ZnO-supported model systems, a custom
molecular beam epitaxy (MBE) chamber was designed and commissioned to facilitate the

deposition of metallic Zn under ultra-high vacuum conditions.

To carry out the operando XRD investigations, a special high-pressure surface XRD setup
was improved and utilized for in-situ monitoring of structural changes under conditions
that closely mimic industrial environments, gaining yet unknown insight into the
structural evolution of the Cu and Cuz0 phase of the CZA catalyst under gas pressures of
30 bar. This advanced setup was crucial in bridging the pressure gap between
conventional surface-science experiments conducted usually between ultra-high vacuum
conditions and up to ambient pressure, and the real-world industrial processes, in which

the catalyst are operated under at least 50 bar pressure.

A key question in the study of the CZA catalyst regards the presence of an CuOx-type
structure or partially oxidized copper phase under reaction conditions. This thesis found
no evidence of such a CuOx phase at temperatures above 575 K, whether at ambient or
operando pressure. Furthermore, the oxidation of copper in both model systems was only
observed under pure Ar gas flow, which contained trace amounts of oxygen and water
(around 1 ppm). During exposure to various reaction gas mixtures used in this work —
ranging from, pure CO, pure CO2, H2:CO mixtures to H2:CO:CO2 mixtures - at sample
temperatures of 575 K, copper remained in its metallic state. The MBE deposition under
UHV yielded epitaxial (111)-oriented Cu with respect to the surface normal of the
sapphire support corresponding to Cu (111) || Al203 (001), with a consistent in-plane

particle diameter between 8-10 nm, observed for all investigated samples of this work.
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Several days of native oxidation in air caused a partial oxidation of the Cu nanoparticles,
yielding core-shell Cu-Cu20 nanoparticles, for which the Cuz0 shell exhibited the same
crystal orientation with respect to the support as the metallic Cu core. The Cuz20 shell
persisted under reducing conditions in pure H, below 575 K at ambient pressure, with a
full reduction of Cu only occurring at temperatures above 575 K, corresponding to a fully
activated catalyst. Reduction of Cu20 was observed to be driven solely by the sample
temperature regardless of whether the samples were exposed to an oxidizing or reducing
reaction gas, with reduction occurring at 611 K even under 30 bar pressure of Ar gas flow
containing both oxygen and water. Additionally, exposure to different reaction gas
mixtures under ambient pressures at 575 K, including a full oxidation of the previously
activated Cu domains, revealed that the particles retain their epitaxial relationship with
the Al203 substrate under varying reaction conditions. The structural integrity of the
particles is associated with the formation of Cu-Al bonds, induced by a sapphire substrate
preparation under UHV conditions that included Ar*-sputtering and annealing cycles. On
the contrary, for the samples intended for operando conditions, the support preparation
omitted the Ar*-sputtering, causing the fully oxidized Cuz0 nanoparticles to maintain a
preferential orientation despite significant strain. For these samples however, activation
of the catalysts resulted in the formation of randomly oriented Cu particles. Furthermore,
a slow, stepwise increase of the sample temperature up to 575 K at ambient pressure
caused the formation of (110)-oriented Cu particles on the simplified model catalyst of Cu
particles supported directly on Al203. The (110)-oriented Cu particles remained stable
throughout exposure to various reaction gas mixtures, revealing a significant difference
in the oxidation and reduction behaviors of Cu (110)-oriented and Cu (111)-oriented
particles. The Cu (110)-oriented particles were found to oxidize and reduce more quickly
than the Cu (111)-oriented particles, despite having similar particle sizes. This finding
aligns with the higher surface energy of Cu (110) facets and provides insight into the
influence of crystal orientation on the phase stability of epitaxial model system of the

catalyst.

Another highly debated issue surrounding the CZA catalyst is the formation of a Cu-Zn
alloy during the catalytic reaction. The results of this work showed the presence of not
only one, but two distinct Cu-Zn alloy phases at ambient pressure: Cuo.2Znos and
Cuo.64Znoss. The data suggests a dynamic interplay between these two alloy phases,

depending on the hydrogen content in the reaction gas mixture. Observations from this
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thesis suggest that the Cuo.2Zno.s phase undergoes partial oxidation only in reaction gas
mixtures with little or no hydrogen, leading to a transition to the more Cu-rich Cuo.64Zno.6
phase. This transformation is accompanied by Zn diffusion from the Cu-Zn alloy phase
into the metallic Cu particles, possibly also forming ZnOy overlayers. The interplay
between these two phases challenges the current understanding in the literature, which
associates Zn0/ZnOy formation with oxidizing conditions and Cu-Zn alloy phases with
reducing conditions. However, the observations in this work suggest that it is not the
overall oxidizing or reducing nature of the gas mixture that determines alloy formation.
Instead, the amount of hydrogen in the reaction gas mixtures governs the oxidation of the
Cuo.2Zno.s phase and its subsequent transformation to the Cuo.64Zno.36 phase. Interestingly,
no signals associated with the Cuo.s4Znose phase were observed under operando
pressures, even though the samples were exposed to the same reaction gas mixtures that
led to its formation at ambient pressure. This observation further supports the conclusion
that the formation of the Cuo.64Zno.36 phase depends specifically on a lack of hydrogen in
the gas mixture. While exposure to Ar with trace amounts of ~1 ppm water allowed phase
formation at ambient pressure, the same gas mixture at 30 bar results in a higher partial

oxygen pressure, which appears too high to allow formation of the Cuo.64Zno.36 phase.

Additionally, the thesis investigated the stability of the Al203 support, which is known to
play a crucial role in stabilizing the active phases of the catalyst, but is in recent years
speculated to possibly be more actively involved in the catalysis. The results of this work
demonstrated that Al203 remained stable under all tested conditions, including under
high-pressure and high-temperature gas flow. Preparation of the sapphire supports using
Ar*-sputtering and annealing cycles was observed to cause the formation of a phase with
a yet unknown chemical composition, but this unknown phase was observed not to affect

the Cu-Zn0-Al203 system in any way during reaction conditions.

In summary, this thesis provided new insights into a more complex interplay between
different Cu-Zn alloy phases present during the catalytic reaction and provided first
insights into novel structural information about the Cu and Cu20 phases of the catalyst
under operando conditions. Furthermore, the improvements made to the high-pressure
operando setup utilized in this work laid a robust foundation for future research of

catalytic systems in high-pressure environments.
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A. Thermodynamic parameters

Heat of formation and activation barriers for Cu oxidation
Formation of Cuz0 from Cu under the presence of an oxygen source proceeds via:
4Cu+0, 5 2Cu,0 (SI1)

The corresponding heat of formation of —(170.59 + 0.08) k]J-mol-1 for Cu20 at ambient
pressure and 298 K is used as taken from [107]. Calculating the heat of formation at the

experimental temperature of interest of 575 K was done using Kirchhoff's Law:

J-T2= 575K

AHf,Cu20(575 K) = AHf,Cu20(298 K) + T,= 298 K

AC,dT (S12)
With the heat capacity ACp of the reaction defined as:

1
ACp = Cp,CuZO(T) - ZCp,Cu(T) 3 Cp,Oz (T) (SI3)

For the calculation, the integral in equation SI2 is approximated with a linear function

using the values listed in Table 1.1, taken from [108].

Cp (Cuz0) [J/mol-K]

Cp (Cu) [J/mol-K]

Cp (02) [J/molK]

At298K

62.538

24.469

29.338

At575K

72.896

26.409

31.862

Table I.1. Heat capacity of Cu, 02 and Cu,0 at 298 Kand 575 K.

Based on the linear approximation, the heat of formation for Cuz0 yields AHtcu20(575 K)

= -(168.31 + 0.08) kJ/mol 2 -(1.74 + 0.0008) eV.

As an approximation, the activation energies for Cu oxidation towards Cuz20 for bulk
samples are used as described by Zhu et. al. [109] in a temperature range between 573-
773 K. The activation energy was determined to be 40 k] /mol £ 0.42 eV under 1000 mbar
of pure oxygen and 58 k]J/mol 2 0.601eV under Ar gas containing 1% oxygen. Similarly,
the activation barrier for reduction of both CuO and Cuz20 directly to metallic copper

under a reaction gas mixture of 5% H2 in He, at ambient pressure in a temperature range
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of 423-573 Kwas determined by Kim et. al. to be 60.67Kk]/mol 2 0.63eV and 114.65k]/mol
2 1.19eV respectively [34].

Heat of formation and activation energies for Cu-Zn alloys and ZnO

The heat of formation for the a-brass alloys of Cu and Zn, for Zn contents between 5-34

at. % was determined by Orr and Argent at a temperature of 573 K as listed in Table 1.2
[110].

Atomic % of Zn 5% 10% 15% 20% 25% 30% 34%

AHfg-brass (573 K)
[k]/mol]

-1.088 -2.510 -4.102 -5.526 -6.570 -7.195 -9.082

AHfq-brass (573 K)
[eV]

-0.0113 | -0.0260 | -0.0425 | -0.0573 | -0.0681 | -0.0746 | -0.0942

Table [.2. Heat of formation for the incorporation of Zn into Cu for Zn contents between 5 to 34 at.
%, at which the alloy is in the a-brass crystal structure.

The heat of formation for Cu-Zn alloys with high Zn content forming the e-phase within
the Cu-Zn phase diagram was investigated by Parameswaran and Healy [111]. The heat
of formation of the e-phase, which corresponds most closely to the Cuo.2Zno.s phase was
determined at -6.02 kJ/mol £ -0.0624 eV for the formation at 573 K. The activation
barriers for the formation of Cu-Zn alloys for bulk phases were determined by Eastman
et. al. in the temperature range between 375-1025 K [112]. For the a-brass, the activation
energy was observed to depend on the Zn content of the phase, with observed values
between 120 k]/mol £ 1.244 eV for very low Zn content and up to about 175 k]J/mol &
1.814 eV for 35 at. % Zn content. Similarly, for the e-phase of the alloy system, the
activation energy was determined to be between 66-67 kJ/mol £ 0.68-0.69 eV depending

on the Zn content of the phase in the range between 80-86 at. %.

The heat of formation for ZnO in the wurtzite structure was determined for nanosheets
as an approximation for various nanoscale morphologies by Fan et. al. to be -
(333.50 £ 0.29) k]J/mol £ -(3.456 + 0.003) eV [113]. Data for the activation energies of
the ZnO formation at elevated temperatures around 575 K have, to the best knowledge of

the author, not been determined.
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Chemical potential of oxygen and hydrogen

The calculation of the chemical potential of oxygen and hydrogen in the reaction gas was
done according to the method described in the work of Reuter and Scheffler and the
references described therein, based on principles of ab initio thermodynamics [114]. The

calculation is based on the following equation:
1o (T, p) = o (T,p°) + > kT ln(ﬁ) (S14)

For which p? refers to ambient pressure of 1 bar. The reference chemical potential at 1
bar were obtained from thermodynamic tables. The chemical potential as a function of
both the temperature at 1000 mbar pressure, as well as a function of oxygen partial

pressure at 575 K are shown in Figure L.1.
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Figure I.1. Top: Chemical potential of O (black) and H;(red) as a function of the partial pressure of the
respective element calculated at 575 K. Bottom: Chemical potential of O, (black) and H; (red) as a
function of the temperature at 1 bar pressure.

B.  Design flaws of the operando setups

The first iteration of improvements to the operando SXRD setup were evaluated during a
synchrotron experiment performed at DESY PO7. While the modifications that were made
dramatically improved the usability of the setup, a number of additional design flaws of

the setup were observed and are discussed in this section.
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I. Gas tight sealing of sapphire capillary using only a slightly adjusted Swagelok
sealing mechanism

The main experimental cell containing the sample is a single crystal sapphire capillary
which is held in place and connected to the gas handling system by the capillary holder
which uses a normal Swagelok connection to create a tight seal of the capillary with the
inlet- and outlet gas lines. Figure 1.2 shows a close-up of the capillary in the capillary

holder during the temperature calibration.

Figure 1.2. Close-up of the capillary holder during temperature calibration. The sapphire capillary
is sealed using a standard Swagelok connection.

The Swagelok sealing mechanism is however, designed to tightly connect gas lines of
stainless steel. The mechanism is shown in Figure 1.3. It relies on a metal ferrule, which is
pushed onto the end of the gas pipe, sealing the connection by slightly deforming the metal
pipe. The deformation of the pipe is caused by a shear force acting perpendicular onto the
pipe surface. To ensure that the front ferrule which is pushed into the pipe material is not
pushed along the gas pipe, a back ferrule is used as well, which holds the front ferrule in
place. For the use of the same sealing mechanism with a sapphire capillary instead of a
metal gas pipe, no additional changes were made, instead of exchanging the metal ferrule
with a Vesper ferrule. Also, only the front ferrule was exchanged with a Vesper ferrule,
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and no back ferrule was used. This caused a high movability of the Vesper ferrule on the
sapphire capillary since no back ferrule was holding the front ferrule in place during
tightening of the nuts. Additionally, the outer diameter of the gas pipe and the inner
diameter of the ferrules are precisely engineered to limit the mobility of the ferrules in
the original Swagelok setup as much as possible. The same precision of the outer diameter
is simply not achievable for the single crystal sapphire capillary due to the already very

difficult manufacturing process.

Shear force Back ferrule

Gas pipe

S B

~_ Front
ferrule

Figure 1.3. Left: Schematic of the Swagelok sealing mechanism taken from the official company
website. For the operando SXRD stage, the capillary was used instead of the metal gas pipe, and
the metal ferrule was switched with a Vesper ferrule. Right: Used single crystal capillary broken
at the top.

The higher movability of the Vesper ferrule on the sapphire capillary caused the ferrule
to be pushed away from the capillary end during tightening of the nuts. The variance in
the outer diameter of the capillary caused them to then come into direct contact with the
metallic inner tubing of the connector during tightening, which then caused a shear force
to act directly perpendicular onto the sapphire capillary. Since the sapphire capillary
belongs to the material class of ceramics and glasses, is considerably weaker to any shear
force than to tensile forces. Therefore, tightening of the nuts caused a lot of breaks in the

capillaries as seen for example in the right image of Figure 1.3.

II. Sample fixation and slow gas flow

One significant issue with the previous SXRD setup was the lack of fixation for the
sample inside the capillary, as it was held in place solely by the gas flow. This
configuration posed challenges, particularly when adjusting pressure or opening valves

connected to the gas handling system. Any pressure difference between the gas lines and
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the capillary could cause the sample to shift, or even be dislodged and sucked into the
tubing. To prevent this, the valves could only be operated when the pressure inside the
capillary precisely matched that of the gas lines. During one experiment, it became
evident that the capillary was not entirely gas-tight. After closing the valves to the
capillary for a few hours, pressure loss occurred, making it impossible to resume the
experiment under controlled conditions. Without knowing the exact pressure inside the
capillary, reopening the valves caused the sample to be displaced, landing upside down
on the crown spacer. Additionally, any rapid pressure adjustment or gas composition
change could only be carried out gradually, as even slight pressure differences between
the inlet and outlet sides of the capillary could disrupt the sample’s position. To mitigate
this issue, pressure adjustments were made through the mass flow controllers, but their
low maximum flow rate meant that achieving high pressures (e.g., 30 bar from ambient)
could take several hours. This problem was exacerbated by the gas analyser system,
which featured significantly smaller tubing compared to the 4 mm inner diameter tubing
used throughout the rest of the gas handling system and experimental cell. The smaller
tubing in the gas analyser caused further delays, with a lag of up to 30 minutes between
changing the gas composition in the handling system and observing the corresponding

changes in the analyser.

III. Gas bottle pressure reducer malfunction and gas backflow

A significant delay during the experimental proceedings was caused by a malfunction of
the gas bottle pressure regulators, which, while not technically part of the core operando
SXRD setup, are critical to its operation. For the gas handling system to function
properly, the inlet gas pressure—i.e., the pressure of gas supplied directly from the gas
bottles—must be maintained higher than the maximum experimental pressure. Since
the experiments were consistently conducted at a maximum pressure of 30 bar, the inlet
pressure from the gas bottles was set to 35 bar across all gases. While the pressure
regulators for the Ar and CO, gas bottles performed as expected, maintaining a stable
inlet pressure of 35 bar, the H, and CO gas line pressures gradually increased over time.
By the time this issue was detected, the H; line pressure had risen to 80 bar and the CO
line to 60 bar. Given that the system had been overpressure tested only up to 35 bar, the
excessive H, pressure resulted in a leak within the gas handling system. This triggered
the CO gas sensors—also highly sensitive to H,—and led to an emergency lockdown of
the experimental hutch. Since remote control of the gas handling system is limited,
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DESY's technical emergency services were required to enter the hutch, wearing gas
masks, to manually open the necessary valves and safely release the accumulated gases
from the system. Toward the end of the experiment, another issue with the gas flow
setup emerged as the H; gas bottle ran low. The gas handling system lacks one-way
valves, and the inlet gas pressure from the bottles is manually controlled via gas cabinet
operations. As a result, the drop in H; inlet pressure went unnoticed in time to prevent
potential backflow of CO into the H; gas bottle. When gas bottles are depleted, the inlet
pressure drops below the set point of 35 bar and can eventually fall below the
experimental pressure of 30 bar. This creates a risk of reaction gas mixtures flowing

backward through the gas lines into the gas bottles, posing a serious safety hazard.

IV. Other issues

Various other issue occurred during the beamtime causing further delays. Introduction of

COg, caused a black spot on the capillary for a yet unknown reason as shown in Figure 1.4.

Figure 1.4. A large black spot is seen inside the capillary after exposing the sample to a reaction
gas mixture containing CO..

As discussed in Chapter 5, the carbonyl trap in the CO gas line, designed to filter Ni
carbonyls from the CO gas, failed to function properly, leading to contamination of the
sample with Ni. This contamination underscores the critical need for reliable filtration
systems in the gas handling setup to ensure sample purity. In addition to the

contamination issue, sample alignment proved to be a persistent challenge. During the
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typical 90° sample rotations, the sample height varied significantly over a large range of
angular rotations, complicating the alignment process. This problem was further
exacerbated when the sample was heated, although the exact cause remains unclear.
One potential explanation is related to the flatness of the samples. The operando stage
requires the use of small, 3.5 mm diameter round substrates, as opposed to the larger
square substrates typically used in other setups within the group. It is plausible that the
smaller size and round shape of these substrates may introduce flatness issues during
the manufacturing process, particularly around the edges. Another possible factor
contributing to the alignment issues is the stationary positioning of the gas blower
relative to the rotating capillary holder. It was hypothesized that slight changes in the
distance between the heat blower orifice and the capillary walls during rotation could
have affected alignment at elevated temperatures. However, this hypothesis remains
inconclusive. A post-beamtime experiment with the heat blower demonstrated that
varying the distance between the blower orifice and the capillary by several millimeters
did not result in a measurable change in the sample temperature. Given that the
capillary holder is securely mounted to the Huber table with several bolts, it is doubtful
that minor variations in gas flow pressure from the heat blower would cause significant

alignment issues.

Further investigation is required to conclusively determine the causes of these
alignment challenges, particularly the potential influence of substrate flatness and

temperature-induced effects during sample rotation.

V. Safety considerations and the necessity of improvements in the operando setup

While high safety standards are maintained at DESY, the complexity of the operando SXRD
stage for high-pressure experiments introduces potential risks that must be addressed.
Despite robust protocols, the safety of such experimental setups heavily depends on the
user’s actions and vigilance. It is, therefore, essential to eliminate any identified safety

concerns, particularly those that might occur without visible or immediate warning.

One critical issue relates to the gas-tight sealing of the capillary. Cracks in the capillary
material often form as the fastening nuts are tightened, making these defects invisible to
the user during assembly. Notably, standard overpressure tests have been shown to be
unreliable in detecting such cracks. On two separate occasions during prior experiments,

capillary ruptures occurred at high gas pressures (30 bar of Ar and 30 bar of H,,
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respectively) while the author was present inside the experimental hutch. These incidents
underscore the latent risk posed by undetected failures in the capillary under high-

pressure conditions.

Additionally, thorough pre-experiment testing of the gas bottle pressure reducers is
essential. If uncontrolled pressure increases occur within the system, it would
compromise the validity of prior overpressure tests, thus significantly increasing the risk
of failure during operation. Addressing these safety issues in the redesigned operando
setup is imperative to ensure both the integrity of the experiments and the safety of

personnel.

C. X-ray reflectivity results and fit parameters

3 Post UHV data
Post UHV fit
1E9 A . . .
— 2 weeks native oxidation
+ —— 2 weeks native oxidation fit

100000

Intensity [a.u.]
d

-

1000 4

10 T T T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6

a[1/A]

Figure L5. X-ray reflectivity measurements and corresponding fits of sample "Cu-Al203"
measured shortly after the UHV sample preparation (black) in air as well as after 2 weeks of native
oxidation (blue) measured under Ar flow.
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Figure .6. Electron density profile corresponding to the two-layer fit of the data seen in Figure L.5.

Parameter “Cu-Al;03” Post UHV “Cu-Al;03” 2 weeks native
oxidation

Table 1.3. Results of the two-layer model fit to the data seen in Figure L.5.
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Figure 1.7. X-ray reflectivity measurement (black) and fit (red) of sample "CZ-Al203" taken after
2 days of native oxidation and measured under Ar flow. Inlet: Electron density profile
corresponding to the two-layer fit of the XRR curve.

Parameter “CZ-Al,03” 2 days native
oxidation

Table [.4. Results of the two-layer model fit to the data seen in Figure 1.7.

D. Additional data and fitting details for ambient pressure
measurements

Cu(111) Cu(002) ALOs;(300) Cu (220)

Scattering angle y [°] 19.31 22.35 29.67 31.85

Corrected in-plane angle wcorrected [°] | -73.70 -79.26 -79.18 -78.92

Table 1.5. Calculation of the corrected in-plane angle for Cu and Al,03 reflexes at ambient pressure
under pure CO gas flow.
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Figure 1.8. Left: In-plane reciprocal space map of the ZnO-supported model catalyst “CZ-Al,03” at
575 Kunder pure H; flow, with the Al,03 reflexes marked with black circles and the scan seen on
the right illustrated as a blue line. Right: Large azimuthal in-plane scan for Al,03 (300) showing
the direction of the high symmetry direction of the substrate and the 60-degree symmetry.
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Table 1.6. Bragg peak fitting results for in-plane scans performed in Hz at 575 K corresponding to
Figure 6.14 for the ZnO-supported model system.

‘ Cu (220) ‘ Cu(113) Background correction

35 minutes Ar

L-Position [r.l.u.] 8.043 10.085 8.989
q[1/4] 4.895 5.712 5.266
FWHM [1/A4] 0.234 0.092 0.792
Amplitude 12063 2534 6407
35 minutes Ar:CO; (1:1)

L-Position [r.l.u.] 8.05 10.083 8.93
q[1/4] 4.898 5.711 5.243
FWHM [1/A4] 0.237 0.087 0.777
Amplitude 10527 2358 7026
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15 minutes H2

L-Position [r.lu.] 8.019 10.149 8.998
q[1/A] 4.886 5.738 5.27
FWHM [1/A] 0.08 0.066 1.673
Amplitude 1528 1027 9.784
25 minutes H2

L-Position [r.].u.] 8.019 10.139 9
q[1/4] 4.886 5.734 5.271
FWHM [1/A] 0.096 0.077 1.005
Amplitude 1669 1748 3165

Table 1.7. Peak fitting results for the L-scan starting from the Cu (111) in-plane reflex of the

simplified model system “Cu-Al,03” sample of Figure 6.15.
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Table 1.8. Bragg peak fitting results for in-plane scans performed under Ar flow at 575 K for the

ZnO-supported model catalyst “CZ-Al;03”, corresponding to Figure 6.17.
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Wcorrected [O]

Table 1.9. Sample rotation angle and calculated corrected in-plane direction of the ZnO (110)
reflexes as measured at 575 K under Ar flow for the ZnO-supported model system “CZ-Al;03”, as
shown in Figure 6.18.
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Table 1.10. Bragg peak fitting results for in-plane scans performed in the H, condition post Ar

exposure at 575 K for the ZnO-supported model system “CZ-Al,03", corresponding to Figure

6.20.

Peak  Cu(111) ZnO(102) Cu(200) ZnO (103) ZnO (104) Cu(113)

Number I 11 1 I\ v VI
q[1/4] 3.00 3.25 3.44 4.08 5.32 5.70
£ FW}}XM 0.76 2 0.289 1.413 2373 | Not fitted
7 [1/A]
.JI .
= ST | e 35016 1311 97220 68521 | Not fitted
= [a.u.]
=
< Wcorrected
= 7453 | -7453 | -7453 | -7453 -74.53 -74.53

Table 1.11. Bragg peak fitting results for out-of-plane scan from Cu (111) performed in the second
H> condition at 575 K for the ZnO-supported model system “CZ-Al;03", corresponding to Figure

6.21.

Zn0
(110)

scan

US1 (331) | US1 (224) | ZnO (112) | US1 (444) | ZnO (114)
q[1/4] 3.81 4.29 4,54 6.17
‘”“"[r;j“ed -29.5 -29.5 -29.5 -29.5

Table 1.12. Bragg peak fitting results for out-of-plane scan starting from the ZnO (110) in-plane
reflexes performed in the second H; condition at 575 K for the ZnO-supported model system “CZ-

Al;03”, corresponding to Figure 6.23.
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Cu(111)  Hafirst, (111) Hzfirst, (111) Hzsecond, (111) Hz third, (111)

Cu (002) H: first, (002)  H2 first, (002) H: first, (020) H2 second, (002)

Table 1.13. Bragg peak fitting results for Cu (111) and Cu (002) in-plane reflexes and
corresponding average particle diameter determination for the simplified model system “Cu-
Al,03”.

Cu (220) Cu20 (002) 3 Ar post CO2

Table 1.14. Bragg peak fitting results for Cu (220) and Cu;O (002) in-plane reflexes and
corresponding average particle diameter determination for the simplified model system “Cu-
Al;03”.
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q[1/4] 2.82 2.82
= _ -
1 'D Cu (111) FWHM [1/A] 0.04 0.10
S 8 scan Intensity [a.u.] 137 224
<
= Wcorrected [o] -73.99 -73.99
q[1/A] 3.28 3.26
Gu (171) FWHM [1/4] 0.2 0.2
scan Intensity [a.u.] 1546 1649
(l)corrected [O] '75.50 '75.50
g q[1/A] 3.24 3.24
= o
‘g Cu (002) FWHM [1/A] 0.136 0.150
L\i Scan Intensity [a.u.] 211 305
8 (Dcorrected [O] '7053 '7053
q[1/4] 3.25 3.25
FWHM [1/A] 0.088 0.103
Radial scan
Intensity [a.u.] 157 178
Wcorrected [o] -74.53 -74.53
q [1/A] 4.58 4.59
- Q FWHM [l/A] 0.176 0.078
s g Radial scan
S 3 Intensity [a.u.] 340 204
(=}
N mcorrected [O] '74.53 '74.53

Table 1.15. Bragg peak fitting results for the in-plane scans measured at 575 K at 1 bar total
pressure for the ZnO-supported model system “CZ-Al;03”, corresponding to Figure 6.29.
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Scan and

Scan and peak

peak Parameters number Parameters
number
- q[1/4] 2.48
[
s | @ FWHM [1/A] | 0.084
g | |
o N Intensity [a.u.] 5986
= —
% Wcorrected [o] -18.03
: q[1/4] 2.62
— ]
S e FWHM [1/A] | 0.067
= = I1
S N Intensity [a.u.] | 22583
< 7 -
- Wcorrected [ ] -18.23
q[1/4] 5.21
S FWHM [1/A] | 0.627
o —r
= 3 Intensity [a.u.] 2384
= a0
= =
< o _
+ To\:s v Weorrected [°] 74.53
= =
g g FWHM [1/A] | 0.107
g g Intensity [a.u.] 176
T
- Wcorrected [o] -74.53

Table 1.16 Bragg peak fitting results for initial in-plane scans performed in Hz at 575 K for the

ZnO-supported model system “CZ-Al;03”,corresponding to Figure 6.41.

Scan and
Reflex peak Parameters
number
= q[1/4] 2.46
s | @ FWHM [1/A] | 0.065
g < I
o=l s Intensity [a.u.] | 13534
=) —
g Wcorrected [o] -18.03
= q[1/4] 2.62
) S .
— 2 FWHM [1/A] 0.112
S | g |u
S N, Intensity [a.u.] | 12394
< 7 =
- Weorrected [°] -18.23

213



= q[1/4] 5.15
t e S
= | S 2 FWHM [1/4] 0.626
IS | 2|V
<3S | £% Intensity [au] | 3430
2% &5
= © Wcorrected [0] -74.53

Table 1.17. Bragg peak fitting results for initial in-plane scans performed under Ar gas flow at 575
K for the ZnO-supported model system “CZ-Al;03”, corresponding to Figure 6.42.

Scan and Scan and
Reflex Parameters Parameters

peak number peak number

q[1/A] 2.47
=1
= S FWHM [1/4] | 0.065
[\l ~
N (=) 1 .
= |& Intensity 13429
Z - [a.u.]
= o
Wcorrected [ ] -18.03
q[1/A] 2.63
(==}
) S FWHM [1/A] | 0.091
bl S 11 .
S S I“Eae’;s]‘ty 6126
= = A
= Wcorrected [o] -18.23
. o q[1/A] 5.21
< = -
= S FWHM [1/4] | 0.691
+ = —
S S 'S v Intensity
S8 |2% 2429
N & G [a.u]
» B
jom) 22 Wcorrected [O] -74.53
q[1/A] 4.27 4.36
£ 2
< 3] FWHM [1/4] | 0.088 | 2 = 0.2
N =) S
) IS I i S - v
= S Intensity | 4130 | 8 T 100
(S o [a.u.] < O
:N o
= Wcorrected [o] 9.19 Ccé -74.53
R q[1/A] 5.21
Q &
= S FWHM [1/4] | 0.691
+ =] I:
§ § § ) v Intensity 2429
N RS [a.u.]
» s .
jon} 24 Wcorrected [ ] -74.53

Table 1.18. Bragg peak fitting results for in-plane scans performed in the second H; condition at
575 K for the ZnO-supported model system “CZ-Al;03”, corresponding to Figure 6.44.
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Table 1.19. Results of the peak analysis for the Cuo.¢4Zno 36 structure of “CZ-Al;03” as illustrated in

calc” values

were calculated from the given HKL using the fitted lattice parameter of 3.8223 A. Values denoted

«

a9

«

xy and q correspond to measured values, while the
the structure factor of a given measured reflex, while “|F| Cuos4Znozs” serves as a reference to the

Z, Q.

with “A” refer to the difference in percent between measured and calculated values. “|F|” denotes

Figure 6.32. The values of q
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literature data of the Cu-Zn alloy phase [73]. “|F| max” are the maximum values taken from all the
measurements of a particular reflex, while the rows denoted with “without (111)” are adjusted as
if the (111) reflex was not measured due to a possible peak superposition.
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Table 1.20. Extension of Table 1.19.
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| corrected g z q_xy .. g_calc g_z calc g xy calc Aq_z Ag_xy
Peak b kU wal MY wa e A M g
10a |-1|0f1 19.4959| 1.3677(-2.1177| 2.5210|2.5346| 1.3431 2.1495| 0.5389| 1.8282| 1.4786
10b |-1|0(1 32.1359| 1.3677|-2.1177| 2.5210|2.5346| 1.3431 2.1495| 0.5389( 1.8282| 1.4786
10c |-1{0f1 79.5159| 1.3677| -2.1177| 2.5210(2.5346| 1.3431 2.1495| 0.5389| 1.8282| 1.4786
65a | 1/0|1 24.1112( 1.3735| 2.0962( 2.5061(2.5346| 1.3431 2.1495| 1.1252| 2.2600| 2.4788
65b | 1(/0|1 36.6412( 1.3735| 2.0962| 2.5061(2.5346 1.3431 2.1495| 1.1252| 2.2600| 2.4788
65c | 1/0|1 84.1312( 1.3735| 2.0962( 2.5061(2.5346| 1.3431 2.1495| 1.1252| 2.2600| 2.4788

Table 1.21. Results of the peak analysis for ZnO of “CZ-Al;03” as illustrated in Figure 6.37. The
values of q_z, q_xy and q correspond to measured values, while the “calc” values were calculated
from the given HKL using the literature lattice parameter of a=5.2151 A and c= 3.2535 A [115].
Values denoted with “A” refer to the difference in percent between measured and calculated
values.

Peak h k | q_z[1/Al] q_xy[1/A] q[1/A] q_calc[1/A] q_z_calc[1/A] o_xy_calc[1/A] Aq[%] Aq_z[%] Og_xy [%]
la (1]1]|-1| 0.5467 1.4349 1.5355 1.5296 0.5099 1.4421 -0.3890| -7.2262 0.4987
-la |1]|1(-1] 0.5342 -1.4428 | 1.5385 1.5296 0.5099 1.4421 -0.5851| -4.7746 -0.0491
1b |0|-1] 2| 0.5306 1.902 1.9746 1.9747 0.5099 1.9077 0.0021 | -4.0685 0.2992
1c |1(1(-2| 0.0438 2.1611 2.1615 2.1631 0.0000 2.1631 0.0737 0.0942
-1c |1 -2 0.0453 -2.1702 | 2.1707 2.1631 0.0000 2.1631 -0.3483 -0.3265
1d (-2(2|0| 0.0453 2.4852 2.4856 2.4978 0.0000 2.4978 0.4870 0.5035
le |-1{-1(3| 0.5371 2.8652 2.9151 2.9289 0.5099 2.8842 0.4710 | -5.3434 0.6582
1g (1|2|-3| 0.0466 3.2754 3.2757 3.3042 0.0000 3.3042 0.8630 0.8731
-1g |1]2|-3] 0.0487 -3.2867 |3.2871 3.3042 0.0000 3.3042 0.5202 0.5311
1j [2|2(|-4| 0.0437 4.3058 4.3060 4.3263 0.0000 4.3263 0.4682 0.4733
-1j 12| 2]-4] 0.0484 -4.317 4.3173 4.3263 0.0000 4.3263 0.2081 0.2144
1k |-4(4|0| 0.0448 4.985 4.9852 4.9956 0.0000 4.9956 0.2072 0.2113
1l |-1(-3|5 0.5546 5.1884 5.2180 5.2245 0.5099 5.1995 0.1248 | -8.7757 0.2142
-1 [-1|-3[5| 0.5402 -5.1972 | 5.2252 5.2245 0.5099 5.1995 -0.0139| -5.9514 0.0449
-1x |1]1(2] 2.0672 -0.7253 | 2.1907 2.1631 2.0394 0.7210 -1.2764| -1.3618 -0.5900
ly (0|21 1.5608 1.2402 1.9935 1.9747 1.5296 1.2489 -0.9557| -2.0418 0.6957
-ly |0]2]1 1.566 -1.248 2.0025 1.9747 1.5296 1.2489 -1.4077| -2.3817 0.0711
2a |0]0]2 1.0415 1.4362 1.7741 1.7662 1.0197 1.4421 -0.4470| -2.1366 0.4086

-

N
'
[y

1.0544

1.904

2.1765

2.1631

1.0197

1.9077

-0.6158

-3.4016

0.1944

2b |1[2]-1 1.05 -1.9105 | 2.1800 2.1631 1.0197 1.9077 -0.7807| -2.9701 | -0.1463
2e [2|2(-2] 1.0197 2.8756 | 3.0510 3.0591 1.0197 2.8842 0.2647 | 0.0013 0.2976
2g |2]|3([-2] 1.5689 3.2939 | 3.6485 3.6411 1.5296 3.3042 -0.2019| -2.5713 0.3132
-2g [2[3(-2] 1.5802 -3.3027 |[3.6613 3.6411 1.5296 3.3042 -0.5537| -3.3101 0.0469
2i [1])3]-3] 0.5419 3.7987 |3.8372 3.8493 0.5099 3.8154 0.3163 | -6.2848 0.4381
-2j [3]3]-3] 1.5563 -4.3233 | 4.5949 4.5887 1.5296 4.3263 -0.1347]| -1.7476 0.0688
2k [-3[5[1]| 1.5533 4.9833 |5.2198 5.2245 1.5296 4.9956 0.0900 | -1.5514 0.2453
-2k |-3[5]1 1.553 -4.9932 [5.2291 5.2245 1.5296 4.9956 -0.0892| -1.5318 0.0471

Table 1.22. Results of the detailed peak analysis for the US1 structure of “CZ-Al;03” as illustrated
in Figure 6.46. The values of q_z, q_xy and q correspond to the measured values, while the q_z calc,
g_xy calc and q calc values were calculated from the HKL of the reflex using the fitted lattice
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parameter of 7.1149 A. The values denoted with A refer to the difference in percent between the
measured value and the calculated value. A negative A value corresponds to a ratio in which the
measured value is larger than the calculated value and vice versa.

2y [1[3[2]| 3.0854 1.2428 | 3.3263 3.3042 3.0591 1.2489 -0.6673| -0.8584 0.4875
-2y |1[3]2] 3.0814 -1.248 |3.3245 3.3042 3.0591 1.2489 -0.6140| -0.7277 0.0711
3a |2[2]|0| 2.0649 1.4343 | 2.5142 2.4978 2.0394 1.4421 -0.6561| -1.2491 0.5403
3b [2|3[0] 2.5864 1.9038 |3.2115 3.1841 2.5493 1.9077 -0.8629| -1.4560 0.2049
3d [1[5[3| 4.6056 2.4841 |[5.2328 5.2245 4.5887 2.4978 -0.1595| -0.3681 0.5476
-3d |1[5]|3| 4.6073 -2.4918 |[5.2380 5.2245 4.5887 2.4978 -0.2582| -0.4051 0.2393
3e |0[0[4]| 2.0788 2.8769 | 3.5494 3.5324 2.0394 2.8842 -0.4804| -1.9306 0.2526
-3i [2]4]-2] 2.0706 -3.8083 | 4.3348 4.3263 2.0394 3.8154 -0.1971| -1.5286 0.1865
3 |4]4]([-2] 3.0902 4.3069 | 5.3008 5.2986 3.0591 4.3263 -0.0422] -1.0153 0.4479
-3j [4]4]-2] 3.0874 -4.314 | 5.3050 5.2986 3.0591 4.3263 -0.1204| -0.9238 0.2838
4e [3]3]-1] 2.5719 2.8712 [3.8547 3.8493 2.5493 2.8842 -0.1386| -0.8872 0.4502
-4e [3[3([-1| 2.5728 -2.8862 | 3.8665 3.8493 2.5493 2.8842 -0.4447| -0.9225 | -0.0699
-4i [1]-1]15] 2.5867 -3.8164 | 4.6104 4.5887 2.5493 3.8154 -0.4730| -1.4678 | -0.0258
5a |3[3[1]| 3.5938 1.4325 | 3.8688 3.8493 3.5690 1.4421 -0.5052| -0.6950 0.6652
2.8736 | 4.6384 4.5887 3.5690 2.8842 -2.0175
6a |2]|2[4] 4.1126 1.4334 | 4.3552 4.3263 4.0789 1.4421 -0.6695| -0.8274 0.6027
-6a [2[2[4]| 4.1091 -1.4412 | 4.3545 4.3263 4.0789 1.4421 -0.6526| -0.7416 0.0619
6e [4[/4(0| 4.1097 2.8688 |[5.0120 4.9956 4.0789 2.8842 -0.3282| -0.7563 0.5334
-6e [4(4[0]| 4.1226 -2.8796 | 5.0287 4.9956 4.0789 2.8842 -0.6637| -1.0725 0.1589
6i [2(0[6]| 4.1147 3.8064 | 5.6053 5.5852 4.0789 3.8154 -0.3600| -0.8789 0.2363

Table 1.23. Extension of Table 1.22. Results of the detailed peak analysis for the US1 structure of
“CZ-Al;03” as illustrated in Figure 6.46. The values of q_z, q_xy and q correspond to the measured
values, while the g_z calc, q_xy calc and q calc values were calculated from the HKL of the reflex
using the fitted lattice parameter of 7.1149 A. The values denoted with A refer to the difference in
percent between the measured value and the calculated value. A negative A value corresponds to
aratio in which the measured value is larger than the calculated value and vice versa.
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Table [.24. Peak intensity comparison of the reflex associated with the US1 structure of “CZ-Al,03
as illustrated in Figure 6.46. “|F| AIPO4” serves as a reference to the literature data of the
aluminium phosphate phase [83]. The “Averaged intensity” refers to the average of all the
measured intensity of all peaks belonging to one type of reflex. The “adjusted” values are
normalized so that the highest value equals 1000. Rows denoted with “without (111)” are
adjusted as if the (111) reflex was not measured due to possible peak superposition with the (111)
substrate reflex.
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Table 1.25. Extension of Table 1.24.
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Table 1.26. Extension of Table 1.24.
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2b 42.15(2 |1 |-1 2| 1| 2| 1.59] (3i 22.6|2 |-2|4 2| 4| 4| 0.87
2b 80.86(1 |2 |-1 3| -1] 2[ -0.19] (3i 44.41(4 |12 |-2 4( 2| 4| 0.74
-2b 17.14(1 |-1|2 1| 2 2| -0.5| |3i 82.6(2 (4 |-2 6| -2| 4| 0.88
-2b 38.4612 |1 |-1 2| 1| 2| -0.5] |-3i 15.08(2 |-2 |4 2( 4| 4 -2
-2b 77.19|1 (2 (-1 3| -1 2| 0.06]| |-3i 36.81|4 (2 |-2 4| 2| 4| -2.05
2e 2.22|2 |-2|2 4 -4| 2| 0.08| |-3i 75.07(2 |4 |-2 6| -2| 4 0.1
2e 62.18(2 (2 |-2| 4| 0| 2|-0.39| |3j 4.7\4 (-2|4 6| -6| 6| 0.12
-2e | 57.25(2 (2 [-2( 4| O] 2| -0.01] |3j 64.75|14 |4 (-2 6| 0| 6| 0.11
2g 13.92|2 [-2(3 1| 4| 3| -0.36| |-3j 54.76(4 |4 |-2 6| 0| 6[-2.75
2g 51.76|3 |2 |-2| 4| 1 3| 0.18| |4e 3.68|3 |-1(3 4( -4| 5| -2.73
2g 73.8912 |3 [-2 5| -1 3| 0.65| |4e 63.67|3 |3 (-1 4] 0| 5| 2.95
-2g 7.74|12 |-2|3 1| 4 3| 0.11| |-4e 55.7113 |3 (-1 4] 0| 5| 0.06
-2g | 45.49(3 (2 [-2( 4| 1| 3| 0.13] |4i 22.98|5 |1 [-1 2| 4| 5| 0.22
-2g | 67.81|2 (3 [-2 5| -1 3| 0.05| |4i 44.87(1 |-11|5 4( 2| 5| -0.01
2i 21.76|1 |-3|3 2| 4| 1| 0.12] (4i 82.97(-1|1 |5 6| -2| 5| -0.07
2i 43.62(3 |1 |-3 4 2| 1| -0.89| |-4i 14.55(5 (1 |-1 2| 4] 5 0.1
2i 81.77(1 |3 |-3 6 -2| 1| -0.88| (-4i 36.46|1 |-1(5 4| 2| 5| 0.14
2j 3.47|3 |-3(3 6| -6| 3| 1.17| |-4i 74.54|-1(1 |5 6( -2| 5| 0.04
2j 63.47|3 |3 [-3 6| 0| 3(-4.94
-2j 55.96|3 |3 [-3 6| 0| 3 -49
2k 33.91|1 |-3|5 4( 4| 3 5.2
-2k | 25.51|1 [-3]|5 4( 4| 3| 0.09
-2k | 85.53(-3(1 (5 8| -4 3 0.1
2l 18.24|6 (0 |-2 2| 6| 4| 0.09
2| 50.48|0 |-2|6 6| 2| 4| -0.33
2l 78.26]-2 |0 |6 8| -2| 4| -0.36
3a 3.13|2 |0 |2 2| -2| 4| -0.33] [6a 9.9(4 |2 |2 2| -2| 8| -0.8
3a 63.1312 |2 |0 2| 0| 4| 0.55| [6éa 70.13(2 |2 |4 2| 0| 8|-0.85
3b 23.1412 |0 |3 1| 2 5 0.6| |-6a | 49.57(2 |2 |4 2| 0| 8| 1.01
3b 44.57(3 |2 |0 2| 1| 5| 0.56| [6e 6.43|14 |0 (4 4( -4| 8| -0.21
3b 83.16/2 |3 (O 3 -1] 5| 6.93| (6e 66.41(4 |4 |0 4( 0| 8| -0.25
-3b | 14.96(2 [0 |3 1| 2| 5| -6.72| |-6e | 53.04|4 (4 |0 4( 0| 8| -0.23
-3b | 36.24|3 (2 |0 2| 1| 5[ -6.95]| [6i 25.1316 |2 |0 2| 4| 8|-1.88
-3b | 74.89|2 (3 |0 3| -1 5[ -0.12] [6i 47.01|2 (0 |6 4 2| 8| -1.98
3d 38.11|13 |1 |5 2| 2| 9| -0.12] [6i 85.14(0 |2 |6 6| -2| 8| -1.89
2a 1.41(2 (0 |0 2| -2| 2|-1.38(|-3d | 21.26(5 |3 |1 2| 2| 9| 0.36] [-6i 12.46(6 (2 |0 2| 4| 8| 2.19
2a 61.42|10 |0 |2 2| O 2|-1.75|(-3d 81.34|1 |3 |5 4| -2 9| -0.5| |-6i 34.33(2 |0 |6 4( 2| 8 2.1
-2a 58.06|0 |0 (2 2( 0] 2| 1.52{|3e 3.06/4 |0 (O 4( -4| 4| -0.61| |-6i 72.5|10 |2 |6 6 -2 8| 2.15
2b 20.91|1 |-1|2 1| 2| 2| 2.02| (3e 63.06/0 |0 |4 4( 0| 4| -0.49

Table 1.27. Overview of the analysed reflexes associated with the US1 structure and the
corresponding surface coordinates. A denotes the difference between the measured in-plane
angle of the reflex with the calculated peak position from a hexagonal lattice.
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Fit parameters for XRD analysis at operando pressures

Powder q measured q Alz03 A measured vs q Cuz20 A measured vs

o o Al03 [% o Cuz0 [%
ring[#]  [1/A] [1/ A] [%] [1/ A] w20 [%]

Table 1.28. Momentum transfer of the measured powder rings at 23 bar pressure under Ar flow at
room temperature measured for the simplified model system “Cu-Al;03-operando”, as shown in

Figure 7.1. The data set is compared with both Al;03 and Cu;0 reflexes and the difference in
percent is calculated as A.

Powder q A measured first q Al;03 A q Cuz0 A measured
measured  vs second scan : measured . vs Cuz0 [%]
o %] [1/8] | oano, [1/A
[1/ 4] o

ring [#]




Table 1.29. Momentum transfer of the measured powder rings at 23 bar pressure under Ar flow
at room temperature measured for the simplified model system “Cu-Al,03-operando”, as shown
in Figure 7.2. The data set is compared with the first measurement as seen in Figure 7.1, as well
as both Al,03 and Cuz0 reflexes and the difference in percent is calculated as A.

Powder q measured q Al;03 A measured vs q Cux0 A measured vs

ring [#] [1/ 4] 11/ A] Al20; [%] [/ A] Cu20 [%)]

Table 1.30. Momentum transfer of the measured powder rings at 30 bar pressure under Ar flow at
room temperature measured for the ZnO-supported model system “CZ-Al,0sz-operando”, as
shown in Figure 7.7. The data set is compared with both Al;03 and Cu;0 reflexes and the difference
in percent is calculated as A.

Peak q_xy q.z q RE S Average Nanoparticle

= . . . FWHM [1/ A] size [nm]
[#] [1/A]  [1/A]  [1/A] [1/A]

Table 1.31. Fit results and nanoparticle size calculations for the ROIS of Figure 7.8 to Figure 7.10
measured at 30 bar pressure under Ar flow at room temperature measured for the ZnO-supported
model system “CZ-Al,03-operando”.
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Powder q_xy q.z Al;0O3 Reference A [%]

ring [#] [1/A] [1/A] : [1/A]

Table 1.32. Analysis of the powder rings of Figure 7.14 measured at 30 bar pressure under H;
flow at 550 K measured for the ZnO-supported model system “CZ-Al,03-operando”. The data set
is compared with both Al;O3 and the difference in percent is calculated as A.
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