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Zusammenfassung

Zusammenfassung

Aufgrund seiner hohen Energiedichte und Nachhaltigkeit gilt Wasserstoff als wichtiger
Energietrdger in einer nachhaltigen Energiewirtschaft. Bei der Suche nach einem
Speichermedium fiir Wasserstoff hat sich Methanol als vielversprechender chemischer
Speicher herauskristallisiert. Die Riickgewinnung erfolgt dabei durch die Reformierung von
Methanol- mit Wasserdampf zu Wasserstoff und Kohlendioxid. ZnO-getréigerte,
intermetallische ZnPd-Nanopartikel sind aufgrund ihrer hohen CO.-Selektivitit und Aktivitét
hervorragende Katalysator fiir die Methanoldampfreformierung. Die guten katalytische
Eigenschaften entwickeln sich jedoch erst wihrend der Katalyse. Der Grund fiir die
Verbesserung der katalytischen Eigenschaften scheint eine dynamische Strukturentwicklung
des Katalysators zu sein. Die in situ Untersuchung des katalytischen Systems wéahrend der

Synthese und Katalyse kann die zugrunde liegende strukturellen Verdnderungen entschliisseln.

Die umfassende Arbeit untersucht die Herstellung, die strukturelle Entwicklung und die
katalytische Anwendung von ZnPd-Nanopartikeln auf ZnO wihrend der Methanol-
Dampfreformierung (MSR) unter Verwendung von in situ-
Rastertransmissionselektronenmikroskopie (STEM). Die Herstellungsschritte, einschlieBlich
der Kalzinierung von Palladiumnitrat auf einem Tréager und der Reduktion von Palladiumoxid,
wurden analysiert. Die Kalzinierung zeigte, dass Palladiumnitrat bei ~170 °C zu Palladiumoxid
umgewandelt wird, was zu einem Nanopartikelwachstum mit einem stabilen Gréenbereich
zwischen 200 und 400 °C fiihrt. Bei Temperaturen iiber 460 °C zersetzt sich PdO zu
elementarem Palladium, was die Partikelbeweglichkeit, Agglomeration und Bildung von ZnO-
Nanostébchen ausldst. Die in situ Reduktion von PdO auf einem Tréger fiihrte zur Bildung von
intermetallischem ZnPd mittels zwei verschiedener Bildungsmechanismen: durch Wasserstoff-
Spillover induzierte ZnO-Migration und Einkapselung von Pd-Nanopartikeln, gefolgt von
ZnPd-Keimbildung und Kern-Schale-Strukturbildung. In situ-STEM-Experimente in offenen
und geschlossenen Reaktorkonfigurationen veranschaulichten, dass Methanol als starkes
Reduktionsmittel fiir ZnO wirkt, wihrend Wasserstoff und Wasserdampf das System
stabilisieren. Unter MSR-Bedingungen unterliegen ZnPd-Nanopartikel Zusammensetzungs-
und Morphologiednderungen, einschlieflich Zn-Anreicherung und Nanopartikel-Facettierung.
Die Bildung von ZnO-Inseln, die in situ erstmals beobachtet wurde, trat bevorzugt auf ZnPd-
Facetten und Zn-angereicherten Bereichen auf. Diese Bildung erfordert ein prézises
Gleichgewicht zwischen Wasserstoff, Wasser und Methanol und ist daher empfindlich vom
chemischen Potenzial abhéngig. Die Forschung liefert neue Erkenntnisse iiber das dynamische
Verhalten von ZnPd/ZnO-Katalysatoren unter Betriebsbedingungen, verbessert die Methodik
zur Untersuchung von Katalysatoren in Dampfumgebungen und trigt zu einem besseren

Verstdndnis katalytischer Systeme bei.






Abstract

Abstract

Given its high energy density and sustainability, hydrogen is regarded as a crucial energy carrier
in the pursuit of a carbon-free energy economy. In the search for a storage medium of hydrogen,
methanol is emerging as a promising chemical storage. The recovery of hydrogen is achieved
through the process of methanol steam reforming, whereby methanol and water are transformed
into hydrogen and carbon dioxide. The intermetallic ZnPd nanoparticle supported on ZnO has
been demonstrated to function as an excellent catalyst for the reforming, due to its high CO-
selectivity and activity. However, the favourable catalytic performance is first established
during catalysis. The reason for the enhancement of the catalytic properties appears to be a
dynamic structural evolution of the catalyst, as evidenced by the formation of ZnO patches. The
nanostructural dynamics and the underlying cause of the improved catalytic properties can be

elucidated by analysing the synthesis and catalysis of the catalytic system in situ.

The comprehensive work studies the preparation, structural evolution, and catalytic application
of ZnPd nanoparticles supported on ZnO during methanol steam reforming (MSR), using in
situ scanning transmission electron microscopy (STEM). The preparation stages, including
calcination of supported palladium nitrate and reduction of palladium oxide, were analysed. /n
situ calcination revealed that palladium nitrate transforms into palladium oxide at ~170 °C,
leading to nanoparticle growth, with a stable size window between 200-400 °C. At temperatures
above 460 °C, PdO decomposes into elemental palladium, triggering particle mobility,
agglomeration, and ZnO nanorod formation. Further heating above 660 °C under high vacuum
caused ZnO faceting and decomposition, which was facilitated by the evaporation of elemental
zinc and oxygen. In situ reduction of supported PdO resulted in the formation of intermetallic
ZnPd via two distinct formation mechanisms: hydrogen spillover-induced ZnO migration and
encapsulation of Pd nanoparticles, followed by ZnPd nucleation and core-shell structure
formation. The findings align with those of ex situ experiments and existing literature,
confirming that the electron beam enhances the reaction but does not activate it. In situ STEM
experiments in open and closed cell configurations demonstrated that methanol acts as a strong
reducing agent for ZnO, while hydrogen and water steam stabilise the system. Under MSR
conditions, ZnPd nanoparticles are subject to compositional and morphological changes,
including Zn enrichment and nanoparticle faceting. The formation of ZnO patches, which was
observed for the first time in situ, was found to preferentially occur on ZnPd facets and Zn-
enriched areas. This formation requires a precise balance between hydrogen, water, and
methanol and thus is sensitively dependent on the chemical potential. The research provides
novel insights into the dynamic behaviour of ZnPd/ZnO catalysts under operational conditions,
advancing the methodology for studying catalysts in steam environments and contributing to

the broader understanding of catalytic systems.
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1 Motivation

One of the biggest challenges, which society faces nowadays, is the climate crisis. The
imperative to abandon the dependency on fossil fuels in order to stop the global warming is
vivid in many research areas such as biology', bio economy’ or medicine’ but lately even left
its footprints in a rather unscientific area: the judicature. The German Federal Constitutional
Court stated at its decision on the 29 of April 2021 that “future obligations to reduce emissions
have an impact on practically every type of freedom”. The policies proposed by the
government were too minor to reduce emissions sufficiently by 2030 and beyond, leaving future
generations with “drastic restrictions” to meet the Paris target by then. This decision highlights

the urgency and extent to act.

Still, many sections in our daily life like electricity, industry or transportation rely heavily on
fossil resources and emit greenhouse gases. For instance, in 2023, 39,7 % of the electricity fed
into Germany’s grid, equivalent to 178,4 TWh, were obtained from fossil fuels such as coal and
gas.> An expansion of the renewable energy sources is therefore essential to meet the Paris
target. However, most renewable energy sources are inherent to external factors such as weather
conditions, making them a volatile source of energy. Therefore, the development of a storage
technology to bridge the outages of renewable energy sources is just as critical for a renewable

energy economy as the initial energy production.

Due to its high energy density, carbon-free combustion, green generation and non-toxicity,
hydrogen has emerged as a powerful energy carrier in a renewable energy economy.® For
instance, Germany is implementing a national hydrogen strategy, which aims to increase the
hydrogen production capacity to at least 10 GW and build a hydrogen pipeline network, thereby
promoting the national use of hydrogen.” In addition, hydrogen is needed in large quantities in

8

industry, for instance as a chemical in the Haber-Bosch process® or as reducing agent in steel

making’®.

Despite its potential, the storage of hydrogen represents a major challenge. One of the main
obstacles is its low volumetric density. At room temperature and atmospheric pressure, 1 kg of
hydrogen gas occupies a volume of 11000 1, compared to 1 kg of liquid gasoline occupying
around 11 under similar conditions. '®!" Thus, the density of hydrogen must be increased

significantly in order to achieve an economic viability.

The storage of hydrogen and its research can be divided into three different types: physical
storage, adsorption and chemical storage. An overview of the different storage types with
examples of each technique is illustrated in Figure 1.1. Physical storage types contain pure
hydrogen by compression and liquefaction.'? Adsorption stores hydrogen in a porous, solid
material through physisorption.!*> Although these methods hold great promise, energy is
required to enable and maintain the storage at high pressures or low temperatures to minimise

the hydrogen loss. These storage types are not covered in this work.
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Storage of Hydrogen

Physical Storage | Adsorption ‘ Chemical Storage
Metal Hydrides Chemical Hydrides

Storage medium Compression | Liquefaction | Metal- organic | Alanates Borohydrides Methanol Ammonia
[Hy()] [H, (D] Frameworks [NaAlH4] [LiBH4 + MgH2] | [CH;0H] [NH;]
Density [kg/m®] 78 70 40-50 54 68 99 123

Gravimetric storage / ! 8-10 35-4 7-9,1 12,5 17,7
capacity [wt.-%]

Figure 1.1: Storage types of Hydrogen can be classified in physical storage, adsorption and
chemical storage. Examples of the specific storage types are illustrated with their
respective densities and gravimetric storage capacities. Values are taken from

reference. '*

In chemical storage, hydrogen is incorporated into a metal or a chemical hydride, e.g. a
molecule, as a result of a reaction with a hydrogen-deficient molecule or a metal.'> The use of
such hydrides is advantageous due to their high gravimetric storage capacity, ease of handling
and flexible storage options, which reduce the risk of handling and loss of hydrogen during
storage. A number of different chemical compounds for hydrogen storage have been suggested

in the past, including ammonia'®, methylcyclohexane!” and methanol!'$2°.

Methanol Steam Reforming

Methanol is a promising storage medium as it has a high hydrogen-to-carbon ratio, is a liquid
which is easy to handle and can be sustainably produced from carbon dioxide and hydrogen?!.
In particular, its liquid state under standard temperature and pressure differentiates it from other
potential molecules such as ammonia and methane, as compression and decompression
treatments are not required.”> An economy based on methanol was also proposed by Olah et
al.? In their book, they set out a scenario in which methanol can be used as an energy carrier,

a transport and storage medium, and a recycling agent for carbon dioxide.

In order to make use of methanol in the most efficient way, it is reasonable to reform it together
with water steam (eq. 1.1). This reaction is also coined as methanol steam reforming (MSR).
The reformed gas mixture has a hydrogen portion of 75 vol.-% and can be employed by a Proton
Exchange Membrane Fuel Cell (PEMFC) directly.?>** In PEMFC environments, the
suppression of CO formation by methanol decomposition (eq. 1.2) or reversed water gas shift
reaction (eq. 1.3) is crucial, since the Pt catalysts of fuel cells only tolerate very low CO

concentrations up to 50 ppm.>
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CH30H = 2'H2 + CO 1.1
CHs0H + H,0 = 3-H, + CO, 12
H, + €O, = H,0 + CO 1.3

In this regard, catalytically active, intermetallic ZnPd nanoparticles supported on ZnO are
really promising due to their high stability and selectivity compared to conventional Cu-based
catalysts.2®?" In order to accomplish high CO> selectivity, both ZnPd and ZnO compounds have

to be present in the catalyst material 2834

The characterization of single compounds, namely the unsupported intermetallic compound
ZnPd* and the metal oxide ZnO®, have shown that a bi-functional synergy between both
species exist’’. Figure 1.2a shows the Zn-Pd phase diagram, which comprises several
intermetallic compounds. The intermetallic compound ZnPd has a wide compositional existing
range and forms a homogenous phase at 900 °C from 37.5 to 53 at. -% Zn. Its catalytic
properties during MSR depend sensitively on the composition.’® Highly active and selective
ZnPd catalyst materials exhibit a Zn-rich composition and a high ZnPd-ZnO interface area.
Here, the bulk composition of the ZnPd compound determines the surface composition and thus
the Zn oxidisability at the surface.>® Further evidence for the existence of a synergy between
ZnO and ZnPd can be drawn from studies of inverse catalyst models, namely ZnO on surface-
near intermetallic compounds. Here, a presence of oxidized Zn in surface-near regions could
be directly linked to high CO» selectivity.’**!' These works on ZnPd model and real systems

improved the comprehension of its working mechanism during MSR massively.
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Figure 1.2: a) Pd-Zn phase diagram indicating the existence of the ZnPd intermetallic

compound. b) CO> selectivity plotted as a function of composition of unsupported

ZnPd under MSR conditions. The graphs presented have been taken with the

permission of the references*>*.
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The sudden drop in CO; selectivity under MSR conditions at around 51 at. - % Zn is illustrated
in Figure 1.2b. Performing operando photo electron spectroscopy, it was shown that selective,
Zn-rich materials are partially oxidized during MSR conditions*.

Next to unsupported ZnPd, recent research had a detailed look on the high selectivity of ZnPd
nanoparticles supported on ZnO.*”*® Supported ZnPd particles were studied before and after
MSR applying high resolution transmission electron microscopy. Previously reduced
ZnPd/ZnO featured only 40% COz selectivity initially which increased above 95% after 4 hours
in MSR conditions (Figure 1.3a). This improvement in CO: selectivity was closely linked to
the formation of nm-sized ZnO patches on the surface of the ZnPd nanoparticles, which
enhanced the ZnPd-ZnO interface density. The ZnO patches can be clearly identified by their
lattice plane spacings of 2.8 A in (100) direction, as shown in Figure 1.3b. This change in
structure is of great importance for the synergy of both compounds. The described behaviour is

reversible by reduction of the catalyst.
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Figure 1.3: a) Temporal development of the catalytic performance of freshly reduced ZnPd/ZnO
under isothermal MSR conditions at 523 K. b) HRTEM image of a single ZnPd
nanoparticle after MSR, with indications of the corresponding lattice spacings for

ZnO patches. Figures are taken with permission from reference®’.

Another significant aspect of supported ZnPd nanoparticles is their spatially heterogenous
composition, which was investigated using high resolution STEM.?* STEM studies after MSR
indicated Pd-depleted regions with high O and Zn contents, as illustrated by the dark contrast
in Figure 1.4c at positions 1, 2 and 6. Positions 3,4 and 5 show bright contrast ascribing to Pd-
richer phases. These findings suggest that the supported ZnPd particles were structurally and
compositionally heterogenous after MSR. While ZnO patches were preferably formed at Zn-
rich phases, the Pd-rich phases were not covered by these.

Up to now, research on the ZnPd system has focused on pre- and post-catalysis TEM
characterisations, i.e. ex-situ investigations, of arbitrary sample positions.?”*® The active state

of a catalyst cannot be unambiguously determined from ex sifu investigations and their
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intermediate states and dynamic behaviour remain unclear. However, such determination is
essential to enhance the understanding of the working mechanisms of catalysts and requires the
utilisation of in situ TEM. Structural changes caused by the reactive environment may include
the structural distribution of ZnPd and ZnO phases, their composition, particle shape, size,
agglomerations, phase transitions and also occur during synthesis.** Given that such changes in
material alternate their catalytic properties, an elucidation of the present, dynamic evolution of

the ZnPd/ZnO system during synthesis and catalysis is highly desirable.

d..

Figure 1.4: a) DF-STEM image of a ZnPd particle and b) a related EELS line scan for Pd, Zn
and O as well as HAADF intensity profile, dark regions in the figure correspond to
Pd-depleted and Zn- and O-rich phases (Z-contrast); ¢) DF-STEM image of two
ZnPd particles and d) related EDX maps showing the elemental distribution of Pd

(red), Zn (blue) and O (green). Graphics are taken and modified with permission

from reference.®’

1.1 Research Goals

This study aims to investigate the preparation of ZnPd nanoparticles supported on ZnO and
their applications as a catalyst in MSR applying in situ TEM. Chapter 2 provides an overview
of the fundamentals of the ZnPd system, metal-support interactions, Ellingham diagrams and
TEM operation modes. Chapter 3 introduces the relevant materials and methods employed in
this thesis. Given that many properties of catalysts such as composition, morphology and size
are determined during preparation and these properties are fundamental for their catalytic
performance, an investigation of the preparation is crucial to understand the behaviour of the
system during catalysis. Two essential preparation steps are investigated in detail: the
calcination of supported palladium nitrate and the reduction of supported palladium oxide.
Chapter 4 addresses the calcination of supported palladium nitrate. Here, supported palladium
nitrate is heated from 110 to 500 °C at a 1.5 Pa oxygen pressure employing in situ STEM. The

experiment targets to examine the decomposition temperature of palladium nitrate. Additional
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analysis using differential thermal analysis is conducted to verify the findings. A calcination
window is determined, in which the system remains stable. The onset temperature for particle
growth and the underlying mechanisms are resolved as function of temperature. The high
temperature behaviour and resistance of the system is explored by heating to a temperature of
800 °C in vacuum. Ex situ experiments under conventional calcination conditions allow an
examination of the pressure gap. In chapter 5, the reducibility of ZnO is investigated by using
an E-STEM. The investigation of the reduction aims to identify the dominant hydrogen species
present during E-STEM experiments. In chapter 6, the reduction and transformation of
supported PdO is investigated. During reduction, PdO nanoparticles supported on ZnO are
exposed to a 1.5 Pa hydrogen pressure at room temperature and at 200 °C applying E-STEM.
The reduction experiments aim to investigate the effect of the reducing atmosphere on the
nanoparticle and the support. It is investigated if and how ZnPd is formed and whether the
transformation process can be divided into distinct mechanisms. An in situ experiment at
200 °C permits an examination of the reaction kinetics. The impact of experimental conditions,
which are inherent to in situ STEM such as electron beam effects, is investigated and a potential

activation of the observed changes in material is estimated.

Supported ZnPd nanoparticles exhibit a high selectivity for CO2 during methanol steam
reforming. Given that this high CO> selectivity is only activated by the catalytic conditions, the
in situ investigation, which is presented in chapter 7, aims to unravel the dynamic changes of
the catalyst that facilitate the increase in catalytic properties. To enable MSR experiments, a
custom gas supply system is designed. This setup allows for a flexible control of the methanol
and water content, which are injected into the column. Since different species are present in the
environment during MSR, the effect of the individual species on the pristine ZnPd nanoparticles
is investigated at a temperature of 200 and 320 °C and pressures < 10 Pa in chapter 7.4.
Subsequently, the effect of simultaneous injection of methanol and water steam is explored in
chapter 7.5. Here, special attention is paid on the potential changes in composition and
morphology of the nanoparticles. In order to increase the partial pressure of hydrogen, in
chapter 7.6, hydrogen enriched with methanol and water is injected. Here, different redox
potentials in the column are produced to investigate their effect on the system. In order to
estimate the effect of the pressure, chapter 7.7 addresses experiments with a closed cell TEM
configuration. Here, MSR experiments are conducted at a pressure of up to 1 bar. In this
experimental in situ set up, a carrier gas is saturated by methanol and water. The sample is

exposed to this steam and simultaneously studied using TEM.
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2 Fundamentals

2.1 Zinc Palladium Supported on Zinc Oxide and Methanol Steam
Reforming

The intermetallic compound ZnPd has a wide existence range in the ZnPd phase diagram, as
illustrated in Figure 1.2. Intermetallic compounds consist of two or more metals. In contrast to
alloys, i.e. solid solutions, they exhibit crystal structures, which are different from those of the
component metals. ZnPd with a Zn content between 37,5 and 53 at.-% crystallises in a
tetragonal, CuTi-type bulk structure (space group P4/mmm), which is different from cubic Pd
and hexagonal Zn. Equimolar ZnPd exhibits lattice parameters of a =2.895 A and ¢ =3.327 A

and corresponds to a c/a-ratio of 1.15.%¢ Figure 2.1 shows the crystal structure of ZnPd.

w
J

Figure 2.1: Sketch illustrating the tetragonal crystal structure of ZnPd. Pd is highlighted in

yellow, Zn in blue. The unit cell is marked. Structure is adapted from reference.*®

The lattice parameters sensitively depend on the ZnPd composition, such that parameter a
increases and parameter ¢ decreases with a rising Pd content, adapting to the cubic crystal
structure of elemental Pd.*? A determination of the melting point of ZnPd is challenging due to
the high vapor pressure of Zn, but was reported to be at ~1458 °C.#

Supported ZnPd nanoparticles are typically synthesised through the application of reactive
metal support interaction (RMSI), transforming Pd/ZnO composites by partial reduction of the
metal oxide. The formation mechanism is described in detail in chapter 2.3. Wang et al. report
that such a reduction treatment in a 5% hydrogen atmosphere at a temperature between 250 and
300 °C form supported ZnPd nanoparticles with a size between 5 and 14 nm.*® Karim et al.
investigated different deposition approaches for Pd on ZnO and their effect on MSR.?° The
Pd/ZnO system is typically obtained by impregnation of a pre-formed ZnO support with a
palladium precursor. In general, it is highly desirable that the preparation result is homogenous
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and all nanoparticles are uniform in size, composition and morphology, thereby obtaining the
same reactivity at all interfaces. For instance, small deviations in composition due to residual
elemental palladium nanoparticles may change the catalytic properties of the entire system.*?
Large Pd nanoparticles may undergo partial transformation to ZnPd during a mild reduction,
whereas smaller Pd nanoparticles are fully transformed.*” The residual elemental Pd then
facilitates methanol decomposition, yielding carbon monoxide instead of carbon dioxide. To
avoid such inhomogeneities, close attention needs to be paid during selection of the palladium
precursor, pH of deposition and drying and calcination parameters.*?> Other preparation routines

include co-precipitation and -impregnation of Pd- and Zn-precursor.

The electronic structure of surfaces is a crucial property in heterogenous catalysis. Reactions
with chemical elements may introduce deviations to the electronic structure of the catalyst that
can be beneficial. In particular, the valence band region at the Fermi edge is decisive. However,
its characterisation is challenging, let alone under reactive conditions. Tsai et al. reported in
their UHV XPS study that the Pd4d level of ZnPd is shifted away from the Fermi edge compared
to pure Pd, reducing the band width as a function of Zn content.* This result was confirmed by
XPS experiments under MSR conditions*, in which higher binding energies were found with
increasing Zn content. Zn introduces more valence electrons, thereby decreasing the density of
states around the Fermi edge. These electronic properties seem to be beneficial for good

catalytic properties in methanol steam reforming.

In terms of relative energy, band width and density of states, the valence band of ZnPd is similar
to that of Cu(111)*. The use of Cu as a catalyst is well established in methanol production and
has been employed industrially for many years. *® Additionally, in methanol steam reforming it
exhibits a high activity and a good selectivity towards the formation of CO2!; however, its
usage as catalyst is limited due to deactivation. Deactivation can occur in a number of ways,
including thermal sintering, poisoning, carbon deposition, or physical damage. 3> Thermal
sintering represents a pivotal factor, which contributes to a decrease in activity of catalysis
performed at a temperature higher than 300 °C. In comparison to other metallic catalysts, such
as Pt, Pd or Fe, which are commonly employed in hydrogen and dehydrogenation reactions, Cu
exhibits low thermal stability. Thus, Cu-based catalysts are predominantly operated at a low
temperature < 300 °C. Since oxides reduce the thermal sintering of Cu-based catalysts, most of
such catalytic systems incorporate oxides such as ZnO, CuO or Al,03.5? An additional concern
in the usage of Cu is that nanocrystalline Cu is pyrophoric. The introduction of Cu-based
catalysts to air results in a notable increase in temperature, which displays a safety concern in
some applications.>® It can be concluded that Cu is not an appropriate catalyst for methanol
steam reforming, despite its favourable electronic structure. In comparison, ZnPd exhibits an

electronic structure that is catalytically active in MSR and is resistant to deactivation.

Despite many efforts, the precise reaction mechanisms of supported ZnPd as a catalyst during

MSR remain unclear.* Various reaction pathways have been discussed in literature, including
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the formation of intermediates such as methoxyls, formaldehydes and hydroxyls on the ZnPd
surface.>>>® Kéwitsch and co-workers focused in their recent work on the role of the supporting
metal oxide in the In3Pt»/In203 system during MSR.>” The application of oxygen isotopes
revealed that oxygen required for the oxidation of reducing agents such as carbon monoxide
was supplied by In2O3 in the close proximity to In3Pt;. This resulted in the formation of
temporary oxygen vacancies at the metal oxide. The replenishment of these oxygen vacancies
by the present water indicates the presence of a Mars-Van Krevelen mechanism. This
mechanism, which was initially proposed by Mars and Van Krevelen’?, describes the oxidation
reactions that occur during catalysis involving metal oxides. A reducing agent is oxidised by a
lattice oxygen, generating an oxygen vacancy. The oxygen-deficient lattice is reoxidised by an
oxidising agent such as molecular oxygen or water, thereby restoring the original state.
Kowitsch et al.’” suggested that the Mars-van Krevelen mechanism is a universal concept in
intermetallic MSR catalysts and may be responsible for the good catalytic performance.
Accordingly, the excellent catalytic performance of the ZnPd/ZnO system may be based on the

Mars-van Krevelen mechanism. However, a proof for this is still lacking

2.2 Evaporation of Liquids

Methanol steam reforming requires the evaporation of the reactants, namely methanol and
water, prior to the reaction. The evaporation of a liquid is dependent on a number of factors,

including temperature, surface area, humidity and pressure.
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Figure 2.2: Vapour pressures of methanol (red circles) and water (black squares) plotted as a

function of temperature. Values are taken from reference®.
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The vapour pressure of a liquid determines its probability for evaporation and changes with
temperature, as illustrated for water and methanol in Figure 2.2. The phenomenon of boiling
occurs when the vapor pressure of a substance exceeds the pressure of the surrounding
atmosphere.®! This boiling point can be surpassed by heating the liquid or lowering the pressure

of the present atmosphere.
P = PaXqgt PpXp 21

The vapour pressures of mixtures p can be estimated using Raoult’s law (eq. 2.1), with p;
indicating the respective vapour pressures of the components and x; denoting the respective
mole fractions®?. Raoult assumed an ideal behaviour between unlike molecules with similar
intermolecular forces to those of identical molecules. A comparison between the results of
experimental measurements and the predictions of this simplified model also allows for an
approximation of the actual intermolecular forces. For instance, a negative deviation from
Raoult's law indicates that the intermolecular forces between unlike molecules are stronger than

predicted.
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Figure 2.3: Composition of different water and methanol mixtures in liquid and vapour at 40 °C

(blue) and 50 °C (red). Data is taken from reference®’.

In such binary mixture, the components evaporate unequally, such that the mole fractions in
liquid do not correspond to those in gas. The saturation quantity of a single component p,, can

be calculated in kg/m? using Sonntag’s equation (eq. 2.2)%. E, (T) is the temperature-dependent
vapour pressure for the specific component y, T is the temperature and R, is the gas constant

for the specific component.
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E,(T) 2.2
R,-T

Py m =

Bredig and co-workers studied the evaporation behaviour of methanol and water mixtures.®
They showed experimentally how the mole fractions of the components change from liquid to
vapour. Figure 2.3 shows the mole fractions of methanol as a liquid and as a vapour in a mixture
with water. In this thesis, the methanol content in the vapour is estimated using the experimental
data at 40 °C from Bredig et al.

2.3  Metal-Support Interactions

Many metallic nanoparticles employed in catalytic reactions are typically supported on metal
oxides such as Al,O3%, Ti02%, ZnO® and Ce0,®®. Classically, oxide supports are applied to
enhance the utilization efficiency and longevity of catalysts by slowing down deactivation
mechanisms and thus maintaining their fine distribution and size. For instance, a systematic

study by Kong et al.®

reports the conversion of toluene over Ni nanoparticles, which are
supported on different oxides. Smaller Ni nanoparticles are less likely to be deactivated by
coking and therefore show the highest catalytic activity. Kong’s study illustrates the importance
of stabilizing nanoparticles with oxide supports in catalysis. However, supports should not be
considered as inert and decoupled from catalysis, since oxide supports interacting with metallic
nanoparticles can improve the selectivity and activity of a catalytic system.””’? Such a
phenomenon is referred to as metal-support interaction and is often the cause for the catalytic
properties. Consequently, the selection of the support material and a controlled preparation in
which the design of the catalyst can be variably tuned are of high interest.

Different types of metal-support interactions have been proposed such as interfacial perimeter,
spillover, chemical composition as well as reactive and strong metal-support interactions.”®

Those interactions interfere frequently and occur concomitantly.
Interfacial Perimeter

The interfacial perimeter of a nanoparticle has special properties, as it forms the interface
between nanoparticle, support and reactive atmosphere and thus the only environment on the
catalysts allowing an interaction of those phases. In addition, the interfacial perimeter is prone
to compositional evolution and lattice defects due to strain caused by lattice mismatches and
atomic diffusion between support and nanoparticle. These defects increase the energy of the
lattice forming non-equilibrium states. Since such energetic excited states are favourable to host

catalytic reactions, active species are frequently found at the interfacial perimeter.”
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Spillover

Another mechanism reported at the interfacial perimeter is the migration of surface adsorbed
reactant to an adjacent surface, which is coined as spillover.”* During spillover, the reactant is
initially adsorbed exothermally by the original surface and may dissociate. Given that the
activation energy required for surface diffusion is provided, the reactant is then transported to
the neighbouring surface and bound there. Spillover is characterized by the fact that the
accepting surface cannot activate the reactant itself under identical conditions and requires an
adsorbing parent surface for activation.”® The reducibility of the accepting material determines
reaction speed and extend of the spillover. The spillover on reducible materials occurs faster
and at larger distances compared to non-reducible materials.”® Depending on desorption rate
and surface mobility of the relevant species, the spillover distance on oxide supports can be up
to 600 um.”” Spillover is originally and prominently known for the surface adsorption and

transportation of hydrogen from a metal nanoparticle to an oxide support.”

The phenomenon
was found first by Khoobiar during hydrogen migration from platinum-alumina catalysts to
neighbouring tungsten trioxide particles.” However, spillover has also been reported from
metal to metal®®, oxide to oxide®' and oxide to metal®? in the past. Due to adsorption and
activation, especially of hydrogen, the spillover effect is found in many applications such as
preparation of nanoparticles®, catalysis’®, energy storage®> and hydrogen detection®. In
preparation of catalytic systems, hydrogen spillover is frequently used for reduction of metal
oxides. Transition metals such as Pt, Pd or Ni lower the reduction temperature of oxide supports

via spillover.35%

Chemical Composition

Such solid-state reactions may trigger a change in chemical composition and in catalytic
properties of the metal-support tandem. The way the catalytic properties are changed depends
on the present type of redox reaction. Exchange of species between particle and support may
lead to oxidation of the metal phase and to the formation of a mixed metal oxide phase, which
is typically inactive and a known cause for deactivation.}” For instance, van Deelen et al. found
cobalt atoms migrating from their original nanocrystals to the titanium dioxide support during
reduction, which passivated the catalytic system.®® However, an incorporation of the metallic
support species into the metal particle can also be beneficial. Given that the incorporation is
triggered by reductive reaction conditions and a high temperature, it may lead to the formation

of catalytically active intermetallic compounds and alloys.
Reactive Metal-Support Interaction

Such an interaction, which is only reversible under extremely oxidizing conditions, is known
as reactive metal-support interaction (RMSI).”> Regardless of the material system, the
formation of an intermetallic compound or alloy by RMSI typically consists of three formation

steps.®® First, hydrogen is chemisorbed on the supported nanoparticle and spiltover to the metal
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oxide support, which is (partially) reduced in the vicinity of the nanoparticle. Secondly, the
reduced metal species migrate into the nanoparticle. Thirdly, the reduced metallic species are
incorporated into the noble metal lattice and the respective intermetallic compound is formed.
Such a mechanism can be explained using the reduction of PdO nanoparticles supported on
ZnO as an example system, that is a prominent reaction in the formation of intermetallic ZnPd®*
%4, Martin et al found that PdO already adsorbed and dissociated hydrogen at a low temperature
of 110 K, but was only completely reduced at room temperature.”> As-reduced Pd forms
palladium hydrate and hydrogen is spiltover onto the ZnO support. Iwasa et al. identified this
hydrogen spillover by temperature-programmed reduction.”? They showed excessive hydrogen
consumption during the reduction of PdO and remaining hydrogen on the particle-support
tandem after decomposition of palladium hydrate during heating, which indicates a spillover
onto the ZnO. In addition, on systems such as Pd/SiO> and Pd/Al>O3, where no spillover is
expected, hydrogen was completely desorbed. Activated hydrogen (partially) reduces ZnO and
combines with the present oxygen to form water, which is desorbed from the surface. The
amount of metallic Zn reduced is proportional to the Pd loading.”? Given that the formation
energy required is provided by the present temperature, metallic Zn diffuses to the nanoparticle
and is incorporated in the palladium lattice, resulting in the formation of intermetallic ZnPd
nanoparticles. XRD and XPS measurements by Iwasa et al/ provides evidence for different
palladium states.”® Direct experimental proof of this formation mechanism for supported ZnPd
nanoparticles, which elucidates the structural evolution between particle and support during
reactive conditions, is, however, still lacking. As-formed ZnPd has excellent, catalytic
properties in numerous reactions such as methanol steam reforming®, formic acid

decomposition®, methanol synthesis®® and selective hydrogenation reactions®” .

RMSI is the fundamental reaction in the preparation of many supported intermetallic
nanoparticles. The large majority of the reported nanoparticle systems are based on noble metals
such as Pt, Pd and Rh, less studied are Ni, Cu and Ru. The preparation pathway of intermetallic
compounds by RMSI is affected by their thermodynamic stability and diffusion kinetics and is
therefore dependent on temperature, time and particle size.¥® As a consequence, the resulting
system often consists of a mixture of different intermetallic compounds. Such multiphase
formation is facilitated by, for example, larger particle sizes'® and formation during catalytic
reactions!?'™1%3, and occurs for Rh3Ti/RhTi'®, Pd;Si/PdsSi!%>!1% and GasPd/GasPd,!”. Single-
phase formation of an intermetallic compound is best achieved if a well-defined temperature
region exists that favours the formation of a single intermetallic compound. For instance,
preparation protocols stabilizing a single-phase have been established for ZnPd'%, Pt;Al'® and
Rh,Si'!%, Therefore, understanding the effect of reaction conditions on the formation
mechanism of supported nanoparticles plays a pivotable role in the tuneable preparation of
catalytically active intermetallic compounds. In most cases, RMSI promotes the catalytic
properties by forming intermetallic compounds. Prominent examples are gas phase

102

hydrogenation of crotonaldehyde over Pt/a-GeO>""*, methanol steam reforming over Pd-
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In;O3'!! and isomerization of neopentane over Pd-Al''2, Few systems are known in which
RMSI has a detrimental effect on catalytic activity. For example, Moss et al. report a loss of
specific activity in the dehydrogenation of benzene over Pd-Si catalysts due to interactions
between support and particle at a reduction temperature of 600 °C."'3 Yamaguchi et al. found a
lower activity in CO oxidation due to the formation of an intermetallic compound between Sn

and Pt and reduced CO absorption.''

Strong Metal-Support Interaction

A phenomenon similar to RMSI and therefore often mixed up is the strong metal-support
interaction (SMSI), which also typically emerges on supported nanoparticles during
preparation and heterogeneous catalysis. Tauster e al. were the first to coin the term SMSI for
the loss of chemisorption abilities of finely dispersed group VIII metals supported on TiO>
towards H, and CO after reduction at a temperature over 500 °C.''> They suggested that
chemical perturbations due to Pt-Ti bonding caused disappearance of chemisorption rather than
loss of surface area due to encapsulation of the noble nanoparticle. Metal-metal bonding

between Rh-Ti activated by reduction was identified by Sakellson et al.''®

, supporting the
original interpretation of SMSI. Nowadays, SMSI is classified by the change in physiochemical
and electrical properties of catalysts, typically manifested by coverage of nanoparticles by a
reducible metal oxide support and loss of chemisorption capacities, due to reduction at an
elevated temperature.'!” However, it must be recoverable to the pristine state of the catalysts
with identical catalytic properties by a mild oxidative treatment. Fully reversibility of the
phenomenon distinguishes SMSI from RMSI.%° In addition, metal-support interactions can only
classified as ,,strong”, if the catalysts has conventional chemical properties at a low reduction
temperature. These catalytic properties in combination with their chemisorption abilities must

change when the reduction temperature is increased.®’

The SMSI-characteristic decoration of nanoparticles by suboxides follows a specific formation
process that can be explained by supported Pd on TiO2.!'#-12° Spiltover hydrogen from the noble
metal nanoparticle or low oxygen partial pressures in a high vacuum reduce the metal oxide
support TiO2 and oxygen vacancies are generated by water formation and oxygen desorption.
The present oxygen deficiency leads to unsaturated titanium states around the defect, which act
as electron donor and introduce delocalized electrons to the system.'?® Thus, TiO, becomes a
n-type doped semiconductor. This leads to an increase in the Fermi-level of the partially
reduced support (Er(oxide) > Er(metal)), which promotes the transfer of delocalized electrons
from the support to the nanoparticle and restores the equilibrium at the interfaces. The as-
formed positive net space charge in TiO» facilitates outward diffusion of the positively charged
titanium species.'?® This transport phenomenon favours a metal cluster (nanoparticle) with a
larger work function than the support exhibits.!?> As the positive net space charge declines due
to enrichment of titanium on the surface, negatively charged oxygen diffuses to the surface,

recombines with the metal species and forms an oxygen-deficient titanium oxide TiOz.x (x < 2).
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Since oxygen diffusion is thermally activated, a higher temperature favours stoichiometric
metal oxide formation and leads to compositionally different coverage layers.'?> Migration of
partially reduced metal oxides MeOy (y < 1) onto the surface of the nanoparticle is driven by
different surface energies.'?’ Coverage of the metal surface by metal oxides minimizes the total
surface energy of the system and occurs preferentially if the surface energy of the metal oxide
MeOy is lower than the one of the respective metal.'”> Thus, metals with either small work
functions or low surface energies, for example alkali and transition metals, are known to resist
coverage and rather sinter or oxidize.'”® However, Tang et al. found encapsulation of metals
with relatively low work functions and surface energies (Au, Ag, Cu), which indicates that other
parameter such as reduction conditions and structure factors must also be considered.'?® For
instance, Du et al. studied the effect of particle size on SMSI.'* In the systematic work, larger
Au particles are encapsulated by TiO> to a greater degree and at a lower reduction temperature.
Since electron transfer and surface energy correlate positively with an increase in particle size
in their work, such properties are likely to play pivotal role in the size-dependent occurrence of
SMSI. The investigation of SMSI on small metal species such as single atoms and nanoclusters
is hampered by their increased surface mobility and tendency for agglomeration at a higher

temperature'>!

, which is required to activate encapsulation of small structures. In addition to
conventional SMSI, encapsulation by reducible metal oxides in a reductive hydrogen
atmosphere, other types of SMSI have been reported. For example, the decoration of
nanoparticles by non-reducible oxides such as Si02'*? and Al,03'3* as well as by non-oxide

supportsl34,l35

was found. A high formation temperature for non-reducible oxides and
minimization of surface energies for non-oxides are expected to be an important factor in the
formation mechanism. It should be noted that SMSI does not exclusively occur in a hydrogen
atmosphere. Different types of environments are reported: Liu et al.!*® found SMSI for Au
supported on ZnO under high-temperature oxidation conditions. Matsubu et a/'*” identified
SMSI for Rh/TiO; in a CO»-H; atmosphere forming a coverage of HCOx adsorbates. Zhang et
al.'3® showed SMSI by a redox interaction between Au and Ti precursors in aqueous solution.
Such phenomena are denoted as oxidative (O-SMSI), adsorbate-induced (A-SMSI) and wet
chemistry SMSI (wcSMSI) and demonstrate the range of formation mechanisms and the
versatility of SMSI. In many of the reported systems, generation of lattice defects, especially

118,120,137-140

oxygen vacancies , 1s a key mechanism and decisive for the mobility of the oxide

support.

Structural and electronical evolution caused by SMSI may alter the catalytic properties of
catalysts. Encapsulation increases the interface between particle and support. Bimetallic,
interfacial sites are formed, which are covered by a reduced metal oxid layer.!!” Such a
construction leads to a loss of adsorption capacity, since the active, metal centres for
chemisorption are blocked.®” The modulated surface leads to a change in the reaction pathway,
as the activation of the reactants on the surface is changed. For instance, Zhang et al. tuned the

selectivity in COz hydrogenation from CH4 to CO by encapsulating Ir nanoparticles with a TiOx

15



Fundamentals

layer, which increased the activation energy for CHs production.'® Iwasa et al. found an
increase in COz selectivity in methanol steam reforming over ZnPd nanoparticles supported on
Zn0."*! While the exact formation mechanism is unclear, ZnO patches on the ZnPd presumably
caused by SMSI are expected to play a pivotal role in the enhanced, catalytic properties.’
Another catalytically beneficial characteristic of SMSI is boosted electron density at active
metal species. The partial reduction of the metal support creates oxygen vacancies that lead to
the formation of donor states and an upward bending in the oxide support. The equilibration of
the Fermi levels is achieved by electron transfer to the nanoparticle, which leads to electron-
rich active sites. Xu et al. demonstrated that an increase in particle coverage and in electron
density of interfacial Ni caused by SMSI enhances the activity of the present water gas shift
reaction.'*? In situ extended x-ray absorption fine structure spectroscopy (EXAFS) revealed the
enrichment of electrons on Ni atoms at a reduction temperature above 450 °C. In addition to
pure catalytic improvements, SMSI may enhance the resistance of catalysts to thermal
deactivation. The encapsulation of nanoparticles limits their migration and stabilizes the system
against agglomeration effects at a high temperature. The reactive conditions must be selected
in such a way that the coverage of the particle restrains their mobility, but the layer thickness
still allows the adsorption of reactants. The design and control of such stabilizing conditions is
challenging.''” A material, which is catalytically active but vulnerable to sinter, is copper.'*
As Cu exhibits great potential in many catalytic reactions, but is restricted to a low operation
temperature, an increase in resistance against thermal degradation is highly desirable. Li et al.
introduced a concept to improve the activity and stability of Cu catalysts supported on
ZnO/Al,0s in methanol steam reforming.'** A treatment in Ho/H,O/CH3;OH/N; activates the
migration of oxygen-deficient ZnO onto the Cu surface and leads to an increase in interfacial
Cu-ZnO sites. The pre-treated catalyst preserved 90 % of its original activity, three times more
than the untreated catalyst, indicating an improved thermal stability. The peculiar properties of
SMSI described above can be utilized in the design of catalysts to steer the catalytic properties
in the desired direction. Utilization of SMSI is desirable in chemical reactions where a high
selectivity to only one product is beneficial. For instance, in hydrogen supply for fuel cell
applications by methanol steam reforming, high CO> selectivity is required to prevent CO

poisoning of the Pt catalyst.'*
Solid-Solid Wetting

Surface migration of mobile, solid species is an important transport mechanism in the
propagation of reaction zones. Such solid-state reactions, in which the surface of one solid is
covered with another solid in order to lower the surface tension of the system, are also known
as solid-solid wetting.!*>!47 Solid-solid wetting is driven by the specific surface free energies
(y) between the mobile solid (m), gas phase (g) and support (s). Wetting of the support by a
mobile solid occurs, when the condition specified in equation 2.3 is fulfilled and free energy is

obtained.'*®
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Ymg + Vms < Vgs 23

Thus, the free energy required for the formation of an interface between mobile solid and gas
phase and support must be lower than the free energy of the interface between support and gas
phase. However, specific surface free energies are temperature-dependent and typically
determined close to the melting point. Thus, a quantitative determination, if and how much
energy is gained, is challenging. In addition, solid-solid wetting requires sufficient surface
mobility of the active species, which is controlled by diffusion and is therefore activated by
temperature. Appropriate temperatures benchmarks are the Tamman'*’ and Hiittig!>
temperatures, which represent the temperatures required to achieve significant diffusion of bulk
atoms and surface atoms of solids. The Tamman temperature T is approximately the half of
the absolute temperature of the melting point Ty, (equation 2.4) and the Hiittig temperature Ty
is a third of the absolute temperature of the melting point (equation 2.5). At a temperature above
the Hiittig temperature, significant atomic surface diffusion is expected. As solid-solid wetting

is diffusion controlled, only single atom species are transported at a time.

1

Tr =§'TM 2.4
1 2.5
Ty = §'TM

Intriguingly, solid-solid wetting takes place in a reducing atmosphere, as it is the case during
SMSI, but can also occur during calcination at an elevated temperature. Taglauer et al.
demonstrated solid-solid wetting of MoOs on TiO2 during calcination in a dry and H>O-
saturated oxygen stream at 720 K.'*® MoO; spread over TiO2 and formed a surface layer. WO3
was also found to cover TiO2. At a temperature below the Tamman temperature, a different
mechanism of surface migration is reported, in which the surface layer moves as agglomerate
of multiple atoms in a liquid-like manner.'*® The migration of such crystallites is slower than
the diffusion of single atoms and is activated by relatively weak metal-substrate interaction. An
increase in atomic mobility can also be activated by a high density of lattice defects. In
heterogenous catalysis, the lattice defects can be formed by present, reactive conditions that the
material is exposed to. For instance, a reductive atmosphere may reduce metal oxides and
generate oxygen vacancies.'>! Local oxygen vacancies may introduce a difference in the
electrochemical potential in semiconducting materials.'?® Thus, atoms or ions may move from
regions of higher potential to lower potential to balance the difference. All named phenomena

may contribute to formation of solid-solid wetting.
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2.4 Reduction of Metal Oxides — Ellingham Diagram

The energy elements consume to form one mole of compound at atmospheric pressure, is
defined as standard Gibbs energy change of formation AG]? and can be determined applying

equations 2.6 and 2.7.!%

0 _ 0 . 0
AGP = AHP +T - ASY 26
. . (7 . [T AG, 2.7
AGf = AH298 + f AdeT + T- A5298 + f _dT
298 298

AH]? and AH2qg are the change in standard enthalpy of fusion and at 298 K, ASj? and AS2yg the
change in standard entropy of formation and at 298 K, T the temperature and AC,, the change
in heat capacity. The feasibility of reactions depends on their AG}). Reactions are only exergonic

under standard conditions if AG}) <0.133

Ellingham plotted experimentally determined AG]? of different metal oxides over temperature

and found a linear relationship, which allows a prediction of AG of binary material systems.'>*

The enthalpy represents the y-intercept, whereas the entropy is the slope, which undergoes a
change when any of the materials undergo a change in their aggregate. Ellingham diagrams
provide a thermodynamic estimation, which indicate how a chemical equilibrium is affected by
reactive conditions. As a result, Ellingham diagrams are employed to assess occurrence of
chemical reactions. Figure 2.4 illustrates an Ellingham diagram comprising a selection of

reactions.

Metal oxides are reduced if the AG]? of a competing reaction is lower, i.e. it has a lower value

in the Ellingham diagram. Reducing capacities of materials, in particular of gases, are therefore
determined by the AG)? of their oxidation under the same reactive conditions. For instance, PdO
has a relatively high AG]9 of ~ -30 kcal/mol at 500 °C and can easily be reduced by hydrogen
and carbon monoxide with respective oxidation values of -100 and -130 kcal/mol. As shown in
Figure 2.4, energetically excited states of a species may have a substantially lower AG}), asitis
the case with atomic and ionic hydrogen, which have superior reducing capacities to molecular
hydrogen. Such excited states are applied in plasma chemistry, in order to facilitate the
reduction of metal oxides.'** It is important to emphasise that Ellingham diagrams are based
only on thermodynamic laws and do not consider kinetics. Therefore, the predictive power of
Ellingham diagrams is limited in environments with low Kkinetics, e.g. low pressure
atmospheres. In addition, properties such as different diffusion and nucleation rates of surface
alloys may impede oxidation of the bulk material, leading to a discrepancy between prediction

and observation. 1>
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AGP(Ellingham) [kcal/mol]
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Figure 2.4: Standard Gibbs energy change of formation for various compounds as a function of

temperature displayed in an Ellingham diagram. Figure is adapted from reference.
152-154,156

Ellingham diagrams can also be employed to estimate the equilibrium partial pressure of
oxygen. An oxygen partial pressure above the equilibrium will oxidize the metal at a given
temperature. An oxygen pressure below the equilibrium will reduce the corresponding oxide.

The equilibrium can be calculated using Ellingham diagrams, as referenced'”’.

19



Fundamentals

2.5 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an advanced characterisation technique that
employs a high-energy electron beam to study materials down to the sub-Angstrom level.!*® In
TEM, the structures of a material are magnified on the image plane by the use of
electromagnetic lenses. During transmission through the sample, the electrons interact with the
sample atoms in an elastic or inelastic manner. Such deviations in energy and trajectory, and
their associated secondary signals are detected and provide information about the structure,
morphology, and chemistry of the sample.'>® Secondary signals may be characteristic X-rays
and secondary electrons, the detection of which is discussed in detail below. Given that
electrons only transmit through thin samples with a thickness less than ~ 100 nm and most of
the imaging signal in TEM is detected below the sample, a careful sample preparation is crucial.
The column of the microscope is evacuated due to the strong interaction of electrons with
matter, which otherwise result in a significant number of scattering events. This process is

employed to maintain an intense, directed beam of electrons.

The investigation of samples is typically conducted through the application of two distinct
operational modes: transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM). In TEM mode, the sample is uniformly illuminated by a parallel
electron beam, which generates a coherent image on a screen. In contrast, the STEM mode
involves the use of a convergent electron beam, which is focused on the sample to form a fine
probe. The probe scans the sample and the image is reconstructed by mapping the signal

acquired at each scan location.

2.5.1 Transmission Electron Microscopy Mode

A transmission electron microscope typically consists of electromagnetic lenses, apertures and
deflectors, which determine the trajectory of the electrons. The microscope can be divided into
different sections, including an electron-emitting gun, a condenser system, the sample holder,
an objective lens, intermediate lenses and a detector system, as shown in Figure 2.5. In the
electron emitter system, electrons are extracted from a fine tip and accelerated by an
acceleration voltage, which typically varies from 60 to 300 kV. Higher acceleration voltages
reduce the wavelength of the electrons and thus improve the spatial resolution. In modern TEM,
electrons are emitted from a field emission gun (FEG) via quantum tunnelling. The applied
electric field lowers the potential barrier, which confines the electron to the tip, and thus
increases the probability of a tunnelling event.!®® This technique is employed due to its high
brightness, small virtual source size and small energy dispersion, which are superior to those of
conventional thermal emitters such as LaBs.'>? Cold FEGs possesses better properties such as
current density, crossover size and energy spread than thermal field emitters (FE) such as
Schottky FE.'>° However, the aforementioned properties are accompanied by the necessity for

regular flashing cycles to remove contamination, which accumulates at cold FEGs. The
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interplay between flashing and continuous contamination results in a volatile beam current,

which may impede quantitative characterisation measurements such as EELS and EDX.!6!

TEM mode STEM mode

Optical axis Optical axis

C1lens
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C2lens Condenser aperture
Scan
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Figure 2.5: Schematic representation of the electron beam trajectory comparing TEM (left) and
STEM mode (right). Individual lenses, apertures and detectors are omitted for
simplicity. Diffraction and imaging modes have the same lens settings up to the
intermediate lens and are shown separately below. The processing unit digitally

recombines the individual signals from the scan into a coherent image.

The condenser system controls the illumination of the sample. The first condenser lens
determines the minimum spot size on the sample by imaging the electron source at its crossover.
Depending on the TEM configuration, the second condenser lens or the upper objective lens

regulate the convergence angle of the incident beam and forms a disk of parallel illumination.

21



Fundamentals

A condenser aperture cuts of the edge of the electron beam and reduces the signal on the sample,
thus controlling the signal-to-noise ratio and the lens aberrations introduced by the condenser

lenses.'?

When electrons have passed through the sample, they are dispersed by the objective lens,
resulting in the formation of a diffraction pattern at the back focal plane of the objective lens
and an image at the image plane. The objective lens creates the initial and most important
magnification of the sample image due to its short focal length. The subsequent intermediate
lens system modifies the trajectory of the beam depending on the selected imaging mode.'*” In
diffraction mode, the back focal plane serves as the object for the intermediate lenses and a
diffraction pattern is projected onto the detector. In imaging mode, the intermediate lenses are
adjusted such that the imaging plane of the objective lens act as their object plane, resulting in
the production of a magnified image on the detector. Additional apertures incorporated into the
trajectory facilitates the investigation of selected areas or diffraction spots. The electrons are
typically detected by a fluorescent screen, a direct detection camera and a pixelated charge-
coupled device (CCD) camera, which is paired with a scintillator, converting the electrons into
photons. 62

2.5.2 Scanning Transmission Electron Microscopy Mode

A STEM probe is formed by exciting either the condenser lens 2 or the upper objective lens in
such a way that the electron beam is focused on the eucentric height, as shown in Figure 2.5.
The electron beam converges under a convergence angle o, resulting in the generation of a
probe with a sub-Angstrom size in the case of aberration-corrected STEM.!®* Given that the
probe can only illuminate a small fraction of the sample, it is moved in a raster-like manner by

scanning coils.

At each location, interaction between the sample and the electron beam generates signals, which
are then collected spatially resolved by the respective detectors. In STEM, the most commonly
employed detection modes are bright field (BF), dark field (DF), and secondary electron (SE)
imaging. The BF detector is placed on the optical axis and collects only low-angle scattered
electrons within a few mrad. The collection angle of the BF disk should be equal to the
convergence angle a of the BF probe in order to enhance the SNR.!®* The resulting phase
contrast is similar to that observed in TEM imaging and is therefore suited to the investigation

of light elements.'%*

In contrast to the BF imaging, DF imaging detects high-angle scattered electrons. The
designation of DF imaging is dependent on the collection angle of the detector in use. For
collection angles between 10 and 50 mrad, the term 'annular dark field' (ADF) is typically
employed, while for collection angles exceeding 50 mrad, the designation 'high-angle annular
dark field' (HAADF) is used. As DF images are obtained from electrons that are scattered in
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accordance with Rutherford's model for scattering, the DF contrast is dependent on the scatter
properties of the sample. The degree of scattering scales with the atomic number and the
thickness of the sample, which is why DF contrast is also referred to as Z-contrast. For a sample
with different elements, atomic columns that appear brighter are likely to be heavier than those
with less signal, given that the contrast depends approximately on the square of the atomic

number.'%

A signal emitted as a secondary effect is the secondary electron (SE) signal. SEs are generated
by inelastic interaction of the high-energy electron beam with the sample. Due to the interaction,
energy is transferred to electrons of the atoms, providing them with sufficient energy to become
excited and eventually overcome their binding energy. SEs are emitted with a kinetic energy
<50 eV. ' The low energy of SEs restricts their detectable emission to the surface with an
emission depth of ~ 5 nm. As a consequence, SEs are surface-sensitive and are predominantly
used to image the morphology of a material. The SE detector typically sits above the sample

and attracts the electrons with a positive bias following the design of Everhart-Thornely!®.

2.5.3 Imaging Theory

In order to comprehend the process of image formation in a transmission electron microscope,
it is essential to focus on the interaction between the electron beam and both the sample and the
objective lens. In case of thin samples and small scattering angles, where absorption can be
disregarded, electron optics behave analogously to light optics. The propagation of an electron
through a crystal results in an increase in its potential energy due to the interaction with the
periodic potential of the lattice. Consequently, the total energy of the electron is increased,
which results in a decrease in wavelength and a phase modulation. Given that the phase change
is dependent on the atomic potential, the sample can be treated as a phase object.!®
Consequently, an incident electron beam with a wavefunction ¥, (#), which enters an object at
its entrance surface, will exit the object with a wavefunction W, ;(¥). In order to obtain the exit
wavefunction, it is necessary to solve the Schrodinger equation for the electron, which describes
the interaction with the object. This can be achieved using either the Bethe-Bloch

167.168 or the multislice algorithm'®®. The first approach describes the electron

approximation
wave function as superposition of Bloch waves, which are states of the crystal potential, solving
the Schrdodinger equation for periodic boundaries. This approach is well suited for periodic
materials, but it has inherent limitations when applied to aperiodic materials, as the number of
necessary Bloch waves increases rapidly. The multislice approach divides the material into thin
layers in the z-direction, with the diffraction at each slice and the propagation between slices
determined in successive order. The atomic potentials are projected onto the slices and the
interaction of the electron wave with each projected potential is calculated. This approach is

also applicable for non-periodic materials. Both approaches converge to equivalent values for
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infinitely thin slices and a high number of Bloch waves. A comprehensive and quantitative

deduction of the approaches is given by De Graef'”°.

The exit wavefunction of the object W,,;(¥) is transferred with high magnification by the
microscope optics from the sample to the final image, where the modulus squared of the image
wavefunction Wy, (7) is detected. The transfer of Wpp,;(7) can be described in two stages.
First, the object wavefunction is dispersed by the objective lens on its the back focal plane,
which is described by the Fraunhofer diffraction. The propagation can be considered to be a
Fourier transformation of the object wavefunction, which is referred to as complex diffraction
spectrum. This depends on the spatial frequency W,,;(g) = F[W,op;(7)]""". In the second
stage, the complex diffraction spectrum propagates to the image plane, undergoing an inverse
Fourier transformation to form the image wavefunction W}, (7). In an ideal microscope, the
wavefunction of the object and the image would be equal W, ; () = Wi, (7). However, this
does not reflect the actual conditions observed in a microscope, as electron lenses are not perfect
and are subject to lens aberrations. When considering thin samples and small scattering angles,
the impact of the lens aberrations on the object wavefunction can be incorporated through the
coherent transfer function T'(g), which is a reciprocal factor and multiplied with the object

spectrum to form the image spectrum ¥;,,,,(§) (eq. 2.8).
Wima(9) = lpabj(g))'T(g,) :qjobj(g))'ZSin)((g) 2.8

x(§) = mAzAg? + gCS/Pg“ 2.9

Where y(§) is the aberration function and represents the phase shift for waves, which are
affected by aberrations, including spherical aberration (Cs), defocus (Az) and astigmatism (Ca).
Given that the astigmatism is small and neglectable, y(g) is the sum of Cs— and Az-terms
(eq.2.9) and T(§) exhibits an oscillatory nature with values between -1 and 1. T(§) is
comprised of regions of spatial frequencies of good transmission, which are divided by spatial
frequencies of no transmission. No contrast is transferred for values y(g) = +nm.!> Figure 2.6

shows a schematic graph of a transfer function with an envelope damping function.

The inverse Fourier transformation of T(g) represents the point spread function in real space.
This function results in the smearing of a point in the object plane into a disk in the image plane
due to the presence of aberrations. The delocalization of object information thus defines the
spatial resolution of an electron microscope. The instrumental point resolution g, which
permits a direct interpretation of image details, is defined by the first crossover with the x-axis.

Image-simulation is required to obtain information from spatial frequencies > g;i.
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-1

Figure 2.6: Schematic illustration of a transfer function with an envelope damping function
(red). The spatial frequency gi represents the point information limit of the

microscope under the given aberrations.

As with microscopes with a given Cs, Scherzer postulated an ideal defocus condition, which

pushes g to the highest achievable spatial frequency and thus increases the spatial resolution.

The so-called Scherzer defocus'’ is derived by flatting T'(§) at — z?n and is given by eq. 2.10.

Azge, = —1.2,/AC; 2.10

The transfer of the object wavefunction is also impeded by incoherent effects, including partial
incoherence of the electron beam, image spread by the operation environment and detector
modulation function,!”! resulting in the incapability to image the finest features. The partial
incoherence of the beam includes the chromatic effects introduced by the objective lens and the
energy dispersion of the electron beam and spatial coherence of the electron source. The latter
describes the extent to which well the phases of electron waves emitted from different regions
of the electron gun are correlated. These effects are considered by imposing an envelope
damping function on the transfer function, as shown by the red dotted curve in Figure 2.6.
Consequently, higher spatial frequencies are damped out, serving as a virtual aperture at the
back focal plane. Given that high spatial frequencies are not accessible, the damp-out is referred

to as the information limit.

For many years, the resolution of an electron microscope was constrained by its aberration,
particularly spherical aberration, which could not be corrected for electron optical systems
using rotational symmetric magnifying lenses. A lens, which suffers from spherical aberration,
deflects a ray propagating through its outer part more strongly than one closer to the optical
axis, thereby failing to converge the beam at a single focal point. As Scherzer postulated,

spherical aberration are inherent to axially symmetric, electric and magnetic fields that are free
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from sources and vortices in the neighbourhood of the optic axis and do not vary with time.!"?
Haider and co-workers were the first to successfully correct the spherical aberration in an
electron microscope by applying two hexapole units and four additional lenses.!” In their
solution, the two hexapoles are excited in such a way that they mutually compensate for their
primary second-order aberration, thereby inducing an additional spherical aberration that
compensates for that introduced by the objective lens. This technique allows for the tunability
of the spherical aberration of the objective lens. Following the initial experiments, which aimed
to employ a C;s value close to zero, imaging conditions were derived that significantly enhanced
the phase contrast and minimised delocalisation.!”* The application of a low negative value of
the spherical aberration in overfocus conditions further enhanced the image contrast.!”>!7® This
negative Cs imaging (NCSI) mode images atomic columns with a bright contrast and dark
background, yielding a negative phase contrast of atomic objects and enabling atomic enhanced

contrast for imaging light atoms and even single atoms at sub-Angstrom resolution.

2.5.4 In Situ Gas Transmission Electron Microscopy

In situ experiments facilitate the investigation of material changes that are activated through the
present reactive conditions. /n sifu experiments are essential to study catalysts in their active
state, as the active state of a catalyst may only form under catalytic conditions.!”” Such
conditions typically involve the presence of a liquid or gaseous medium and the application of
an external stimulus, such as heating or biasing. An important class of catalytic reactions,
frequently studied using in situ TEM, are thermo-activated gas reactions. This class of in situ
TEM experiments will be discussed in this chapter. There are two different approaches to

conduct in situ TEM experiments: closed and open cell experiments.'”

Closed cell configurations for in sifu gas experiments occupy a TEM holder with a sealed
nanoreactor. This decouples the sample from the surrounding column atmosphere.!’”® The
confined gas is situated between two electron-transparent windows and flows over the sample,
which is positioned on a heating spiral. The closed cell setup permits the application of high
specimen pressures, thereby enabling the replication of catalysis under realistic, reactive
conditions. For instance, for the Dens Climate System, the closed cell configuration enables
specimen pressures up to 2 bar.!”® The commercially available closed cell systems are typically
based on in situ holders, which allow them to be applied in different microscopes, taking
advantage of the requisite specifications. Connection of the gas outlet of the holder with a mass
spectrometer enables the examination of the residual gas, allow for the conduction of operando
experiments and for instance, the evaluation of the catalytic performance. Micro-
electromechanical systems (MEMS)-based nanoreactors have major drawbacks in terms of
chemical and surface analysis. Since the sample is encapsulated inside a nanoreactor using
electron transparent windows, imaging and spectroscopy is limited by the background signal of

the nanoreactor windows and the major part of secondary electrons, X-rays (EDX) or inelastic
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scattered electron (EELS) might be absorbed. Thus, the collection of reliable data containing
information about the surface or the chemical distribution conducting in situ experiments using
MEMS-based nanoreactor systems is hampered. Xin and co-workers reported that the
membrane has larger detrimental effect than the high gas pressure.'®" Due to the optimized
design of MEMS-based nanoreactors, the membranes are a few nanometres thin and careful
assembly is required to perform successful experiments. Therefore, experiments with closed

cell configurations and their preparation are error-prone.

At open cell configuration, the column is differentially pumped and gas is injected in the
specimen chamber directly. Such open cell configurations require special microscopy
equipment. A mass flow controller with a nozzle introduces the gas at the specimen position,
allowing for specimen pressures of < 2000 Pa.!8! Additional column apertures with small holes
contain the gas to the specimen part of the column and thus protects the gun and the post-
column. Additional vacuum pumps remove the injected gas from the column, maintaining
stable pressure conditions for the remaining high vacuum part of the column.'”® The
employment of an open cell configuration allows for high spatial and spectroscopic resolution.
The geometry of the setup facilitates the acquisition of the emitted signal with minimal
distortion by the detector, as the signal is not shielded by a sealed holder, in contrast to the
configuration of a closed cell. This configuration also enables surface analysis by the detection
of secondary electrons with a comparable low energy.!8> Nevertheless, the open cell
configuration is constrained by the limitations of low gas pressure. Furthermore, the low
pressure restricts the utilisation of a residual gas analyser, thereby impeding the examination of
the composition of the residual gas. This is due to the fact that the gas is removed by multiple
vacuum pumps, resulting in a dilution effect. Furthermore, in situ gas experiments introduce
gases, whose residues remain present to some degree in the base vacuum even after baking the
column.'®* Consequently, TEMs with an open cell configuration may suffer more frequently
from contamination. Finally, as a specific setup is required for open cell in situ TEM, the

operation is restricted to microscopes with the necessary capabilities.

Identical location experiments partially represent an alternative to real in situ experiments, as
they permit the examination of the effect of real catalytic conditions on the same sample
location before and after the reaction. However, dynamic changes and intermediate state that
are activated during catalysis remain unresolved. Therefore, they are not appropriate for

experiments that aim to investigate the active species of a material.
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3 Materials and Methods

3.1 Preparation of Palladium Nitrate Supported on Zinc Oxide

3.1.1 Synthesis Protocol

Samples with a targeted palladium loading of 0.1, 1, 3, 5 and 10 wt.-% were prepared by
incipient wetness impregnation following a protocol reported by Iwasa et al. '® This involved
the dissolution of PA(NO3). - x H2O (Sigma-Aldrich) in the appropriate amount in water. The
palladium-containing solution was added to ZnO (Thermo Scientific, 99.99%). As palladium
nitrate contains an undefined amount of water, the Pd content was determined by
thermogravimetry (NETSCH STA 449F3) from the mass loss during reduction in 20% H»/He
at 40 mL/min. This resulted in a residue of 42.71 wt.-%, corresponding to PA(NO3) - 1.04 H20.
After impregnation, samples were dried at 110 °C for five days. The samples investigated in
this thesis were prepared by the TU Chemnitz, Germany.

3.1.2 Differential Thermal Analysis and Thermogravimetry

In differential thermal analysis (DTA), the temperature difference between a sample and an
inert reference is measured as a function of time during an identical, predefined heating
programme. Features of such a thermogram plot indicate the presence of a heat transfer from
or to the sample, which can be attributed to the occurrence of an endothermic or exothermic
reaction.!8>18¢  Endothermic reactions involve dehydration, nitrate decomposition and

melting.'371%8 In contrast, crystallisation represents an exothermic reaction.

In thermogravimetry (TG), the mass of a given sample is monitored over time during a heat
treatment. A change in mass may indicate phenomena such as evaporation, decomposition and

oxidation of a system. '’

DTA combined with TG (NETSCH STA 449F3) was conducted in 20% O»/He with a mass
flow of 40 mL/min and a heating/cooling rate of 2 K/min. This was done to record temperatures
of ongoing processes and mass-loss during calcination of dried samples up to 500 °C. Samples
of ~100 mg were placed in Al,O; crucibles, an empty Al>O3 crucible was used as reference.
The data was corrected by subtracting the results of blind measurements conducted with the

crucibles that were to be used under identical conditions before loading the samples.
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3.1.3 Inductively-Coupled Plasma/Optical Emission Spectroscopy

Inductively-coupled plasma/optical emission spectroscopy (ICP/OES) is an analytical method
used to examine the chemical composition of a sample. The sample is dissolved in a solution
and then pumped into a nebuliser, which forms a fine aerosol. The aerosol is injected into a
spray chamber, where the sample atoms are excited by a plasma. In order to reach a lower
energy level, the excited atom emits photons that are characteristic for the specific element.
Emitted photons with a wavelength in the optical spectrum are refracted by a prism and detected
by a spectrometer. The spectrometer collects the signal photon-sensitively, whereby the

intensity is proportional to the elemental content. Consequently, the accumulation of varying

intensities enables the identification of the composition of the investigated sample.!%!°!

Elemental analysis of the samples was conducted in triplicate, by ICP/OES against a matrix-
calibrated standard (Vista RL, Varian) as the reference. A fraction of each sample was dissolved

in aqua regia, diluted with distilled deionized water, and acidified with HCI prior to analysis.

3.1.4 X-Ray Diffractometry
X-ray diffraction (XRD) is an analytical technique employed to examine the crystal structure

of a given material. In the process of XRD, a crystalline sample is irradiated by X-rays with a
specific wavelength. Typical X-ray targets are copper and molybdenum, employing their Kol
radiation as X-rays.!”

Due to the interaction of the incident beam with the electron shell of the lattice atoms, the x-
rays are elastically scattered. Most scattered X-rays cancel each other out through destructive
interference. However, in specific directions, X-rays interfere constructively, generating a
diffraction pattern. The angles of constructive interference can be determined by applying

Bragg’s law (eq. 3.1) .!%3

nA = 2dsin0® 3.1

The diffraction condition is met, if incident X-rays with a wavelength A hit parallel lattice planes
with the distance d under an incident angle ®. Under such conditions, the phase difference
between the diffracted beams is such that the x-rays add constructively, resulting in the
production of a reflected peak. Figure 3.1 illustrates the diffraction condition based on Bragg’s
law. In XRD, the angular signal is measured in order to determine the angle at which the
diffraction condition is met. The application of Bragg’s law allows for the calculation of the
interatomic distance of the sample in different crystallographic directions, thus facilitating the

identification the atomic structure of the sample.
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Figure 3.1: Schematic sketch illustrating Bragg’s law and the diffraction conditions necessary
for constructive interference. The lattice is highlighted in red. X-rays with a
wavelength of A are black. The phase difference that permits constructive

interference is indicated in green.

A phase analysis of the crystalline phases was conducted for the as-prepared samples,

employing XRD (STOE Stadi P, Cu Kal radiation » = 1.54060 A, Ge(111) monochromator).

3.2 Transmission Electron Microscopy

The in situ TEM gas and vapor experiments were performed employing two different
experimental configurations: an open and closed cell configuration. Both systems have different
properties, which were derived in chapter 2.5.4. The specifications and techniques used in this

work are deduced in the upcoming chapter.

3.2.1 Environmental Scanning Transmission Electron Microscopy — Open Cell
Configuration

Environmental in situ gas and vapor STEM experiments using an open cell configuration were
performed on a HF5000 (Hitachi High-Tech, Krefeld, Germany). The scanning transmission
electron microscopy has a probe corrector for spherical aberrations, a cold field emission gun
(FEQ), a nozzle for gas injection and several detectors for image acquisition and spectroscopy.
An overview of the HF5000 specifications can be found in Table 3.1.

In situ gas experiments were performed using the open cell configuration of the HF5000. A
schematic illustration is shown in Figure 3.2. The type and quantity of gas is controlled by a
gas mixing station and a mass flow controller. The gas is injected into the column via a nozzle

near the sample, increasing the pressure of the column locally.
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Electron acceleration voltage [kV] 60, 80, 200

Beam current [pA] 4-135

STEM resolution @ 200 kV and 100 pA [pm] <78

Collection semi-angle BF and DF [mrad] 0-8.5; 60 -300

Energy resolution cold FEG [eV] <04

EDX energy resolution [eV] <72

EDX Solid angle [sr] 2

Specimen pressure [Pa] <15Pa

BF, DF, SE detector Hitachi High-Tech

Spherical aberration corrector Hitachi High-Tech

EDX - AztecEnergy with 2 Ultrim Max TLE detectors Oxford Instruments

EELS - CEFID spectrometer CEOS
Table 3.1: Specifications of the HF5000
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1 1 1
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: H H :
: ™R Residual gasl : Gas mixing station Mass flow controller : : Aperture :
: analyser : : : : o :
: : : :: ___.:.:_T_’_L Nozzle olumn pressure:
i 3 H = R ® i
1 1 1 ! 1
1 h h i P |
1 1 1 !
i - hO=— !
1 Metering H Pressure 1 Sample P H
I valve : 1 regulator : I holder |Sample :
: I : 1 : chamber s 1
| ¥ N = :
1 1 1 Valve 1
1 : 1 : ! Post :
l‘ H,O CHsOH ! ‘\ Ha O, ! ‘\ column !
S ‘/' M ,/I Moo ’/

Vaporiser Gas Supply System Microscope Column

Figure 3.2: Schematic illustration of the environmental setup of the HF5000, consisting of a

self-constructed vaporizer, a gas supply system and the open cell STEM system.

Green colouring indicates an open valve.

During the ‘in situ mode’ of the HF5000, the specimen chamber of the column is differentially
pumped by an additional turbo molecular pump (TMP), while the ion getter pumps (IP) are
protected. The gas is prevented from penetrating regions of high vacuum levels (e.g. FEG) by
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additional, small apertures and thus confined to the sample chamber, as highlighted in yellow
in Figure 3.2.

15 T T T T T

Sample pressure [Pa]

T T T
0.00 0.02 0.04 0.06 0.08 0.10 012
Column pressure [Pa]

Figure 3.3: Calibration of the sample pressure assigned to the corresponding column pressure,

which is measured at the side column, shown in Figure 3.2.

The pressure in the column is set by the pumping speed of the vacuum pumps and the mass
flow and remains constant once equilibrium is reached. As the nozzle is close to the specimen,
the actual sample pressure is higher than the measured column pressure. A calibration is given
in Figure 3.3. A maximum oxygen mass flow of 5 sccm translates to a sample pressure of ~12
Pa.

The vaporizer system was custom-built and enables the evaporation of water and methanol in
order to enable an injection into the microscope column in a gaseous form. For evaporation, the
residual air in the liquid tanks is first pumped out. Freezing prevents the liquids from
evaporating. When the tanks and tubing are under vacuum, the metering valves are closed and
gas phases of the respective liquids are formed. The ratio between the gases is qualitatively
controlled by adjusting the metering valves. A residual gas analyser, which is connected to the
vaporizer system, allows a semiquantitative analysis of the gas contents. In addition, this setup

allows the saturation of carrier gas such as hydrogen with methanol and water.

The sample is prepared on a MEMS heating chip with holey, electron transparent SiN
membranes, allowing TEM imaging. A single tilt heating holder MHS-5000 (Hitachi High-
Tech Canada, Toronto, Canada) is applied to contact and control the MEMS heating chip. The
sample is located in the centre of a heating spiral, which is resistively heated by an electric
current passaging through the wire, enabling a temperature of up to 1100 °C. Two additional
contacts measure the temperature and regulate the heating current applied. The holder and the

chip design are shown in Figure 3.4.

33



Materials and Methods
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Figure 3.4: Schematic representation of the heater holder and the corresponding MEMS chip.
The sample is prepared on the SIN membrane in the centre of the heating spiral.
Holder sketch is taken and modified from reference.!**

3.2.2 Micro-Electromechanical System Reactor — Closed Cell Configuration

Closed cell experiments were conducted on the Climate™ system (DENSsolutions B.V., Delft,
Netherlands). The Climate™ in situ holder consists of a gas inlet and outlet, a MEMS heating
chip pair with two electron transparent windows, as shown in Figure 3.5. The electron
transparent windows form a nanoreactor for the sample and gas that is decoupled from the
vacuum of the column. The sample is prepared on the heating element of a MEMS chip, which
allows temperatures of up to 1000 °C. A four-point measurement is employed to determine the
electrical resistance, which is then used to estimate the temperature of the sample. Reactive gas
is supplied to the sample via the gas inlet and outlet. Tubes inside the holder enable gas transport
from the back to the reactor. The reactor is encapsulated due to O-rings and electron transparent
windows, protecting the vacuum of the microscope and enabling reactor pressures up to 2 bar.
Similar to the open cell configuration, a gas mixing station sets the type of gas and its mass
flow. The gas is directed from the gas mixing station to the vaporiser unit, as shown in Figure
3.6. The vaporiser consists of a dry and wet line. The dry line acts as by-pass. Thus gas, which
is directed through the dry line, proceeds unaffected to the reactor. The wet line operates similar
to a gas washing bottle: The carrier gas bubbles through the selected liquid, is saturated and
carries vapor to the reactor. The wetness of the carrier gas can be adjusted by the amount of
gas, which is led through the dry line. The ratio between gas proceeding through the wet and
dry line is controlled by a needle valve. The wet line can be closed by a ball valve.
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Gas in situ holder
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Figure 3.5: An overview image of the Climate™ in situ holder and an exploded view of its tip
are shown. A working scheme of the tip illustrates the configuration of the

components. Images are taken and modified from reference.!*>

The gas exiting the in situ holder is analysed using a mass spectrometer, which enables to
measure the reaction products directly, thereby allowing an estimation of the performance of

operando experiments. Figure 11.1 shows the experimental setup in the laboratory.
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Figure 3.6: Schematic illustration of the in situ closed cell configuration consisting of a gas

supply system, a vaporiser, a MEMS holder inside a TEM and a mass spectrometer.

Experiments that require the use of the Climate™ system can generally be conducted on any

transmission electron microscope, as long as it has a suitable stage and pole piece gap. In this
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work, all in situ gas experiments using the closed cell configuration were performed on a Titan
80-300 TEM (ThermoFisher Scientific, Waltham, MA, USA)!®. The transmission electron
microscope exhibits a field emission gun (FEG) and an image corrector for spherical
aberrations. It was operated at 300 kV and has an information limit < 100 pm at 300 kV'%,

3.2.3 Energy-Dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is an analytical method that employs electron
microscopy to examine the chemical composition of a material.!*”»!® In EDX, inelastic
interaction of the electron beam with the electron shell of the investigated material triggers the

emission of characteristic X-rays.

Incident electron

beam Characteristic X-ray

’

La Padl®
S @ S @ Knocked-out
e electron
e e

Figure 3.7: Schematic illustration of the inelastic interaction between an electron beam and an
electron shell during EDX. The incident electron beam interacts with a shell
electron (I), which is excited and subsequently knocked out of its ground state (II),
generating an electron hole. An electron from an upper energy level replenishes the
hole and emits a photon with an energy AE (III), which represents the energy
difference between the levels. Such photons are detected during EDX and allocated

to an element. Ka, KB and La transitions are displayed as illustration.

The incident electron beam excites and thus knocks out a shell electron from its ground state,
thereby generating an electron hole on that energy state. In order to restore the energetically
most favourable state, an electron from an upper energy state will replenish the generated hole.
As aresult, a photon is emitted with an energy AE, which is equivalent to the energy difference
between the upper and lower state. The transitions are named after the shell in which the hole
is generated and the shell the replenishing electron is from. For instance, the transition from the
L to K shell emits Ka radiation with a discrete photon energy, which is characteristic for the

specific element. EDX is primarily a qualitative analysis, although it can also provide
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quantitative data on chemical compositions with an accuracy of a few weight percentages. The
detection of light elements with an atomic number below 5 is typically not feasible with EDX.
Figure 3.7 illustrates schematically the inelastic interaction between incident electron beam and
electron shell. Given that X-ray emission is locally triggered by an electron probe, the scan of
the probe over the sample, as it is conducted during STEM, allows for the acquisition of an
elemental map. This is achieved by the probe scanning the sample and the subsequent

reconstruction of the signal at each location. !°7-1%

In the present experimental setup, an AztecEnergy EDX system (Oxford Instruments,
Abingdon, United Kingdom) with 2 Ultim Max TLE detectors with a solid angle of < 2 sr was
applied.

3.3 Electron Beam Dosimetry

Many materials are highly sensitive to electron beam radiation, which is why it is crucial to
quantify the electron dose to which the sample is exposed during STEM experiments. The
electron dose per frame Drin STEM experiments was determined according to Egerton'® (eq.
3.2).

Iy 32
or=(3)u

Where tris the frame time, Iv the beam current and A the frame area on the sample. A frame
time of 20 s was applied using the HF5000 and the frame area is set by the magnification. The
beam current depends on the selected aperture and column operation mode, as illustrated in
Table 3.2. As the HF5000 has a cold FEG, whose current decreases over time, the values should

be considered a guideline only.

Column operation Apt.1 Apt. 2 Apt. 3 Apt. 4 Apt. 5 Apt. 6

UHR 197.1 10.8 8.9 6.3 4.6 0.9
HR mapping 1421.8 70.6 60.8 42.4 28.1 54
HR 3056.6 158.4 133.9 84.6 56.5 11.8
Normal 132953 | 673.5 560.1 393.3 251.9 47.8

Table 3.2: Beam currents given for different column operation modes and apertures in pA. The
diameter of the apertures decreases with number. HR mapping and HR modes with
apt. 3 and 4 were used most frequently during STEM experiments. Beam currents
were measured with a Faraday cup shortly after flashing the cold FEG.

Since HR mapping and HR mode were most frequently used with aperture 3 and 4, some

exemplary dose values are calculated with these settings using eq. 3.2. Magnifications between
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500k x and 1200k x will be termed “high” and between 50k x and 200k x are considered
“medium” magnifications. Table 3.3 provides the upper and lower limits of beam doses for
medium and high magnifications. Medium magnifications generate a dose per frame in the
range of 10° - 107¢”/A2, while high magnifications have a frame dose range of 107 - 10%¢7A2.

High [e/A?] Medium [e¢7/A%]
Column operation | Aperture
500k 1200k 50k 200k
3 3.7-107 21.2-107 |3.7-10° 59.4-10°
HR mapping
4 2.5-107 14.8 - 107 2.6-105 41.4-10°
3 8.1-107 46.7-107 | 8.2-10° 130.7 - 10°
HR
4 5.1-107 29.5-107 5.2-10° 82.6 - 10°

Table 3.3: Overview of electron beam doses shown for different column operation settings and

apertures.
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4 Calcination of Palladium Nitrate Supported on Zinc Oxide

Using In Situ Scanning Transmission Electron Microscopy

The contents of the forthcoming chapter were published on 16 May 2024 in the journal ‘Small
Science’ under the title ‘In Situ Scanning Transmission Electron Microscopy Calcination of
Palladium Nitrate Supported on Zinc Oxide’>®. The following contributions were made by the
co-authors Marc Heggen, Rafal E. Dunin-Borkowski and Marc Armbriister: M.H. contributed
to the planning of the experimental work, participated in discussions and undertook
proofreading of the manuscript; R.D.B. supported discussions and proofreading of the
manuscript; M.A. prepared the samples under investigation, conducted the XRD and DTA/TG
measurements and contributed to the planning of the experimental work, discussions and
proofreading of the manuscript. All other contributions, e.g. reviewing the literature, planning
and preparation of the experimental work, execution of the STEM experiments, data analysis,
preparation of the manuscript and figures, and incorporation of the reviewers' comments, were

made by the author of this thesis. All figures are reproduced with permission.

Calcination is the process of heating a chemical substance in an oxygen-containing atmosphere
to remove volatile components and impurities such as carbonates or nitrates. Calcination
treatments are critical in the preparation of many supported, metallic nanoparticles.?*! 2% The
selected calcination parameters have a strong effect on the properties of the nanoparticles.
Composition, morphology, size and crystal structures can be affected by calcination. Since such
metallic nanoparticles are often employed as catalysts and their properties are crucial for their
catalytic performance, the calcination of nanoparticles plays a pivotal role for their catalytic
performance. Consequently, calcination of nanoparticles has been the subject of several studies
in the past.2>2% The vast majority of the studies have investigated the post-reaction states after
calcination. However, such ex situ studies do not resolve intermediate states and the dynamic
behaviour of the system during calcination. Environmental scanning transmission electron
microscopy (E-STEM) is well suited to investigate the in sifu state of nanoparticles, as it
combines the required spatial resolution with the reactive gas atmosphere and temperature. To

date, only very few studies have utilized in situ STEM to study calcination phenomena.?!%2!7

In a study conducted by Epicier et al.?!!, the calcination and reduction of Pd nanoparticles on
O-alumina were examined at temperatures between 150 and 450 °C using E-STEM. The
findings of their study indicated that particle mobility is limited at calcination temperatures
below 450 °C, with the observed size increase mainly attributed to Ostwald ripening. Moreover,
the authors demonstrate that E-STEM is an effective method for investigating the in situ
evolution of nanoparticles. In an in situ TEM study, Zhang et al.>'” demonstrate the structural
change in supported palladium-ceria core-shell nanoparticles at calcination temperatures
between 500 and 800 °C. At 500 °C, the researchers report the separation of single Ce atoms

from smaller nanoparticles, resulting in the formation of non-crystalline “clouds”. At 650 °C,
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such clouds underwent a restructuring process, forming clusters that were anchored to
neighbouring nanoparticles. Fiordaliso et al.?'® employed environmental TEM to investigated
the morphological changes of GaPd, nanoparticles supported on SiO> during calcination at
260 °C and reduction at 550 °C. The environmental TEM studies demonstrate that the size and
distribution of the intermetallic nanoparticles, which are frequently used in CO2 hydrogenation
reactions, were determined upon calcination. During reduction and hydrogenation, no
significant change was observed. All of aforementioned papers report features that can only be
unravelled in situ. This emphasises the necessity for in situ TEM investigations to gain a
comprehensive understanding of the dynamic changes of supported nanoparticles during

calcination.

A highly interesting material system prepared by a preceding calcination step consists of the
intermetallic compound ZnPd, which is supported on ZnO. This material system displays
excellent catalytic properties in a number of heterogeneous catalysis reactions, including
methanol steam reforming (MSR)*, the reverse water-gas-shift reaction (RWGS)*!® and
selective hydrogenation reactions®” %, It is anticipated that the calcination parameters will have
an influence on the nanostructure of the supported particles, although this has not been

examined in any great detail, nor under in situ conditions.

The present systematic study aims to gain a deeper understanding of the structural changes that
occur in palladium nitrate supported on zinc oxide in a calcinating environment, and to elucidate
the impact of these changes on particle morphology and chemical properties. Palladium nitrate
is subjected to in situ heating from 100 to 500 °C at 1.5 Pa oxygen pressure using E-STEM.
The material system is investigated simultaneously at the nanoscale level, with transformation
processes such as agglomeration and decomposition studied as a function of the corresponding
parameters during the calcination process. Furthermore, the high temperature behaviour of
supported PdO/ZnO is studied by heating the sample in vacuum up to a temperature of 800 °C
employing in situ STEM. The E-STEM capabilities employed facilitate the precise
determination of material properties, including the decomposition temperature of palladium
nitrate and zinc oxide. Ex sifu experiments are conducted under identical calcination
temperatures and dwell times but higher oxygen pressures to investigate the influence of the
pressure difference and the predictive power of the E-STEM experiments. In light of these
findings, the objective of this study is to provide guidance for the enhancement of control over

the preparation of PdO nanoparticles and their size.

4.1 Experimentals

Palladium nitrate samples with varying loadings were prepared following the synthesis protocol
outlined in chapter 3.1.1. TEM samples of Pd(NO3) supported on ZnO (3 and 5 wt.-% loading)
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were prepared using two different methods. For the dry preparation method, the palladium
nitrate powder was collected using a dropper tip and gently blown on a MEMS heating chip.
The sample's proper placement on the chip, particularly on the SiN windows of the MEMS
heating chip, was then confirmed using an optical microscope, as shown in Figure 11.2. If the
catalyst powder was not properly positioned on the transparent windows or heating spiral, the
process was repeated. The HTN-101H MEMS heating chips were supplied by Norcada Inc.,
Edmonton, Canada.

For the wet preparation method, the sample powder was mixed with ultra-pure water and
suspended by shaking. A 10 pl tip on an Eppendorf pipette was used to transfer the suspension
onto a MEMS chip using the drop-cast method. The sample was then dried under normal
laboratory conditions. An optical microscope was used to inspect the sample, similar to the dry
preparation process. Both casting methods yielded comparable sample distributions on the
MEMS chip. The specimens were stored in a vacuum desiccator until needed. Prior to
transitioning into the electron microscope, the specimens were treated under UV light at 10%
air pressure for a period of 5 minutes and subsequently plasma cleaned for a duration of 10s in
an Ar atmosphere. This process was conducted employing to instruments: a Hitachi ZONETEM
I sample cleaner (Hitachi High-Technology, Krefeld), and a Fischione Instruments 1020
plasma cleaner (E.A. Fischione Instruments Inc., Export, USA)?!°.
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Figure 4.1: Heating profile of the in situ calcination E-STEM experiment, heating regions of

interest and image times are enlarged.
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The in situ calcination experiment was conducted using E-STEM on a Hitachi HF5000
operating at 200 kV. Detailed specifications of the instrument are given in chapter 3.2.1. The
specimens were subjected to a specific heating profile which is shown in Figure 4.1. First, the
temperature was increased from room temperature to 100 °C and held for 15 minutes.
Subsequently, the temperature was risen by increments of AT = 10 °C and maintained for a
period of 3 minutes, until 210 °C was reached. Subsequently, the temperature was increased to
400 °C, maintained at 300 °C and 350 °C for a duration of 3 minutes between each increment.
In the temperature range between 400 °C and 500 °C, the temperature profile was controlled in
a manner analogous to that employed between 100 and 210 °C. Subsequently, the sample was
heated at 500 °C for a period of 30 min. A heating rate of Tjeqting = 1 °C/s was applied for
every heating step. Ultra-pure oxygen (99,99%) was introduced into the microscope column
with a mass flow rate of m = 1 sccm resulting in a column pressure of Pcopmn = 2,0 -
1072 Pa and a corresponding specimen pressure of Dspecimen = 1,5 Pa. The TEM in situ
calcination was repeated three times. The decomposition of ZnO was studied under the
following conditions: The sample was heated in vacuum continuously from 500 to 650 °C, with
a dwell time of 3 min at 600 °C. The temperature was increased in 10 °C increments between
1

650 and 800 °C, with each increment held for 3 min. A heating rate Tjeqting = 1 °Cs™" was

applied during every heating ramp. An illustration of the heating ramp is provided in Figure
11.11.

4.2 Results of In Situ Calcination of Supported Palladium Nitrate

Decomposition of Palladium Nitrate — Calcination Temperature between 100 and 200 °C

Figure 11.3 shows XRD measurements of sample with different palladium loadings. All
reflexes can be assigned to ZnO, thereby identifying the support of the system. Accordingly,
no XRD signal could be attributed to any particular Pd species. Figure 4.2 shows an E-STEM
image series of a cluster of palladium nitrate nanoparticles supported on zinc oxide recorded
during an in situ heating experiment from 110 to 210 °C in an oxygen atmosphere at 1.5 Pa. BF
images, DF images and corresponding FFT are shown. Further results are displayed in Figure
11.4. This heating sequence was continued up to 500 °C at the identical sample location
illustrated, as shown in Figure 4.7 and Figure 11.8. At 110 °C, the palladium nitrate
nanoparticles are attached to the ZnO support. Palladium nitrate forms dense clusters of
nanoparticles that strongly attach to both the ZnO support and neighbouring nanoparticles.
Single nanoparticles within the cluster can still be identified. The cluster is coated by an
amorphous surface layer. A comparison between dark DF and SE images, as shown in Figure
4.3, indicates that most particles can be located on the support surface.
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Figure 4.2: E-STEM image series of the in situ calcination of PA(NO3)2/ZnO in oxygen. Upper
row: BF image series; middle row: corresponding DF image series; lower row: FFT
series of corresponding particle cluster. New reflections appear at temperatures >
170 °C. Figure is taken with permission from reference?®.

Figure 4.3: The DF and SE images of the support-particle structure between Pd(NO3)2 and ZnO
at room temperature are in correspondence, indicating that the majority of the

particles is located on the surface. Figure is taken with permission from reference®®.
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The particle size is determined by measuring the diameter with two perpendicular lines. To

ensure consistency in the analysis, only those structures that are clearly visible in the DF and

crystalline in the BF are considered for comparison. The diameters are averaged and the

standard deviation is calculated as the error. Figure 4.4a shows the mean diameter as a function

of temperature. At 110 °C, the mean size is dq19 = 2,4 + 0,9 nm. The relatively high standard

deviation is attributed to the fact that fewer than 30 particles are examined. The morphology of

the particles and support material remains unchanged until ~160 °C.
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Figure is taken with permission from reference?®.
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At elevated temperatures, initial microstructural changes emerge: The aggregation of
nanoparticles occurs at a slow rate, resulting in an increase in average particle size to
2.6+ 0.7 nm at 160 °C and 3.4 = 1 nm at 200 °C, as shown in Figure 4.4a. In the temperature
range between 160 and 180 °C, a notable increase in particle size is observed. Interestingly, an
additional increase in temperature up to 300 °C does not result in a further increase in particle
size; the average particle size remains at 3.5 £ 0.9 nm. The temperature range of the size
increase corresponds to the decomposition temperature of Pd(NOs), found in the DTA
measurement, which is displayed in Figure 4.5. The DTA results show the presence of an
endothermic signal at ~175 °C and an endothermic shoulder from 165 to 200 °C. These
temperatures are in accordance with those measured in the in situ STEM experiment. An
additional indicator of the phase transformation from Pd(NO3)2 to PdO is the alteration of the
interatomic spacings of a particle, which is monitored in two directions while heating as
illustrated in Figure 4.4b. The directions and labels are provided in Figure 11.5. A comparable

behaviour is evident in this instance: The interatomic spacings remain unchanged at g1,9oc =
2,8 + 0,1 A and hyp9oc = 2,5 + 0,1 A below 170 °C.

“

Calcined
at 220°C

Figure 4.6: BF and DF images of pristine sample (top row) and the identical location after
calcination at 220 °C in the E-STEM (bottom row). The locations were not exposed
to the electron beam during the in situ calcination experiment and were imaged
solely prior to and following the reaction in vacuum at 60 °C. Figure is taken with

permission from reference?®.
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The complex crystal structure of palladium nitrate and the uncertain quantity of water present
pose significant challenges to the clear assignment of interatomic spacings. However, the lattice
spacings may correspond to anhydrous PA(NO3), (1 1 -3) lattice parameter of 2.39 A, (1 -2 0)
of 2.47 A, (10 -3) 0f 2.56 A and (0 2 1) of 2.77 A.2?° For a hydrate crystallite, the PdA(NO3); -
2(H20) (1 3 1) lattice spacings of 2.80 A, (04 1) of 2.58 A, (02 4) of 2.56 A, (1 0 4) of 2.52 &,
(200)0f 250 A, (1 14) of 2.46 & and (0 4 2) of 2.41 A are close to the measure lattice
spacings.??! At temperatures T > 170 °C, the spacings in direction g increase to g,;9oc = 3,0 +
0,1 A, while direction h shrink to h,goc = 2,3 + 0,1 A most likely corresponding to the PdO
(100) lattice planes with 3,04 A and (110) with 2,15 A ??

The findings are corroborated by the corresponding Fast Fourier Transformation (FFT) images
of the particle cluster shown in Figure 4.2. During the heating treatment, the initial continuous,
diffuse FFT ring, indicative of the presence of an amorphous phase, changes into sharp spatial
frequencies above the transformation temperature (T > 170 °C). This change indicates the

formation of a new crystalline structure.

In order to evaluate the electron beam effect on the system during calcination, a reference
location was only imaged before and after the introduction of reactive conditions. Figure 4.6
shows such reference locations following a calcination treatment at 220 °C. The observed
changes in the structure of the reference locations are consistent with the results obtained
through in situ observation. After the calcination treatment, nanoparticles exhibit a higher DF

and BF signal and increase in size.

Stable Calcination - Calcination Temperature between 200 and 400 °C

Figure 4.7 provides an overview of the morphology of the PdO/ZnO system over the
temperature range between 200 and 400 °C.

,

Figure 4.7: A series of BF E-STEM images were recorded over a temperature range of 200 to
400 °C. The morphology of the PdO/ZnO particles was found to be largely
unaffected by the temperature rise. However, a small increase in size of individual
nanoparticles was observed at higher temperatures. Figure is taken with permission

from reference®®.
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At this temperature range, most PdO nanoparticles demonstrate no notable increase in size.
However, isolated cases of growth in size are observed. Measuring this slight growth is difficult
because the nanoparticles are closely packed and lack clear boundaries. The ZnO support resists
any decomposition or morphological changes. Figure 4.8 shows the surface evolution of the
system during calcination between 300 and 400 °C at a lower magnification. As illustrated in
Figure 4.8, remote nanoparticles exhibit no significant growth. The SE signal of the
nanoparticles increase with temperature. To conclude, the structure and morphology of the
PdO/ZnO system is largely unaffected by the temperature rise from 200 to 400 °C.

50 nm

Figure 4.8: A series of SE images was captured at different heating steps between 300 °C and
400 °C. No particle movement or agglomeration was observed. Figure is taken with

permission from reference?”.

Agglomeration of Nanoparticles and Nanorod Formation - Calcination Temperature
between 400 and 500 °C

Figure 4.9 illustrates the E-STEM results obtained from an in situ calcination experiment
performed at 1.5 Pa oxygen pressure between 300 and 500 °C. Three ROIs, indicated by green
circles, demonstrate the evolution of PAO nanoparticles during the calcination treatment. Within
this temperature range, structural changes in the PAO/ZnO system begin to occur. A detailed
examination of the surface during heating first reveals particle movement, rounding, and
agglomeration at temperatures between 450 and 460 °C. At 450 °C, the PdO nanoparticles
depicted in Figure 4.9 exhibit a rough and irregular surface. Figure 4.10 illustrates the structural
changes of a representative nanoparticle at 460 °C. Over 33 s, surrounding nanoparticles
migrate across the surface in the direction of the highlighted particle. Over the next 30 s, the
particles proceed to agglomerate, forming a larger particle that becomes increasingly rounder
due to a relative reduction in the surface area (at 63 s). This agglomeration process changes the
particle shape from irregular to a compact, rounded form. Notably, the alteration of the particles'
morphology is almost complete within the initial 90 s of exposure at 460 °C. Following this

rapid initial change, the particle morphology remains stable.
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Figure 4.9: The SE E-STEM image series illustrates the structural changes that occur as a
result of the temperature rise during the heating treatment between 300 and
500 °C. The areas of interest are indicated by green circles. Figure is taken with

permission from reference?®

It is observed that with each incremental increase in temperature, the aforementioned particle
changes occur, resulting in a discontinuous and step-like evolution of the particle-support
morphology. At 500 °C, the majority of the nanoparticles display a spherical morphology and
have increased in size, which results in a reduction in specific surface area. In some cases,
isolated nanoparticles of a smaller size are present. The analysis reveals that 35 nanoparticles
measuring less than 5 nm exhibited an approximate distance to their closest neighbours of
dneigh = 5.6 * 2.4 nm. This is distinctly larger than the mean approximate particle distance
at 400 °C. In qualitative terms, this distance is dependent on the temperature and size of the
particle, as well as on the sizes of the neighbouring nanoparticles and the support morphology.
Ex situ calcination experiments were conducted at ambient air pressure at 500 °C with a
180 min dwell time. PdO loadings of 1, 3 and 5 wt.-% on ZnO were calcined under identical
conditions. Representative SE images of these samples and their particle size distributions are
shown in Figure 4.11. Particle size histograms for the corresponding loadings are present in

Figure 11.6. At 500 °C and 3% loading, the mean particle size is d3o, 500 = 8.3 £ 4.2nm. It
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is noteworthy that the 1% and 5% loadings exhibit comparable mean particle sizes at 500 °C,
with dyg 500 = 8.3 £ 4.4nmand dsy, 500 = 7.6 * 2.5nm.

Figure 4.10: The SE E-STEM image series depicts the process of particle merging at 460 °C in
an oxygen environment. The time stamps indicate the period after 460 °C was
reached. The red dotted lines mark a group of selected particles, illustrating the
dynamics of their movement and agglomeration of these particles over time. The
insets provide a magnified view of selected regions of interest. Figure is taken with

permission from reference®®.
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Figure 4.11: The SE images on the left illustrate the impact of varying PdO/ZnO loadings (1%,
3%, 5%) on calcined samples at 500 °C for 180 minutes under ambient conditions.
The plot on the right illustrates the corresponding particle size distribution. Figure

is taken with permission from reference®®.
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5nm

Figure 4.12: Series of high-resolution BF images of a single particle undergoing structural

evolution as a result of heating from 400 to 500 °C. The formation of a nanorod

occurs beneath the nanoparticle. Figure is taken with permission from reference®®.

Particle [A] 22+0.1 1.2+0.1 2.2£0.1
Neck [A] / 1.320.1 1.940.1
PdO (110)-2.15A  Pd (111)-2.25A ZnO(002)-2.61A  ZnO(102)-1.91A

Figure 4.13: Phase identification via determination of lattice spacings. Corresponding FFT
images are shown in Figure 11.9. PdO (110) is highlighted in green, ZnO (002) and
(102) in red, Pd (111) in blue. The lattice parameters are taken from reference??>?23,

Figure is taken with permission from reference?.

In addition to the agglomeration kinetics discussed above, the calcination process was examined
at high magnification to show the structural evolution on the atomic scale between 400 and
500 °C at 1.5 Pa oxygen pressure. Figure 4.12, Figure 11.7 and Figure 11.8 illustrate the
morphological evolution of the nanoparticles. As illustrated in Figure 3.12, the PdO
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nanoparticle is polycrystalline and is attached to a flat ZnO support edge at 400 °C. During the
heating treatment, the PdO nanoparticle undergoes a restructuring process, forming surface
facets at 460 °C, and developing a single-crystalline structure. This is evidenced by a change in
FFTs, as illustrated in Figure 11.9.

At 400 °C, the lattice spacing of the particle is dpqriciea00 = 2.2 + 0.1 A, which corresponds
to PdO (110) with dpgo = 2.15 A*?? highlighted in green in Figure 4.13. At 460 °C, the
measured lattice spacing decreases t0 dpqricieaco = 1.2 1 0.1 A, which is indicative of a
mixed phase during the transformation to metallic Pd. At 500 °C, the lattice spacing of the
nanoparticle is dpgrticies00 = 2.2 + 0.1 A, which is in close agreement with that of Pd (111),

which has a lattice spacing of dpg = 2.25 A*?, indicating that PdO is converted to fcc Pd.

|

Calcined
at 500°C

Figure 4.14: BF, SE and DF images of a pristine sample (top row) and the identical location
after calcination at 500 °C in the E-STEM (bottom row). The illustrated reference
locations were not exposed to the electron beam during the in situ calcination
experiment and were imaged only before and after the reaction in vacuum at room
temperature. The green arrows indicate locations where ZnO nanorods formed.

Figure is taken with permission from reference?’.

In order to evaluate the effect of the electron beam, reference locations were imaged before and
after calcination at 500 °C, allowing for a comparison of the pre- and post-calcination states.

Figure 4.14 shows BF, SE and DF images of such reference locations. The nanoparticles exhibit
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a more pronounced BF and DF contrast following calcination, indicating a change in
composition and/or an increase in thickness. In general, a growth of the nanoparticles compared
to the pristine ones can be observed. At specific locations, nanorods are formed during
calcination, as indicated by the green arrows in Figure 4.14. A formation of nanorods is also

shown in Figure 11.10.

Decomposition of Zinc Oxide - Calcination Temperature between 500 and 800 °C

After in situ calcination, the high temperature behaviour of supported PAO/ZnO was studied by
using in situ STEM during heating in vacuum at a pressure of < 10 Pa. The sample was heated
continuously from 500 to 650 °C, with a dwell time of 3 min at 600 °C. Subsequently, the
temperature was increased in 10 °C increments between 650 and 800 °C, with each increment

maintained for a period of 3 minutes. A heating rate r = 1 °C/s was applied throughout each

temperature change. An illustration of the heating ramp is given in Figure 11.11.

Figure 4.15: SE and corresponding DF image series of PdAO/ZnO decomposition between 600
and 690 °C. The red arrow indicates faceting of the ZnO support, while the green
arrows point out the agglomeration of PdO particles. The dotted blue line illustrates

the shrinking of the ZnO support. Figure is taken with permission from reference®®.

Figure 4.15 provides the experimental data acquired in the temperature range between 600 to
690 °C. At 600 °C, the support-particle structure is similar to that found at 500 °C. Smaller Pd
nanoparticles agglomerate to form particles with sizes of ~10 nm. The support undergoes no
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decomposition and has a regular, unfaceted surface. At 660 °C, the ZnO surface starts to
become faceted, as indicated by the red arrows in SE image in Figure 4.15. At a temperature of
690 °C, an increased number of facets is observed. At the same time, the ZnO support shrinks
and decomposes, as marked by the dotted blue lines. As a consequence of the shrinkage of the
support and an increase in temperature, the nanoparticles become more mobile and continue to

agglomerate and grow in size, as illustrated by green arrows in Figure 4.15.

The morphological changes in the Pd/ZnO system that are triggered at temperatures between
700 and 790 °C are summarized in Figure 4.16. At temperatures over 700 °C, the system further
destabilizes. Between 700 and 760 °C, the support decomposes, until the region of interest
vanishes at around 770 °C. Smaller nanoparticles, which are more exposed to the atmosphere,
disappear more rapidly. Thus, the decomposition speed of the ZnO appears to be affected by
the surface, which exposed to the atmosphere. At the same temperature, Pd nanoparticles grow

due to decrease in support volume. At 740 °C, Pd starts to form facets, as indicated by the red

circles in Figure 4.16.

Figure 4.16: The DF image series illustrates the high-temperature properties of PdO/ZnO
between 700 and 790°C. The dotted blue line highlights the shrinking of the ZnO
support, while the red circles indicate the faceting of the PdO particle. Figure is

taken with permission from reference®®.
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4.3 Discussions

The calcination temperature has a pronounced effect on the structure and composition of
supported palladium nitrate nanoparticles. Consequently, the calcination treatment can be
classified into four distinct temperature ranges, each of which exhibits a particular influence on
the nanoparticle system. These include the decomposition of palladium nitrate, stable

calcination, the agglomeration of nanoparticles, and the decomposition of the ZnO support.
Decomposition of Palladium Nitrate

The first temperature range between 110 and 200 °C shows the decomposition of palladium
nitrate. The absence of XRD peaks corresponding to any particular Pd species is based on the
small crystallite size and low Pd loading of the investigated samples. The amorphous layer,
observed on the surface of the pristine nanoparticles, is likely caused by contamination from
residual hydrocarbons, which are adsorbed during sample preparation. Another possibility is
that the layer may originate from the nitrate ligands of palladium nitrate, which is a coordination
polymer. The weak DF signal of the surface layer in Figure 4.2 suggests the absence of Pd. As
the amorphous layer decomposes with increasing temperature, it may be incorporated into the

nanoparticle.

The initial growth in nanoparticle size can be attributed to the calcination reaction, where
palladium nitrate is converted into palladium oxide. This size increase may also be driven by a
reduction in surface area and hence minimisation of the free surface energy of the system. The
temperature at which the size increase occurs aligns well with the DTA results. The
endothermic signal found in DTA indicates the decomposition of palladium nitrate. The onset
temperature of the endothermic signal (165 °C) matches the value reported by Bruns et al. 2%
for anhydrous palladium nitrate. However, their maximum decomposition and final temperature
are higher. The present thermal discrepancy likely arises from variations in morphology and
heating rates. In the present in situ study, the crystallites are in the nm-size range, while Bruns’
study involved palladium nitrate crystallites in the pum-size range. The nanoparticles possess a
higher surface energy and are less stable, which promotes their decomposition and explains the
lower temperatures. Moreover, Bruns ef al. employed a heating rate of 10 K/min during the
DTA measurement, which is higher than 2 K/min used in this study. Consequently, the DTA

signal may be delayed and only detectable at elevated temperatures.

The combination of the results obtained from the employed characterisation methods, namely
an increase in particle size, the results of the DTA measurements and FFT analysis, leads to the
conclusion that palladium nitrate is decomposed at ~170 °C, accompanied by an increase in
particle size and the formation of palladium oxide. A comparison between the STEM and
DTA/TG results reveals only a small dependence on the O pressure at which the experiments

are conducted and hence a negligible pressure gap of the calcination reaction. The good
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correlation between reference locations and those that were exposed to the electron beam during

the calcination treatment suggests that the electron beam has a negligible effect.
Stable Calcination Window

In the temperature range between 200 and 400 °C, only those nanoparticles that were closely
aggregated exhibited a slight increase in size. In the absence of particle mobility, it can be
assumed that nanoparticle growth is initiated by surface diffusion and Ostwald ripening. The
presence of this growth mechanism is consistent with the observation that no growth of remote
nanoparticles was observed. The enhanced SE signal, which is observed for specific
nanoparticles at a higher temperature, can be attributed to a facilitated emission of secondary
electrons by thermal activation and thus a superior signal-to-noise ratio. The observation of
only minor growth phenomena occurring at individual nanoparticles provides evidence of the
stability of the system above 200 °C, and thereby supporting the assumption that the discrete
increase in particle size at 170 °C is associated with the phase transformation of Pd(NO3); into
PdO.

These findings align closely with the results of Li and co-workers??*??°. They developed a 5
wt.-% ZnPd/ZnO(-3 Al) catalyst via incipient wetness impregnation with an acetone solution of
Pd(C2H302),, for converting glycerol to 1,2-propanediol. The preparation involved a two-step
calcination process: the support was first calcined at 350 °C for 5 h, followed by calcination of
the impregnated material at 300 °C for 2 hours, and then reduction at 400 °C for 2 hours. The
as-formed average particle size was found to be 1.4 nm for the ZnPd/ZnO(-3Al) particles and
4.5 nm for ZnPd/ZnO. These sizes are consistent with the in situ experimental data obtained
here, despite using different precursors and conditions. The correspondence with the ex situ
experiments conducted by Li ef al. indicates that neither dwell times below 120 min nor
temperatures below 400 °C exert a considerable effect on particle size. Furthermore, the results
suggest that there is a wide stability range for the calcination process, which results in the
formation of uniform, small particles. This enhances the robustness and reproducibility of the
preparation process. Furthermore, these experiments demonstrate that the pressure gap of the
present E-STEM calcination experiments is, if present at all, small. This is an interesting
outcome, given the considerable pressure difference between the E-STEM experiments and
laboratory calcination experiments. During the in situ TEM experiment, the O pressure is
around pggrem = 1.5 Pa, whereas the O; partial pressure in ambient air is about pg;, =
20 000 Pa. Despite the large difference between the O pressure levels and thus the lower
chemical potential of oxygen, the PdO nanoparticles display analogous behaviour and do not
agglomerate. In light of these findings, it can be concluded that the O partial pressure exerts a

minor impact on the mobility of the nanoparticles.
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Agglomeration of Nanoparticles and Formation of Nanorods

The results obtained from the calcination process at temperatures between 400 and 500 °C allow
for the drawing of several conclusions. The nanoparticles, which were calcined ex situ and in
situ at 500 °C, are significantly larger than those prepared by Li et al., which were calcined and
reduced at temperatures below 400 °C and exhibited an average particle size of below
4.5 nm.?>*?%5 Moreover, the mean particle size is only slightly affected by varying Pd loadings
between 1 and 5 wt.-%. It can be concluded that a calcination temperature above 400 °C is the
driving force for particle growth. The mobility of nanoparticles at the surface of the ZnO
support at temperatures above 460 °C, as observed in the in sirzu TEM calcination experiments,
suggests that agglomeration is most likely a main mechanism for nanoparticle growth. In the
case of closely spaced and aggregating nanoparticles, where surface diffusion is energetically
favourable, Ostwald ripening cannot be excluded as mechanism for particle growth. This
hypothesis is supported by Epicier et al.?'!, who observed Ostwald ripening as a mechanism for
particle growth during the calcination of palladium nitrate on §-alumina at temperatures of up
to 450 °C. Given that 400 °C represents the onset temperature for the decomposition of PdO

nanoparticles in an oxygen atmosphere?22?7

, it can be concluded that the underlying reason for
the observed change in morphology is the initiation of atomic mobility in PdO. The observed
correspondence between ex situ and in situ experiments highlights the small “pressure gap”.
These findings suggest that calcination temperatures should not exceed 400 °C, when aiming
at small particles. The resulting small and well-dispersed nanoparticles have a high active

surface area, and are promising to have a good catalytic performance and high mass activity.

By combining the micro- and macroscale effects, it can be demonstrated that PdO
decomposition is associated with enhanced particle mobility and agglomeration, which result
in an increase in particle size. Following the decomposition of PdO nanoparticles, a neck forms
between the nanoparticles and the support. At 460 and 500 °C, the crystal of the neck
correspond to the interatomic spacings of ZnO (002) and ZnO (102), thereby confirming the
identification of hexagonal wurtzite ZnO, which is the typical ZnO nanorod structure??®?2°, This
phenomena is likely triggered by the O atmosphere and elevated temperature and is known as
catalytic formation of ZnO nanorods?*°23*, The observed formation process of ZnO nanorods
under the present experimental conditions can be explained as follows>”: In the presence of a
low partial pressure of oxygen, ZnO may be partially reduced to form oxygen-deficient Zn,O
(x> 1). The mobility of Zn®" increases due to the generation of oxygen vacancies. At the same
time, Pd activates oxygen from the atmosphere and functions as an oxygen donor, oxidising
adjacent Zn®*. The present conditions initiate the formation of an epitaxially growing nanorod,
the length of which is determined by the temperature-dependent equilibrium. This proposed
mechanism is corroborated by the fact that nanorods are exclusively found in the vicinity of Pd

nanoparticles.
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Decomposition of ZnO

The exposure of the ZnPd/ZnO system to temperatures between 500 and 800 °C and vacuum
conditions activates growth of the nanoparticles and strong decomposition of the ZnO support.
Smaller and more isolated regions are affected more strongly due to their higher surface area
and surface to volume ratio. The strong decomposition of the ZnO support at temperatures of
<800 °C may appear unanticipated, since ZnO is known to melt at ambient pressure at ~
1975 °C?¥. However, ZnO is known to dissociate at the surface, forming elemental Zn and O,
at temperatures above ~700 °C. 3¢ As a consequence of the dissociation and the high vapor
pressure of Zn, metallic Zn evaporates and oxygen desorbs. The residual ZnO support
restructures to the energetically most favorable shape and forms facets. The dissociation of
ZnO might also be accelerated by the presence of the electron beam and the low pressure of the

present vacuum.

Conclusions

The calcination of PA(NO3), supported on ZnO was studied in situ using STEM. Decomposition
of the Pd(NO3)2 was observed at approximately 170°C, accompanied by an increase in particle
size. Figure 4.17 illustrates the results at different calcination temperatures. A stable calcination
window was identified between 200 and 400 °C, within which no significant temperature
dependency was detected. At temperatures exceeding 460°C, increased mobility of PdO
nanoparticles on the ZnO surface and their agglomeration were noted. Atomic-scale analysis of
the nanoparticles suggest a transition to metallic Pd. At 660°C, the ZnO support begins to
decompose, exhibiting faceting and structural disintegration as it dissociates into metallic Zn
and molecular O.. These in situ STEM observations are corroborated by corresponding ex situ
calcination experiments conducted under laboratory conditions at ambient pressure,
demonstrating consistency across experimental methods. This synergy facilitates controlled
synthesis of PdO nanoparticles and highlights the influence of calcination parameters, such as
temperature and dwell time. In light of the present results, it can be concluded that in situ STEM
experiments possess a strong predictive power with regard to the calcination of PA(NO3),. The
present findings shed new light on the potential of in situ STEM experiments and their impact

on the controlled preparation of ZnPd nanoparticles.
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Figure 4.17: Schematic summary which shows the effects of different calcination temperatures
at 1.5 Pa oxygen pressure. An increase in calcination temperature leads to a particle
growth. Nanoparticles and their chemical composition are highlighted. Figure is

taken with permission from reference®®.
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S  Reduction of Zinc Oxide Using Environmental Scanning
Transmission Electron Microscopy

The work in this chapter was performed in collaboration with the Massachusetts Institute of
Technology, Cambridge, MA, USA. Hanglong Wu prepared the studied Zinc sample.

Isolating the effects of reactive conditions on a single component of a metal-support system is
challenging due to interfering phenomena and interactions between the components. It is often
challenging to judge whether an effect occurs because of or in spite of an interaction when
supported systems are considered. Therefore, the components must be examined individually
in order to evaluate possible metal-support interactions accurately. This is particularly
important when the experimental conditions differ from typical laboratory conditions, e.g. in
situ experiments using STEM. In such experiments, the electron beam can interact with the

sample and the atmosphere.

During reduction, the interaction between molecular hydrogen and the electron beam may result
in the formation of atomic, excited and ionic hydrogen, which is known to have a higher
reducing potential. The reducibility of metal oxides can be assessed using Ellingham diagrams,
as they show the temperature-dependent change in Gibbs free energy, as derived in chapter 2.4.
A metal oxide is reduced if the Gibbs free energy of reduction is lower than that of oxidation.
As shown in the Ellingham diagram in Figure 2.4, the Gibbs free energy of ionic hydrogen is
15 times lower than of molecular hydrogen. As illustrated in Figure 2.4, ZnO is not reduced by
molecular hydrogen at 200 °C, but by atomic and ionic hydrogen. This makes ZnO an ideal
reference to assess whether a sufficient amount of activated hydrogen species is formed by
electron beam interaction during an in situ reduction experiment. Furthermore, a metal oxide
can be reduced due the absence of oxygen, e.g. a low partial pressure of oxygen. The typical
vacuum pressure applied during TEM experiments is less than 10 Pa. Given that the partial
pressure of oxygen is in a similar range, the partial pressure is insufficiently low to reduce ZnO.
However, the low oxygen pressure associated with a hydrogen atmosphere may have synergic
effects, which facilitate the reduction of ZnO.

This chapter aims to investigate the reducibility of non-supporting zinc oxide using E-STEM.
Zinc with an oxide passivation layer is exposed to a hydrogen atmosphere at 200 °C. The effects
of electron beam exposure on the sample and the atmosphere will be investigated, evaluating if
sufficient amounts of atomic and ionic hydrogen form. Moreover, it is investigated if the
combination of a low oxygen partial pressure and the injection of hydrogen generate conditions
that result in the reduction of ZnO. The in situ study is set out to provide a fundamental
understanding of the reduction behaviour of sole ZnO during electron beam exposure and
reduction. The results are essential for understanding the reduction of more complex and
supported systems.
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5.1 Experimentals

Zn nanoplates were directly deposited onto the MEMS in situ heating chips in a thermal
evaporator integrated in a glovebox (Inert Eng Model PL-HE-4GB-1800). Zn pellets (99.99%
pure) were first placed in a molybdenum (Mo) boat and subjected to heating by a current of
774 A at 2.9 V. Thermal evaporation was then performed at a chamber pressure of
1,6 - 10™* Pa, with a deposition rate of 1-2 A/s until a final thickness of 50 nm was achieved.
The thickness of the Zn layer was monitored by a quartz crystal microbalance (QCM) in the
evaporation chamber. Single crystalline Zn nanoplates were formed on an electron transparent
SiN membrane, as displayed in Figure 5.1. Due to exposure to ambient laboratory conditions,
a thin ZnO passivation layer was formed, encapsulating the Zn nanoparticles. The in situ
reduction experiment was performed on a HF5000 environmental STEM (Hitachi High-
Technology), which was operating at 200 kV in HR and HR mapping STEM mode. The
experimental setup is described in chapter 3.2.1. The evaporation unit was not used and was
disconnected. The sample was heated to 200 °C, when pure hydrogen was injected with a mass

flow of 2.0 sccm into the microscope column, resulting in a specimen pressure of ~1.5 Pa. The

sample was exposed to hydrogen for ~ 50 min.

Figure 5.1: BF, DF and SE image showing a SiN membrane, which is sputtered with single
crystalline Zn particles.

5.2 Results of Zinc Oxide Reduction Experiment

Pristine Zn nanoplates are encapsulated by a 1-2 nm thick ZnO passivation layer, as shown by
the inset in Figure 5.2. Occasionally, ZnO passivation layers, which are continuously exposed
to the electron beam for a long period (> 2 min) at high magnifications in vacuum, are subject
to local structural changes, as illustrated in Figure 5.3. As a result, small features such as
nanorods and islands are formed and disintegrated. Such features are limited to the passivation

layer.
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Figure 5.2: BF and DF image series of hexagonal Zn crystals coated with a ZnO passivation
layer. Time stamps indicate the time of hydrogen exposure. BF images show
particles with Moiré fringes, indicating a complete coverage by zinc oxide. Oxide
layers were not decomposed during the reduction treatment. Insets show interfaces
between Zn and ZnO at a higher magnification.
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The Zn nanoplates remain unchanged. Such changes in structure only occur after imaging at
high magnifications > 1000k x and this investigation is predominantly performed at lower
magnification < 200k x, where beam effects are not observed. After hydrogen injection, the
nanoplates do not undergo any structural changes. The intact structure is highlighted by the
largely unchanged Moiré pattern as shown in Figure 5.2. Only slight contrast differences are
apparent in the Moiré pattern. Correspondingly, the Zn nanoplates are still coated by the ZnO

passivation layer, as shown by DF images.

Figure 5.3: BF and SE images of Zn nanoplates, which are irritated by the electron beam. Red
arrows indicate identical sample locations at different magnifications imaged in

immediate succession.

5.3 Discussions

The present Moiré pattern is constructed through the interference of the overlapping ZnO and
Zn lattice. The unit cells of Zn (a=b=2.66 A, c=4.86 A)*’ and of ZnO (a=b=3.25 A,
¢=5.21 A)?® have a mismatch, which result in the generation of Moiré pattern. As shown in
Figure 5.2, the periodicity of the present Moiré pattern is 4.2 + 0.1 nm. The complete coverage
of the Zn nanoplates by the Moiré pattern indicates the encapsulation of the entire nanoplate by
the metal oxide. Since the Moiré pattern remains unchanged throughout reduction, it can be
concluded that ZnO is stable and is not decomposed by the hydrogen atmosphere present. Given
that ZnO is decomposed by atomic and ionic hydrogen, as suggested by the Ellingham diagram
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(Figure 2.4), the quantity of these hydrogen species formed is only small and insufficient for
reduction of the ZnO passivation layer. Activation of hydrogen by the electron beam is therefore
neglectable. Given the stability of the ZnO passivation layer, it can be concluded that the
synergic effect of the low oxygen partial pressure and injected hydrogen on the reduction of
ZnO is also negligible.

Since Ellingham diagrams and the change in Gibbs free energy are only obtained from
thermodynamic laws, reduction of the passivation layer may be kinetically limited. The
activation energy for reduction is lower for active hydrogen species than for hot molecular
hydrogen, so lower temperatures are required for reduction.'”® In addition, low-pressure
hydrogen plasma is used to partially reduce native oxide layers and semiconducting oxides at
moderate temperature between 150 to 300 °C.2*2% Inhibition of reduction in the present

experiment is therefore unlikely due to kinetic limitation.
Conclusions of Zinc Oxide Reduction Experiment

In summary, the in situ experiment confirms that no or only a neglectable quantity of atomic
and ionic hydrogen is formed, as the passivation layer is not decomposed by the reduction
treatment. It can therefore be concluded that ZnO is stable during in situ STEM experiments in
a hydrogen atmosphere at 200 °C. These results contribute to the understanding of the
interaction between the atmosphere and the electron beam and suggest that the electron beam
hardly excites the hydrogen present. Thus, molecular hydrogen is dominant hydrogen species

during the in situ STEM reduction experiments.
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6 Reduction of Palladium Oxide Supported on Zinc Oxide
Applying Environmental Scanning Transmission Electron

Microscopy

The work in this chapter was performed in collaboration with the TU Chemnitz, Germany.
Oytun Tiryaki and Marc Armbriister prepared the studied PdO/ZnO sample and conducted the

XRD measurement.

Reduction treatments are important reaction steps in the preparation of supported nanoparticles.
During reduction, metal oxides are exposed to a reducing atmosphere and an elevated
temperature. Chemically bound oxygen reacts with the reducing gas present, e.g. carbon
monoxide and hydrogen, and is removed from the oxide lattice. The remaining metal may stay
in its elementally pure form or interact with the support. Such interaction is referred to as strong-
and reactive-metal support interaction and is described in more detail in chapter 2.3. As a result,
nanoparticles can alloy and form intermetallic compounds during reduction. Preparation of
supported, intermetallic ZnPd nanoparticles also includes a reduction treatment. As-prepared
PdO supported on ZnO is reduced in a hydrogen atmosphere. It is expected that PdO is reduced
to elemental Pd. Subsequently, hydrogen is activated on Pd and spills over to the ZnO support,
which is partially reduced. As-reduced Zn is incorporated into the Pd lattice and ZnPd is
formed. Literature on the topic is reviewed in chapter 2.3. Pd-containing nanoparticles
supported on ZnO are employed due to their excellent catalytic performance in various
heterogenous catalytic reactions. Although their frequent use as a catalyst, no standardized
preparation protocol has been established and various reduction routines have been proposed in
the past, using different reduction temperature, atmosphere, time and pressures. While
hydrogen spillover is widely accepted to play a pivotal role in the transformation from PdO to
ZnPd, research about the precise structural evolution of the metal-support system during
reduction is still rare. However, an insight in the formation process is crucial to develop a
complete picture of the prominent material system that would allow a purposive catalyst design
with desired catalytic properties. Although the work of Penner et al.'®® provides valuable
information about different reduction temperatures at ambient pressure, its significance is
limited to explain dynamic changes, which are triggered during reduction. An in situ study,
which elucidates the ZnPd formation mechanism time resolved, is therefore highly desirable.
Niu et al. investigated the formation of ZnO-supported ZnPd nanoparticles in situ and paid
special attention on the role of the intermediate phase palladium hydrate.?*' The authors show
that Pd transforms to B-PdH at 50 °C and to a-PdH with increasing temperature. A complete
transformation into ZnPd is reported for a 20 wt.-% Pd-loading at 340 °C. In addition, they
demonstrated that the intermetallic ZnPd phase favours a growth along PdHx (111) due to
preferential Zn diffusion. Inspired by the work of Niu et al., the mechanics of RMSI should be
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further investigated. Complementing their work, which elucidates the temperature dependence
of the particle evolution during RMSI illustratively, this study aims to unravel RMSI-triggered

support activation with high temporal resolution.

This chapter aims to unravel the formation mechanism of intermetallic ZnPd nanoparticles
during reduction, using E-STEM. Activation of ZnO and transformation of PdO to ZnPd is
studied in situ. The effect of different reaction parameters such as the electron beam,
temperature and hydrogen pressure on the material system is discussed with available ex situ
data.

6.1 Experimentals

Palladium nitrate supported on ZnO with a 5 wt.-% Pd loading was prepared as described in
Chapter 3.1.1. Subsequently, the sample was calcined at 500 °C for 3 h in O2:N> (20:80). The
as-prepared palladium oxide supported on zinc oxide was transferred to a MEMS heating chip
fabricated by NORCADA (Edmonton, Canada) and cleaned following the procedure given in
Chapter 4.1. In situ reduction experiments were conducted, employing E-STEM on a Hitachi
High-Technology HF5000, which was operating at 200 kV. The equipment used is illustrated
in chapter 3.2.1. As the vaporizer system was disconnected, only the gas supply system and
open cell setup of the microscope were used. Hydrogen was injected with a mass flow of 2.5
sccm resulting in a column pressure of 1.5 + 10~2 Pa, which corresponds to a specimen pressure
of ~1.5 Pa. The reduction was performed at room temperature and 200 °C for 100 min with a
freshly prepared sample of supported palladium oxide. The regions of interest were only
exposed to the electron beam during image acquisition and focus alignment to reduce electron
beam effects to a minimum. The imaged regions were therefore not observed in between image
acquisition. In addition, some locations were only imaged before and after the reduction, to

evaluate the effect of the electron beam. The dose per frame Dr is given in chapter 3.3.

6.2 Characterisation of Pristine Palladium Oxide Nanoparticles

After calcination, supported PdO nanoparticles with different Pd loadings were pre-
characterised using STEM and XRD. Acquired SE images, XRD measurements and particle

size distributions (PSDs) are shown in Figure 6.1.

The SE images indicate a homogenous distribution of nanoparticles on the ZnO surface. Some
nanoparticles aggregate to form dense clusters. Next to single, bigger nanoparticles (> 10 nm),
many small nanoparticles are present. The density of nanoparticles tends to decrease for lower
Pd loadings. Over 100 nanoparticles were measured in two perpendicular directions to

determine the PSD of each Pd loading. All PSDs demonstrate that most nanoparticles are
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smaller than 10 nm with a mean of ~7 nm. With the exception of minor deviations observed in

the 5 wt.% loading sample, which exhibits the most compact PSD, the PSDs show a roughly

similar trend, indicating that a Pd loading between 1 and 5 wt.% has a minor effect on the

particle size.
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Figure 6.1: Left: Series of SE images of PdO nanoparticles supported on ZnO prepared with

different Pd loadings after calcination. Right: Corresponding XRD measurements

(top) and particle size distributions (bottom) of the sample with different Pd
loadings. XRD reflections of ZnO, PdO and Pd are given as reference. The XRD
data of the 5 wt.-% sample shows a small hump around 34°, corresponding to PdO.

The strong peaks correspond well to the reference ZnO peaks, identifying the

support.
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The XRD measurements show similar results for different Pd loadings. For instance, the sample
with 5 wt.% Pd loading, which is investigated during reduction, has many characteristic
reflections, which can be assigned to ZnO and represent the support. None of the intense peaks
correspond to a palladium species. There is a small increase in intensity around 34°, which can
potentially be allocated to PdO. The intensity of this hump increases with loading. The 10 wt.%
loaded sample was only investigated by XRD not by STEM.

6.3 Reduction of Palladium Oxide at Room Temperature

In this chapter, two distinct sample locations are studied during reduction in a hydrogen
atmosphere at room temperature. To facilitate temporal comparison, observation periods of

equivalent duration have been selected at each location and are analysed in succession.
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Figure 6.2: A DF STEM image of a pristine PdO nanoparticle on ZnO is shown. The PdO
nanoparticle is aligned along [110] as shown in the model>*?. The ZnO crystal is
aligned along [110] as exemplified in the model**®. Pd, Zn and O are represented

yellow, blue and red, respectively.

Figure 6.2 shows a DF image of the pristine nanoparticle-support structure. The interatomic

spacings are measured by averaging several particle distances along two perpendicular
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directions. The number of atom rows analysed varies between 3 to 8 depending on the degree
of separation. The measured directions gpart,omin = 2.1 A and hpartomin = 2.7 A are in good
agreement with PdO [1 -1 0] gpgo = 2.15 A and [0 0 2] hpgp = 2.68 A.2*? The nanoparticle
can accordingly be identified as PdO and is aligned along [1 1 0]. In Figure 6.2, the Pd atoms
are highlighted in yellow to indicate their location within the tetragonal PdO structure model***.

The structure of the support is analysed in the same way. The measured directions gsy,p,omin =
2.8 A and hgyp omin = 5.2 A correspond to ZnO [1 -1 0] gznp = 2.82A and [0 0 1] hzpo =
5.2 A2 A ZnO unit cell aligned along [1 1 0] is illustrated by the blue Zn atoms in the ROI in

Figure 6.2. The oxygen atoms represented in red in the structure models for PdO and ZnO are
not visible in the DF image. During imaging in vacuum, exposure by the electron beam

introduces no changes to the particle-support system.

DF

Figure 6.3: DF and BF image series of the evolving nanoparticle-support structure during the

first 11 min of reduction in hydrogen atmosphere. Structural changes are
highlighted by arrows. Red arrows indicate change in morphology of the existing
ZnO support. Yellow arrows indicate formation of new ZnO features. Green
circles highlight atomic positions and the change in crystal structure from
distorted ZnO to the mixed phase at the interface. The blue arrows and outline
illustrate the interaction between nanoparticle and support. Orange arrows indicate
the formation of an amorphous, hydrocarbon coverage, which is most likely
triggered by the electron beam. White rectangle indicates ROI, which is shown in

Figure 6.4.
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Figure 6.3 shows a series of BF and DF images of the evolution of a nanoparticle-support
structure during an in situ experiment conducted in a hydrogen atmosphere. The corresponding
SE images are shown in Figure 11.12. After 5 min, the support changes considerably and
develops a coarse surface. Changes of the support can be divided into two populations: As
highlighted by the red arrows in Figure 6.3, ZnO is stacking up and partially envelopes the
nanoparticle. Here, the BF and DF contrast of the ZnO support is similar to the original state,
indicating a migration of ZnO to the nanoparticle or the subsidence of the nanoparticle into the
support. On the other side, shown by the yellow arrows in Figure 6.3., other support features
have the same crystal structures but weaker contrast particularly in SE and BF suggesting
thinner thickness or compositional differences. The present changes in surface morphology
occur preferably in the perimeter of the nanoparticle. Migrated ZnO covers the left side of the
PdO nanoparticle. A transformation of the crystal structure can be seen here. At the areas
highlighted by red arrows, lattice spacing and crystal structure match those measured in Figure
6.2. In the area close to the nanoparticle, where selected atoms are highlighted by green circles
in Figure 6.3, the [0 0 1] lattice spacing increases by 3.5 % from 5.2 A t0 5.5 A, and the [1 -1 0]
spacings decreases by 3% from 2.8 A to 2.7 A, indicating a distortion of the hexagonal ZnO
structure.

The area, which is highlighted by the green arrow, represents an interface between phases with
stronger and weaker contrast in BF and DF in Figure 6.3. In the area of weaker contrast, a
change in the hexagonal crystal is found. The interatomic spacings measured between the atom
rows marked in green are 2.3 A and 2.4 A and are rectangularly arranged, which indicates a
tetragonal crystal structure. The values at the interfaces to the particle match those at the gas
atmosphere. The tetragonal phase is however not part of the nanoparticle, as it is clearly evident
in all detected images. Within the first 5 min of hydrogen exposure, the crystal structure of the
nanoparticle begins to transform exclusively at the supported interface, as illustrated by the

increase in contrast in the DF in Figure 6.3.
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Figure 6.4: Clipped DF image of supported PdO after 11 min of hydrogen exposure. Original
image is displayed in Figure 6.3. Interatomic spacings are measured along the row
of atoms in the arrow’s direction. Atom rows are numbered from left to right as
displayed.

After 11 min, an interaction between nanoparticle and support is activated, as displayed by the
blue arrows in Figure 6.3. At the interface of the nanoparticle, the crystal structure of adjacent
support changes such that it matches the interatomic spacings of the nanoparticle. To estimate
the change in interatomic spacing, 6 rows of atoms are labelled and measured along the
direction of the arrow from the position marked, as shown in the sectioned DF image in Figure
6.4. Interatomic spacings of 4 to 5 atoms are measured three times and are averaged. The error
is given by the standard deviation. The interatomic spacings shrink from ~2.8 A at the edge to
~2.1 A at the interface between support and nanoparticle. While the interatomic spacings of the
outer perimeter match well with ZnO and the inner perimeter with PdO, there is a transition
zone with ~2.4 A in between. A change in support can be seen below the nanoparticle, as

highlighted by the area marked in blue in the BF image in Figure 6.3.

In addition, formation of surface contamination is observed after 11 min, as indicated by the
orange arrows BF imaging in Figure 6.4. Since the detection of SE is surface sensitive, SE
imaging is particularly affected by an increase in contamination over time. Sample areas, which

are imaged with SE longer than 11 minutes after the start of reduction, are largely covered by

contamination. Figure 11.12 demonstrates the degree of contamination.
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Figure 6.5: Series of DF and BF images during reduction. The time stamp indicates the time
the specimen was exposed to a hydrogen atmosphere at room temperature. Images
were acquired under identical conditions as those displayed in Figure 6.3. Orange
arrows indicate the ZnO enrichment development on the surface of the support. Red
arrows highlight surface migration of ZnO on the nanoparticle. Its progress can be

tracked by following the features circled in red.

Figure 6.5 shows series of DF and BF images of a different location of the specimen in the
identical in situ reduction experiment already shown in Figure 6.3. Similar to the results
described above, the ZnO support evolves over time during reduction. As indicated by orange
arrows in Figure 6.5, migrating ZnO forms clusters on the surface of the support. The ZnO
cluster grows along [1 -1 0] and partially envelopes the nanoparticle. Such changes in support
also occur at other locations along the interface of the particle, but in a less pronounced form.
In addition, ZnO migrates steadily onto the PdO nanoparticle. The progress of surface
migration can be tracked by following the areas marked in red in the BF images. After 17 min,
the surface of the nanoparticle is partially decorated by crystalline ZnO island, as highlighted

by red arrows in Figure 6.5.

Figure 6.6 shows that the PAO nanoparticle is largely encapsulated by ZnO after 16 min. As
indicated by red arrows in Figure 6.6, the coverage layer once formed has a constant thickness
that hardly changes over time. For instance, the thickness of the coverage layer at the indicated
location is ~1,48 + 0,1 nm after 16 min and after 32 min ~1.58 £ 0.1 nm. The lattice spacing on
the nanoparticle, as indicated by the black bar after 26 min, corresponds to that of ZnO,
corroborating the assumption of complete coverage. Intriguingly, the nanoparticle partly

detaches from the support after 22 min and forms a gap, as indicated by blue arrows in Figure

6.6. Given that the nanoparticle is immobile, ZnO is the disintegrating species.
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Figure 6.6: Series of DF images during reduction. The time stamp shows the time of reduction
in a hydrogen atmosphere at room temperature. Lower row shows the magnified
nanoparticles. Red arrows indicate the increase in ZnO coverage. Blue arrows
highlight detachment of the nanoparticle from the support. Region marked in green

show the nucleation and growth of a new phase.

While in the first minutes of reduction the support is mainly affected by the reducing
atmosphere, subsequently nanoparticles start to evolve. At the locations, where nanoparticle
and support first interact (Figure 6.3), nucleation of a new phase occurs, as highlighted in green
in Figure 6.6. Given that the phase is represented by an area of brighter contrast, it grows
continuously over time. To estimate the growth of the phase formed, its perimeter is manually
determined three times per image and average values for area, circumference and Feret’s
diameter are determined with the respective standard deviations as errors. For a better
understanding of the measurement procedure applied, examples of shapes are marked in Figure
11.13 and the corresponding values are displayed in Figure 6.7. Values measured suggest a
linear growth in diameter of ~0.1 nm/min. In addition to the size of the phase under
consideration, interatomic spacings were measured after 32 minutes. The almost perpendicular
lattice spacings (~86 °) are 2.3+ 0.1 Aand 1.9+ 0.1 A.

Compound Interplanar Distance Interplanar Distance
PdO** (110)-2.15A (102)-2.00 A
Pd?% (111)-225A (200)-1.95A
ZnPd* (101)-2.18A (110)-2.05A

Table 6.1: The interplanar distance of PdO, Pd and ZnPd that correspond most closely with the

measured interatomic spacings are presented.

The lattice parameter of elemental Pd matches best with the present interatomic spacings (Table
6.1). Interestingly, the growth of the phase of interest is accompanied by dissolution of adjacent
Zn0, described above. At the left hand side in Figure 6.6, a second bright feature, which evolves
on the nanoparticle, indicates the growth of another phase.
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Figure 6.7: The growth of phase is quantified by measurements of area (blue squares),
circumference (red triangle) and Feret’s diameter (orange triangle). The area is
given in nm? on the left axis. The length is given in nm on the right axis. An example

of the phase measurement is represented in Figure 11.13.
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Figure 6.8: Series of DF images during reduction. The time stamp indicates the time of
reduction in a hydrogen atmosphere at room temperature. First minutes of reduction
at the identical location are displayed in Figure 6.5. Red arrows highlight nucleation
and particle growth. Green arrows indicate unchanged particle region. Lattice
spacings measured are in good agreement with ZnPd crystal structured displayed

from reference.*
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Figure 6.8 shows the same sample region, which is displayed in Figure 6.5, during reduction
between 20 and 58 min. Similar to the results discussed above, nucleation and growth of new
phases can also be observed here. Locations, where nuclei form, are decorated with ZnO layers
or are in their vicinity. After 20 min, the single crystalline structure of the observed nanoparticle
is distorted by the emergence of phases with a different crystal structure, which are visible at
the locations indicated by red arrows in Figure 6.8. The novel phases continue to grow over
time and slowly transform most of the nanoparticle. After 58 min, the novel phases are the
dominant feature on the top of the nanoparticle. The crystal structure of the left phase agrees
well with ZnPd aligned along [1 0 0], as demonstrated by the model in Figure 6.8. The lattice
spacings measured are 2.1 £ 0.1 A and 2.2+ 0.1 A, corresponding to ZnPd (0 1 1) of 2.18 A.
The orientation of the right phase is different and corresponds to ZnPd aligned along [1 1 1].
Here, the lattice spacings are 4.0 £ 0.1 A and 2.7 £ 0.1 A and matches with transmitted ZnPd
(111)0f2.64 A and (110) of 4.09 A. Analysis of the crystal structures suggests that ZnPd is
formed during reduction. Parts of the nanoparticle still show the pristine crystal structure, as
marked by the green arrows, indicating only a partial transformation. In addition, the

nanoparticle is increasingly buried due to the formation of surface contaminations.

5 nm

Figure 6.9: Series of DF images during reduction. The time stamp indicates time of reduction
in a hydrogen atmosphere at room temperature. First minutes of reduction at the
identical location are displayed in Figure 6.3 and Figure 6.6. Red arrows indicate
growth of new phase indicating a core-shell structure. Green arrows highlight
unchanged region with darker contrast that is encapsulated by formed phase. Blue

arrows mark separation of the nanoparticle from the support.

Figure 6.9 demonstrates the final changes that are triggered by reduction. The blue arrows show
that the nanoparticle continues to detach from the support, indicating ongoing ZnO dissolution.
Growth of individually formed phases leads to their assembly and formation of a core-inner
shell-outer shell structure, as highlighted by the red arrows. The centre of the nanoparticle still

shows the pristine crystal structure, as indicated by green arrows, and is coated with
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presumably-formed ZnPd. Both Pd-rich phases are capsulated by ZnO. Prolonged exposure to

a reducing atmosphere does not trigger any further structural changes.

In another experiment, PdO supported on ZnO was annealed in vacuum at 200 °C for 60 min
prior to reduction to remove residual hydrocarbons from the sample. The sample was then
reduced under the same conditions as described above. Figure 11.15 shows the sample during
reduction at room temperature after a preheating treatment. Here, ZnO is activated first as
during the previously described experiment. Small clusters are formed on the ZnO surface,
which preferentially migrate to the nanoparticle. When the nanoparticle is decorated by a ZnO
layer, the nanoparticle is transformed by a solid state reaction. Intriguingly, the transformation
is activated at the interface first and proceeds through the crystal. During reduction, the
nanoparticle tends to grow in size. Quantification of the particle growth is difficult due to a lack
of segmentation. In contrast to the experiment with no preheating, no contamination is formed

during beam exposure.

6.3.1 Evaluation of Electron Beam Effects During Reduction

Nanoscale structures are vulnerable to high energetic electron beam exposure. The nature of
such beam effects might differ strongly depending on the energy and intensity of the electron
beam and on the properties of the exposed material. In particular, during in situ experiments,
where structural changes activated by the imposed conditions are anticipated, it is important to
assess the effect of the electron beam on the material under investigation. In addition, the
electron beam could also interact with the present atmosphere, forming a plasma and change
the reaction conditions. Such catalytic reactions, in which a plasma is intentionally used to steer
the catalytic properties, are referred to as plasma catalysis.>*> As a possible consequence of
beam effects, plasma catalysis is treated here only phenomenologically. Thus, it is important to
compare the results of in situ experiments with those of ex situ experiments or reference sample
positions, which were not exposed to the electron beam during the in situ experiment. Such
images, which are acquired under identical conditions to the in situ experiment presented in

chapter 6.3, are displayed in this chapter and in Figure 6.10.

The crystal structure of the nanoparticle before reduction can be identified as PdO. The lattice
spacings measured of 3.1 £ 0.1 A and 2.2 £0.1 A are in good agreement with PdO (0 1 0) of
3.03 A and (1 03) of 2.14 A. After reduction, the crystal structure of the nanoparticle has
changed. The measured lattice spacings of 2.2 £ 0.1 A in each direction match best with ZnPd
(011)0f2.18 A, indicating the formation of an intermetallic compound. Although the structure
of the nanoparticle after reduction is largely single-crystalline, some regions, e.g. the left edge,
have an irregular morphology. In addition, the activation of the support is weaker than that of
the support, which was exposed to the electron beam in sifu. Less encapsulation by the metal

oxide is visible.
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Pristine PdO Al After reduction

Figure 6.10: Supported nanoparticle before and after reduction in a hydrogen atmosphere at
room temperature. The location was not exposed to the electron beam in presence
of a hydrogen atmosphere. While the pristine nanoparticle matches with the lattice
of PdO along [2 0 -1], the nanoparticle after reaction corresponds well to ZnPd
along [0 1 0]. Zn is coloured in blue, Pd in yellow, O in red. The structure models

are taken from reference.*®**

6.4 Reduction of Palladium Oxide at 200 °C

In addition to the reduction experiments performed at room temperature, supported PdO was
reduced in situ at 200 °C. The sample was tempered at 200 °C for 20 min, before hydrogen was
injected. Sample preparation was conducted accordingly to the protocol described in

chapter 6.1.

Figure 6.11 and Figure 6.13 show the structural evolution of the system during reduction at two
different magnifications. The pristine crystal structure of the support and nanoparticle with
24+0.1 A and 2.1 +0.1 A matches well with ZnO (0 1 1)** of 2.48 A and PdO (1 1 0)**? of
2.15 A. ZnO has an undistorted morphology and is only in contact with the nanoparticles on
the supporting side. After 3 min of reduction, the support evolves and forms small ZnO cluster
on the support surface. The nanoparticles are encapsulated by a continuous ZnO layer, as shown
by the green shape in Figure 6.11. The perimeter of the nanoparticle is marked in red as guide
to the eye. The thickness of the coverage layer is ~1.5 nm, as shown in Figure 11.14. After the
initial encapsulation, the support undergoes further morphological changes, as displayed by the
red arrows in Figure 6.13. The evolution includes the formation of spherical ZnO enrichments,
which grow with time in contrast to the encapsulation layer. Near the interface of the

nanoparticle and the support, ZnO is removed and forms a small neck underneath the
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nanoparticle, as highlighted by the blue dotted lines. Given that other features of the ROI in
Figure 6.11 are immobile, it can be concluded that the neck does not grow outwards, but that

ZnO dissolves around the interface. The phenomenon occurs simultaneously with the

encapsulation of the nanoparticle.

Figure 6.11: Series of BF images shown during the reduction of supported PdO at 200 °C. Time
stamp indicates time of hydrogen injection. Region marked in red highlights the
nanoparticle, region marked in green the encapsulation by ZnO. Neck formation
and ZnO dissolution is marked in blue. The orange arrows indicate phase

transformation.

The encapsulation has no influence on the size of the nanoparticles. However, a change in the
crystal structure can be recognised. The crystal structure is single-crystalline throughout the
nanoparticle. The lattice parameters in three different directions (a, b, ¢) are measured during

reduction, as shown in Figure 6.12. Since these lattice parameters are the same on the right side
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of the nanoparticle within the measurement accuracy, it can be concluded that the same crystal

structure is present between 3 and 85 minutes of reduction.
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Figure 6.12: Top: BF image of a nanoparticle shown after 16 min of reduction. The structural
evolution during reduction is illustrated in Figure 6.11. The crystal structure of the
nanoparticle may correspond to Pd along [1 1 0] or ZnPd along [1 1 1], since the
interatomic spacing and angles match well to the models taken from references. %23

Bottom: The measured interatomic spacings along a (black square), b (red circle)

and c (blue triangle) direction displayed over the past reduction time. The spacings

show no considerable change.

Assuming no change in crystal structure after 3 min of reduction, a representative identification
of the crystal structure is performed after 16 minutes. As defined in Figure 6.12, the interatomic
spacings measured along a, b and c are 4.1 £0.1 A, 2.5+ 0.1 A and 2.3 £ 0.1 A. These values
are in good agreement to Pd?* along [1 1 0] and ZnPd*® along [1 1 1]. Thus, a may correspond
toPd (00 1) of 3.89 A or ZnPd (1 1 0) of4.09 A,btoPd (-1 1 0) of 2.75 A or ZnPd (-1 1 1) of
2.64 A and ¢ to Pd (-1 12) of 2.38 A or ZnPd (31 1) of 2.44 A. The measured angles of
63.5 + 0.8° and 58.9 £ 2.0° are in between the theoretical values for Pd of 54.7° and 65.3° and

for ZnPd of 60°. In addition, the large standard deviation underlines that manual angle
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measurement is error-prone. A distinct allocation for the crystal structure of the right side of
the nanoparticle to ZnPd or Pd is therefore not feasible. In contrast to the right side, on the left

side of the particle, as indicated by the orange arrows in Figure 6.11, the phase transforms with
time. After 85 min, the measured lattice spacings 0of 2.9 = 0.1 A and 3.3 £ 0.1 A match to ZnPd
(001)0f3.27 A and (1 0 0) of 2.89 A, allowing an allocation to ZnPd.

Figure 6.13: Series of BF images during the reduction of supported PdO at 200 °C. Time stamp
indicates time of hydrogen injection. Red ROI marks location shown in Figure 6.11.
The support is activated and encapsulates the nanoparticles. Red arrows show
morphological evolution of ZnO.
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6.4.1 Evaluation of Beam Effects During Reduction at 200 °C

Figure 6.14 shows sample locations, which have been imaged before and after, but not during,
reduction at 200 °C to evaluate the effect of the electron beam. The crystal structure of the
nanoparticle displayed in the left images can be identified as Pd along [1 1 0]. Intriguingly, the
Pd phase is already present at 200 °C in vacuum before hydrogen is injected. After reduction,

the lattice shows mild distortions, but can still be assigned to Pd.

Figure 6.14: Comparison between sample locations before (top) and after (bottom) reduction at
200 °C. Left: Pd nanoparticle exhibit the same crystal structure along [1 1 0] before
and after the reaction. Middle and Right: Identical sample location imaged in DF
and BF. The red arrows show the formation of regions with darker DF contrast,
indicating a mass loss. The green arrows indicate the nanoparticle decoration by the

oxide.

In vicinity of the nanoparticle, the support is activated and has formed a cluster at the surface.
Additional support activity can be seen on the nanoparticle, which is displayed in DF and BF
images in Figure 6.14. Here, the BF image reveals formation of ZnO decorations on the
nanoparticle, as marked by the green arrows. In the DF image, the nanoparticle is equally bright
before reduction, indicating a homogenous thickness and mass distribution. After reduction, the
edge appears brighter than the core, forming a core-shell structure, as highlighted by the red

arrows.
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6.5 Discussions

The in situ STEM experiments reveal a complex evolution of the support-nanoparticle system
during reduction. Despite the occurrence of numerous simultaneous structural changes, the
reaction can be divided into two distinct mechanisms: the activation of the ZnO support and the
transformation of the nanoparticle. Potential effects, which arise due to the in situ conditions

such as beam effects and low partial pressure, are discussed separately.
Activation of ZnO support

The STEM images and XRD measurements confirm that the pristine material system consists
of PdO nanoparticles supported on ZnO. The absence of XRD peaks identifying palladium
species can be explained by the small crystallite size and low loading. Potential PdO peaks are
weak and broad, thus making them hardly distinguishable, as shown at ~34°. Thus, the
occurrence of other Pd species such as Pd, PdH and ZnPd cannot be excluded and minor

quantities might be present.

At room temperature, the ZnO support changes strongly during the initial 5 min of reduction.
This is rather surprising, given that pure ZnO is known to resist reduction at such low
temperatures, as derived in chapter 5 and shown in the Ellingham diagram in Figure 2.4. Thus,
a direct activation of hydrogen by ZnO is unlikely and an interaction between the nanoparticle
and support must be considered. In contrast to ZnO, PdO is known to absorb and dissociate
hydrogen at a temperature of 110 K.*> Activation of hydrogen on the surface of the
nanoparticles is therefore more probable than on ZnO directly. The activation mechanism is
schematically illustrated in Figure 6.16 and is similar to the SMSI model introduced by Fu et
al. for the encapsulation of Pd by TiO,.!?® Hydrogen species activated on the PdO surface
migrate due to spillover from the nanoparticle to the ZnO surface. The existence of such
hydrogen spillover effects from a noble metal to ZnO has long been known in methanol
synthesis with Cu catalysts and is also expected here.2*® ZnO is partially reduced by spilt over
hydrogen. Hydrogen combines with oxygen to water, which is desorbed from the ZnO surface
and oxygen vacancies are generated. Due to the missing oxygen, Zinc states around the vacancy
are unsaturated and donate delocalized electrons to the system. Such electron excess around the
oxygen vacancies increases the Fermi-level and leads to an n-type doping of ZnO. The
electronic structure of semiconducting ZnO is also determined by the composition and

electronic nature of the supported nanoparticle.

The work function of materials W depends strongly on their Fermi-level Er (eq. 6.1), where ¢

is the charge of an electron and ¢ is the electrostatic potential in the vacuum.
W =e¢p— Ep 6.1
Since Pd and PdO with 4.8-5.6 eV and 6.04 eV have a higher work function than ZnO with 4.6

eV8, their Fermi-level is lower. Consequently, the equilibrium at the interface between support
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and nanoparticle is distorted. The present interface is similar in structure to a Schottky diode,
where a metal and a n-type semiconductor form a junction. The equilibrium at the junction is
restored by an electron transfer to the nanoparticle. As a result, the nanoparticle becomes
negatively charged and the bands of ZnO are upbent, as illustrated in Figure 6.15. An electron

depletion zone is formed.

AE=144 eV AE=0.2eV

WF=4.6 eV WF=46eV WF=46eV

Figure 6.15: Energy diagrams of different heterojunctions illustrating different ZnO interfaces.
PdO and Pd lead to an upbend of the ZnO energy band at the interface. Figure is

taken from reference with permission.®*

Due to oxygen vacancies, ZnO is defect rich and has a positive net space charge. The
electrostatic attraction by the negatively charged nanoparticle promotes outward diffusion of
positive Zn species and inhibit the transport of negative oxygen species to the surface at low
temperature. The mass transport at room temperature is therefore activated by a combination of
the present electrostatic force and the defect rich structure. Zn enrichment on the surface lowers
the positive net space charge in bulk ZnO and oxygen starts to migrate to the surface and
recombines to ZnO on the surface. Since sufficient oxygen diffusion, which is a prerequisite
for stochiometric formation, is only achieved at higher temperatures, only oxygen-deficient
ZnO1x (x < 1) enriches at room temperature. Such cluster are present in Figure 6.3. Their lower
contrast can be also explained by a lower thickness. Nanoparticles are likely encapsulated by
solid-solid wetting. Such mass transport in a single atomic or liquid-like movement is activated
by a difference in surface energy and charge between nanoparticle and ZnO. Pd and PdO have
a higher surface energy than Zn0.2*’->* In order to minimize the total surface energy of the
system, oxygen-deficient and stochiometric ZnO cover the nanoparticle, as illustrated in Figure
6.3 and Figure 6.5. Oxygen-deficient ZnO appear to have a higher mobility, as it migrates to
the side of the nanoparticle far from the support, forming a few atom-thick layer, which wets
the nanoparticle. In contrast, stochiometric ZnO is less mobile and covers the lower part of the
nanoparticle, reshaping its surface only. The bulk atoms tend to move collectively, indicating a
‘liquid-like’, slow mass transport as first described by Michaelson et al.!>* The difference in

surface mobility can be caused by the negative charge of the nanoparticle. As oxygen-deficient
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ZnO1x has a positive net charge, there is an attractive force for particle encapsulation.
Stochiometric ZnO is neutrally charged, so there is no driving force for particle migration,
which is reflected in lower mobility. As a result, the surface of the nanoparticle is decorated by
different types of ZnO.

Pristine system H, activation and Partial reduction
spillover of metal oxides
vac
EOH,
PdO - ®  pgord il
H, H,
e’ e
e'er
4
PdO/Pd + PdO/Pd '+ + _*
\ +Zn01_x - A JZnOLj
Zn5+
Zn0,, Zno,,
0%
Encapsulation of Mass migration to Electron transfer to
the nanoparticle the surface the nanoparticle

Figure 6.16: Schematic illustration of the surface activation mechanism during reduction. Zn is
green, H blue and O red. Hydrogen is activated on PdO and spilt over to the support.
In ZnO, hydrogen diffuses to lattice oxygen (I) and bonds, forming water (II). Water
desorbs from the surface and generates an oxygen vacancy Vo (III). Unsaturated Zn
species donate delocalized electrons to the system, which transfer to the
nanoparticle (IV). Positive Zn species form a positive net space charge in ZnO (V).
Positive net space charge is reduced due to Zn migration to the surface (VI).
Subsequently, migration of negative oxygen species is activated and oxygen-
deficient ZnO1.x cluster form on the surface. The nanoparticle is encapsulated by

ZnxO to minimize the surface energy of the system.

After ~20 min, ZnO shows no further activity, indicating an equilibrium. This is in good
agreement with the model derived above. The nanoparticle is now covered by ZnO, which
reduces the surface energy and neutralizes the charge. Thus, the system is in an energetically
favourable state with no apparent driving force for ZnO migration. This is reinforced by the

coverage layer of the nanoparticle, which stops to grow after being a few atoms thick. As
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illustrated by Figure 6.4, a coherent interface is formed between the nanoparticle and the
covering layer, which determines the thickness of the covering layer. If there would be an
additional driving force, a continuous grow of the layer is anticipated. However, this is not the

case.

The interface between nanoparticle and coverage layer is presumably formed by a Zn-Pd bond.
Given that the undistorted crystal structures of the interfacial regions are Pd and ZnO, the
transition phase reduces the stress induced by the difference in lattice parameters and is bound
by a metal-metal bond. Interfacial metal-metal bonds might act as a nucleus for the formation
and growth of intermetallic compounds in RMSI. The existence of such intermetallic interfaces
was already proposed by Tauster et al, who assigned the SMSI-related loss in chemisorption to

the formation of metal-metal bonds at the interface during reduction.!!’

At 200 °C, the activation of the support is accelerated. As the encapsulation of the nanoparticles
is completed within the first 3 minutes of reduction, the temporal resolution of image
acquisition was too poor to dissect the individual steps of the activation mechanism. Due to
rapid and complete encapsulation, it can be concluded that surface diffusion is significantly
enhanced by an increase in temperature. Simultaneously, the temperature effect on bulk
diffusion is lower, as the rate of ZnO cluster formation at the surface is similar to that of room
temperature, which indicates a similar diffusion rate for outward migration of positive Zn
species. In addition, encapsulation may have a detrimental effect on outward diffusion as it
covers the negatively charged nanoparticle and thus reduces the electrostatic attraction for
positive Zn species. The correspondence between the thickness of the coverage layers supports
the assumption derived above that minimization of surface energy is the driving force for
encapsulation. In general, the activation mechanism of the support at room temperature and
200 °C are in good agreement. The different kinetics of the reactions can be well explained by

the temperature difference.

Although the pristine structure of the nanoparticle corresponds to PdO, the nature of the
nanoparticle, e.g. if it is PdO or Pd, remains uncertain until ZnPd forms. The in situ images
acquired do not allow a clear assignment of the structure to a Pd compound. However, the
increase in Z-contrast during reduction indicates a compositional change, suggesting a gradual
reduction of PdO to elemental Pd. The occurrence of a transformation is supported by the fact
that PdO can be reduced at room temperature.95 In addition, the PdO nanoparticles were
observed to undergo rapid reduction at 200 °C. Consequently, the formation of elemental Pd is
a probable outcome of the reduction process, despite the absence of a definitive structural

evidence.

The distinct effect of hydrogen on the electric conductivity of Pd-supporting ZnO is also used
for hydrogen detection.? The work by Platonov et al. demonstrates that a low hydrogen content
of 40 ppm already leads to significant formation of PdHx (x < 0.6) in oxygen-free atmosphere

at 350 °C. In the present in situ experiment, activation of PdHx formation might be hampered
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kinetically by a low temperature or compositionally by a residual oxygen level in the
microscope column. Furthermore, Tew and co-workers®*’ reported a size-dependency on the
formation of PdHx. Smaller nanoparticles provide fewer interstitial places for the formation of
hydrides and therefore incorporate less hydrogen in their lattice. In contrast, due to their higher
surface to bulk ratio, smaller Pd nanoparticles have a higher relative surface absorption. In case
of palladium hydrate formation, a reversed electron transfer is expected. As PdHx with 3.7 eV
has a lower working function than ZnO, the conduction band of ZnO is bent downward and
electrons are transferred to ZnO bulk, which results in an increase in electric conductivity. As
a consequence, diffusion of positive Zn species would be directed to the bulk and an enrichment
of Zn on the surface is hindered. However, such structural behaviour could not be observed,
since the surface showed distinct structural evolution with ZnO enrichment on the surface and
the crystal structure of the nanoparticles did not correspond to PdHy. In the study of Niu et al.2*!,
such pronounced support activation, including ZnO enrichments and particle encapsulation,
was not reported. Potential explanations for this discrepancy may be found in the absence of
palladium hydrate formation, as discussed previously, and variations in the preparation
protocols. Niu et al. use polyvinylpyrrolidone during preparation, which could still be present
during the in situ experiment and modify the surface properties, thereby limiting the mobility

of ZnO and its surface migration.

In addition to crystalline ZnO coverage, surface contaminations are formed in the vicinity of
the nanoparticles during reduction. The present contamination could be water and formed by
recombination of activated hydrogen with oxygen provided by the oxides. However, as
contamination could not be found homogenously over the specimen and at the sample which
were annealed prior to the reaction, the sample is more likely to be contaminated by residual

hydrocarbons, which are absorbed during preparation and are activated by the electron beam.
Transformation of the Nanoparticle

While the ZnO support was subject to strong structural evolution during the first part of the
reaction (< 20 min) at room temperature, the individual nanoparticles were largely unaffected
by the reactive atmosphere. However, after the encapsulation of the nanoparticle, new phases
nucleate at the Zn-Pd interface, which have a considerable brighter DF contrast than the pristine
particle phase, which indicates a gain in elemental mass and a compositional change. The higher
Z contrast can be attributed to an incorporation of Zn into the Pd lattice. An increase in thickness
as an explanation can be excluded as the nanoparticle is buried by surface contamination and
there is no apparent driving force for an entropically unfavourable, strong change in local
thickness. Furthermore, the novel phase can be distinguished due to a different crystal structure,
which cannot clearly be identified after formation. Intriguingly, all nuclei are formed in direct
contact with the interface between the nanoparticle and ZnO, indicating that the interface
favours heterogenous nucleation. The intermetallic compound ZnPd has a wide, compositional

existence range in the Zn-Pd phase diagram and its lattice parameters exhibit only small
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mismatches to cubic Pd.'® Chen er al. showed via density functional theory (DFT)
measurements that Pd-Zn heteronuclear bonds are stronger than homonuclear Zn-Zn and Pd-
Pd bonds.?*! Thereby, substitution of 50% of the Pd atoms in the Pd (111) surface by Zn forms
the most stable ZnPd configuration. Given that ZnPd has a large enthalpy of formation?*2, ZnPd
formation is thermodynamically favourable. However, formation might be kinetically

hampered due to low diffusion at room temperature.

The observed phase grows with an average rate of 3.7 - 1073 nm?/s and 3.7 - 1077 cm?/s
respectively between 16 and 38 min. In order to determine if growth is controlled by diffusion,
the interdiffusion rate of Zn in CuZn is used as reference. Since there is no literature available
for the diffusion of Zn in Pd respectively in PdZn and CuZn has the same crystal structure and
a similarly large unit cell (Cu a = 3.62 A?%%; Pd a = 3.89 A?**), CuZn is used as an alternative.
Kuper et al. reported a diffusion coefficient of 2.87 - 107*3 cm?/s for Zn in ordered and
disordered copper-zinc at 264 °C.2% Eastman et al. found similar values for interdiffusion
coefficients for the same system in the range of 10712 ¢cm? /s at 100 °C.>¢ Assuming that the
given Arrhenius plots are correct at room temperature, the growth rate has about the same order
of magnitude as the anticipated diffusion coefficient at room temperature. Since the diffusion
coefficients depend on composition and temperature, the approach should be considered a
guideline only that semi-quantitively supports the assumption that growth is controlled by

diffusion.

Incorporation of Zn into the Pd lattice is also supported by dissolution of ZnO at the interface.
As shown in Figure 6.6, continuous loss of ZnO image contrast indicates a decrease in
thickness. Such behaviour is predominately found in the vicinity of a growing phase. Remote
ZnO regions do not demonstrate such behaviour. After ~ 60 min, a stable multicrystalline
system is formed. The observed structure features of the novel phases correspond well to ZnPd.
In particular, the good agreement along two crystallographic directions allow an identification,
as illustrated in Figure 6.8. Little deviations in size and angle from the structure model can be
explained by the accuracy of measurement, broad compositional existence range of ZnPd, small
particle size leading to a high surface to volume ratio, strain induced by contact to different
crystal structures and potential imaging artefacts such as de-scan, calibration inaccuracy and
residual lens aberrations. Intriguingly, residual parts of the nanoparticle have still the pristine
crystal structure and contrast. Such pristine crystals are predominately found in the centre of
the nanoparticle, while the ‘skin’ is transformed to ZnPd, which leads to a core-shell structure.
The present formation can be explained by kinetic limitations at room temperature and
compositional changes. Given that most Zn is provided from the interface directly, Zn
penetrates into Pd, diffuses through the Pd lattice and forms ZnPd. As the diffusion coefficient
of Zn in ZnPd is smaller than in Pd, assuming a similar diffusion coefficient for Zn as in CuZn,
the already small diffusion at room temperature is further reduced and now hampers any

substantial Zn transport to the centre. This explanation is supported by similarities in size
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between different ZnPd phases. A restriction due to consumption of all available Zn and Pd in
the system is unlikely, as Zn and Pd could be supplied by covering layer and the centre of the

nanoparticle.

Interestingly, formation of ZnPd was only observed in the former Pd nanoparticle, but not in
the encapsulating ZnO layer. Given that Cu in ZnO has similar diffusion properties to Pd, its
diffusion rate in ZnO is significantly lower than that of Zn in the Pd lattice (1072 cm?2s~1!
compared to 107¢ cm?s~1 at 1000 °C)?>3>?57 suggesting that inward diffusion of Zn species is
dominant over outward diffusion by Pd species. Such behaviour, in which the diffusion rate of
a semiconducting species at an interface is faster than that of its metallic counterpart, is known

t258

as reversed ‘Kirkendall’ effect™® and also applies here. In addition, the segregation of Zn to Pd

is energetically more favourable.?!

At 200 °C, the structure of the nanoparticle transforms rapidly from PdO to Pd. The advanced
kinetics can be explained by the higher temperature. Reduction of PdO in certain morphologies,
e.g. small particles, can already be activated by pure heating in vacuum already, as the Pd crystal
structure is found in some nanoparticles before hydrogen was injected. Such behaviour
emphasises the energetically favourable reduction of PdO at 200 °C. Accordingly, it is likely
that the sample site studied in situ at 200 °C formed a monocrystalline Pd structure even before
the hydrogen was first injected. While the right side of the nanoparticle remains unchanged
during reduction, the left side transforms to ZnPd (Figure 6.11). Dissolution of neighbouring
ZnO may be an indicator for Zn incorporation into the Pd lattice. Reference regions support
the model of partial reduction, as the darker core in DF indicates a lower elemental mass and
heterogenous element distribution in the nanoparticle (Figure 6.14). Such partial
transformation, which was also found during reduction at room temperature, is in
correspondence with the work by Penner et al.'® Penner et al. studied the reduction of
supported Pd nanoparticles ex situ at 1 bar hydrogen pressure. They demonstrated that Pd
nanoparticles at a temperature of 250 °C predominantly occurred in a partially alloyed state,
forming a ZnPd skin but retaining the elemental Pd core. At a temperature above 323 °C, a
complete transformation of Pd into ZnPd was achieved. Formation of ZnPd could also be found
at the lowest tested temperature of ~200 °C, which is consistent with the work by Iwasa et
al.!%7?%° The correspondence between the in the present in situ work and the absence of ZnPd
peaks in the XRD and XPS data obtained by Iwasa et al.>> after reduction at room temperature
can be explained by closely neighbouring peaks and small thickness of ZnPd of 1 - 2 nm, which
broadens the XRD signal. In addition, the XPS signal might be superimposed by the Pd and
PdO phases present, which confine the ZnPd peak, and by a sample with higher catalysts
loading, favouring bigger particles and thus the core species. Furthermore, the relatively strong

ZnPd formation at room temperature can partially be explained by the experimental conditions.

Effects Induced by Experimental Conditions
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There are three major differences between the present in situ E-STEM experiment and a
conventional reduction under ambient laboratory conditions: The presence of an electron beam,
lower chemical potential due to low partial pressure and lower temperature. The listed

parameters will be discussed below.

An electron beam introduces kinetic energy and charge to the observed system. In case of a in
situ gas experiment, the properties affect the sample and environment. Since the electron beam
probe is in the nm-range, a beam effect will only be anticipated in imaged regions. Interaction
between the electron beam and hydrogen may form hydrogen plasma. Due to the presence of
atomic, ionic and excited hydrogen species, hydrogen plasma is recognised to exhibit a high
reduction capacity for many metal oxides even at low temperature, typically superior to that of
molecular hydrogen.!> A quantification of the reduction potential of different hydrogen species
for metal oxides is shown in Ellingham diagrams, as illustrated in Figure 2.4. Such diagrams
show that the Gibbs free energy change for atomic and ionic hydrogen is 3 and 15 times less
than that of molecular hydrogen, respectively, confirming that activated hydrogen is capable of
directly reducing ZnO if present.!>?** As demonstrated in chapter 5, pure ZnO is hardly
reduced at 200 °C at a hydrogen atmosphere. As same imaging and environmental conditions
were applied during the reduction of supported PdO, it can be concluded that the amount of
hydrogen plasma generated by the electron beam is only small and its potential effect can be

neglected for in situ experiments.

Direct interaction between the electron beam and the specimen must be considered, as
nanoparticles can suffer from beam effects such as structural and electronic changes as well as
local heating effects. Kim et al. demonstrated in their work that strong electron beam irradiation
with beam energies of 1 MeV induces structural defects to Pd-supporting ZnO.?%! Typical
structural defects, which can be generated®®?, are oxygen vacancies and Zn interstitial defects
(Frenkel defects?®®). These Zn interstitial defects may donate additional delocalized electrons
to the system that may lower the work function of ZnO and increasing the electron depletion
zone in ZnO. In addition, donor defects in semiconductors can act as active sites in the
chemisorption process?®* 266, thereby amplifying the process itself. It is likely that such
phenomena also apply during support activation of the present in situ reduction experiments,
so that electron transfer to the nanoparticle is increased and the above-mentioned mechanism
of ZnO migration is facilitated. Sample regions, which were exposed to the electron beam
during reduction, exhibit more pronounced support activity than reference regions. The
amplified support activity is reflected in the enhanced encapsulation and the formation of ZnO
clusters on the surface. An enhancement in chemisorption capabilities is likely to participate in
the support activation, since the support was not activated by pure beam exposure but in
combination with hydrogen during in situ experiments. However, the imaging conditions during
the reduction experiment result in a lower beam dose to the system than the intentional electron

beam treatment by Kim et al.2%! with lower exposure times (20 s instead of 54 s), lower beam
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energy (200 kV instead of 1000 kV) and lower beam current (10 pA instead of 1000 pA), so
that a lower beam effect on the present in situ experiment can be expected. Since both
mechanisms were also found at reference locations with no beam exposure during reduction,
the mechanisms were facilitated but not triggered by the electron beam. At the same time, these
findings underline that SMSI and RMSI can be facilitated and potentially activated by an
electron beam. This activation mechanism is interesting for the catalyst design of supported
nanoparticles, where metal-support interactions enhance catalytic properties and therefore are

deliberately triggered.

In addition to the energy of the electron beam, charges may accumulate on the support due to
low electric conductivity of ZnO, manipulating the electric properties of ZnO and thus
migration of the Zn/O atoms. So far, the debates on the nature of the charge induced by the
electron beam in TEM have not yet been resolved?®”%8, so that no assessment of the effects of

the potential charge on the reduction will be made at this point.

Interaction with the electron beam can deposit energy to the specimen, generating heat and
increasing the temperature of the system. The extent to which the local temperature is changed
by the electron beam depends on numerous parameters such as the heat capacity and conduction
and size of the materials, the electron beam dose and energy, the proportion of elastic and
inelastic interaction between the sample and the beam, so that precise quantification is difficult
and depends sensitively on the material and imaging system used.?®?™ As a detailed
quantification of these processes would exceed the scope of this work, the temperature will be
estimated at this point using literature values. The temperature gain of materials in the
nanometre range is normally in the two-digit Kelvin range and increases with increasing particle
size and beam current and decreasing with higher accelerating voltages.?”! Therefore, an
increase in temperature (< 50 °C) is expected in the present in situ experiment, which introduces
minor changes only. For the room temperature experiments, the temperature increase caused

by the electron beam may facilitate the observed structural changes due to higher diffusion.

Gas in situ experiments in an open cell are limited to relatively low pressure. In the present E-
STEM experiment the hydrogen pressure applied was around 1.5 Pa, which is significantly
lower than the partial pressure of 100 kPa in the reduction by Penner et a/'® and the ex situ
investigation of the sample. The reaction kinetics of chemical reactions are directly determined
by the present chemical potential and thus the partial pressure.?’>?’> A low partial pressure can
therefore change the kinetics and the outcome of a reaction and also applies during synthesis.
Such a pressure-related discrepancy in reaction kinetics is referred to as a ‘pressure gap’ and
must be considered here. The partial pressure of hydrogen in an atmosphere therefore
determines its reducing properties. A higher hydrogen content increases the reducing properties.
However, the reducing properties of an atmosphere also depend on the residual amount of
oxygen, as oxygen may re-oxidize metals and the reducing gas component. Platonov et al.

demonstrated the influence of residual oxygen on Pd/ZnO and its ability for hydrogen detection
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during reduction in a hydrogen atmosphere.? The absence of oxygen, as is the case in the UHV,
can have similar properties and trigger similar reactions as a reduction in hydrogen, as shown
by the work of Penner ef al. in which ZnPd was formed on ZnO at elevated temperature in the
UHV.2* As a result, the present in situ experimental conditions may produce similar reducing
properties as the ex situ experiment at 100 kPa hydrogen pressure due to the absence of oxygen
resulting from the former high vacuum and the injected hydrogen. For instance, elemental Pd
was found after pre-treating the sample at 200 °C in vacuum. In addition, there are similar
results between in and ex situ experiments, e.g. ZnPd phases were found despite the low partial

pressure. These findings provide support for a small pressure gap.

To sum up the effects induced by the experimental conditions, all of the derived beam effects
may affect the present in situ reduction experiment. However, activation and transformation of
reference regions, which were only imaged before and after reduction, indicate that the
mechanisms derived may be facilitated and but not triggered by the electron beam. In addition,

similar results between ex and in sifu experiments indicate a small pressure a gap.
Conclusions of PdO Reduction

In summary, the reduction of PdO and formation of ZnPd is divided into two mechanisms. The
first mechanism comprises the activation of the ZnO support by hydrogen spillover, ZnO
migration to the surface, and an encapsulation of the nanoparticle. The second mechanism
includes nucleation of the ZnPd phase, its diffusion-controlled growth and the formation of a
core-shell structure due to kinetic limitation that are in good agreement with similar ex situ
experiments. As a result, ZnPd nanoparticles with a thin ZnO shell are formed. The electron
beam may enhance the effects of the reduction but not trigger them as shown by reference
regions and the stability under pure electron beam exposure. Other potential effects induced by
the experimental conditions such as formation of hydrogen plasma, temperature differences and
pressure gap have a minor impact and can largely be neglected. The RMSI mechanism has
many similarities with SMSI but is different in the interaction between nanoparticle and
coverage layer, where an intermetallic phase is formed at RMSI. These results are interesting
for many scientific communities such as heterogenous catalysis, reaction kinetics and hydrogen

detection as it demonstrates the present formation in small steps.
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7 Methanol Steam Reforming on Zinc Palladium

Nanoparticles Supported on Zinc Oxide

The work in this chapter was performed in collaboration with the TU Chemnitz, Germany.
Oytun Tiryaki and Marc Armbriister prepared the studied ZnPd/ZnO sample and conducted the

XRD measurement.

It is well-known that ZnPd nanoparticles on ZnO support exhibit excellent catalytic properties
in methanol steam reforming.’” However, as-prepared catalysts show poor CO; selectivity and
high selectivity is only formed during methanol steam reforming, indicating a structural
evolution of the catalytic system. Heggen and co-workers reported the presence of ZnO patches
on ZnPd nanoparticles after methanol steam reforming.* The formation of ZnO patches appear
to play a pivotal role in the change in selectivity. Given that the ZnO patches increase the
selectivity of the ZnPd system, an in situ study about the conditions required for their formation
and the formation process itself may elucidate the working mechanism of ZnPd catalysts during
MRS. In situ TEM is required to enable imaging of the change in the catalytic system, since the
anticipated changes take place on a nanoscale and are only active under reaction conditions.
The reproduction of methanol steam reforming conditions inside an electron microscope is
challenging, as it requires the injection of a steam mixture. /n situ TEM configuration are
typically designed for the injection of a gas or a liquid, while a steam configuration needs a
high sophisticated control of the reaction parameters, for instance condensation effects. Effects
such as pressure, temperature and the impact of the individual components need to be

considered.

This chapter addresses the structural evolution of ZnPd nanoparticles supported on ZnO, which
are triggered by methanol steam reforming. Two experimental in situ configurations are
employed, namely open cell and closed cell configuration, in order to satisfy the varying
pressure ranges and resolution requirements. The injection of individual components, as well
as methanol steam and water mixtures, elucidates the effect of the components and the chemical

potential required for ZnO patch formation that are triggered by methanol steam reforming.

7.1 Experimentals

Palladium nitrate nanoparticles supported on zinc oxide were prepared with different Pd
loadings between 1 and 10 wt.%, as described in chapter Figure 4.1. The samples were calcined
at 500 °C for 3 h in O2:N2 (20:80) and subsequently reduced at 500 °C for 2 hours in Ha:Ar
(5:95), adapting the preparation protocol for catalytically active ZnPd nanoparticles introduced
by Iwasa et al.”>** The sample was dispersed in ultra-pure water and deposited via drop-cast

method on a SiN membrane of a respective MEMS heating chip (chapter 3.2).
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Open Cell Configuration

The open cell setup used for the in situ methanol steam reforming experiment is introduced in
chapter 3.2.1. ~20 ml of methanol (Sigma Aldrich, anhydrous, 99,8%) and deionised water were
filled in the respective containment bottles, which were connected to the closed metering valves
and sealed with a copper sealing ring. The bottles were dipped in a bath of liquid nitrogen for
~5 min to freeze the liquids inside. The metering valves were then opened and the residual gas
was evacuated by a TMP, creating a vacuum < 10 mbar in the vaporiser system. The metering
valves were closed and the methanol and water ice were heated to room temperature, thus

restoring the initial state.

The loaded heating chip was mounted on a single tilt heating holder (Hitachi High-Tech
Canada, Toronto, Canada) and the holder was inserted into the HF5000 (specifications are given
in chapter 3.2.1), operating in HR and HR mapping STEM mode mostly at 200 kV. Only the
experiments in chapter 7.3 and 7.4.2 were conducted at 60 kV. The ZnPd nanoparticles were
reduced at 200 °C for 1 hour in a hydrogen atmosphere with a mass flow of 2.5 sccm, which
translates in a specimen pressure of ~2 Pa. In some experiments, the hydrogen was moisturised
with an uncertain amount of water and/or methanol, as derived in chapter 7.6. After reduction,
the entire in situ configuration, including the microscope column, mass flow controller, gas
supply system, tubing and vaporiser system, excluding the liquid bottles, were evacuated for
~15 min at a vacuum pressure < 10 mbar. Methanol steam reforming conditions were initiated
by opening the metering valves. ~ 15 min after opening the metering valves, the steam mixture
was injected with a mass flow of 1 sccm in the microscope column, creating a specimen
pressure of ~4 Pa. MSR experiments were conducted at 200 °C and 320 °C. After each MSR

experiment, the system was evacuated and the microscope was baked.

The regions of interest were only exposed to the electron beam during image acquisition and
focus alignment. Reference regions were only image before and after the reaction, to evaluate
the electron beam effect. Only after reaching a pressure of 10 Pa, reference images were

acquired, such that the electron beam could not interact with the atmosphere.
Closed Cell Configuration

Methanol steam reforming experiments were performed by using the closed cell configuration,
which is introduced in chapter 3.2.2. The sample was reduced for 1 hour at 200 °C at a pressure
of 700 mbar in a hydrogen: argon mixture (4:96) with a mass flow of 1 ml/min. Subsequently
to reduction, the piping was flushed using pure argon (99,9 %) for 10 min. A 1:7 liquid
methanol: water mixture was weighted in and added to the wet line. Argon was employed as a
carrier gas and completely directed through the wet line of the vaporizer, bubbling through the
methanol-water mixture. The saturated argon was streamed over the sample for 45 min with a
pressure of ~800 mbar with a mass flow of 0.4 ml/min at a sample temperature of 320 °C.

Images were captured with an exposure time of 0,33 s/frame during the in situ experiment.
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7.2 Characterisation of Pristine Zinc Palladium Nanoparticles

Pristine ZnPd nanoparticles supported on ZnO are investigated using STEM and XRD.
Corresponding SE images, XRD measurements and PSDs are shown in Figure 7.1.

L 4ol e
=z LI PR N NN PO i
S,
-‘g L L b i, 5wk
£ 10 wt.% Pd
= L | VN s
L1 | 1 TR !
ZnPd
[ ‘
[ 1 ! P
20 30 40 50 60 70 80 20
20[7]
40
304 . —
E
< ig T
8 s . ..
® 20 e . 2 |
[ * 0
g | . :
& 7 B ¥ 3
10 }E 4
0 T T T T
1 wt-% 3wt-% 5wt-% 10 Wt-%

Figure 7.1: Left: SE image series of ZnPd nanoparticles supported on ZnO with different Pd
loadings. Right top: Corresponding XRD measurements of the identical sample
batch. XRD reflexes of pure ZnO, ZnPd and Pd are given as reference. Right
bottom: A particle size analysis which shows the size distribution of ZnPd

nanoparticles according to the total Pd loading.

SE images show that ZnPd is homogenously distributed on ZnO regardless of the loading. Only
a few nanoparticles aggregate to clusters. Higher loadings cause higher particle densities on the
ZnO surface. Over 50 nanoparticles are measured in two perpendicular directions to determine
each PSD. PSDs demonstrate an increase in size with loading. For instance, the sample with 1
wt.% Pd loading has an average particle size of 6.6+3.8nm, 10 wt.% Pd loading of
9.0 £ 5.8 nm. In addition, the distribution broadens with loading, indicating accumulation of
single bigger nanoparticles for higher loadings. The XRD measurements show characteristic
reflections for ZnO and ZnPd. The ZnO reflections exhibit similar intensities for all loadings,
as the same ZnO batch is used as support. In contrast, the ZnPd reflections scale with Pd
loading. For instance, the reflexes at ~41 and 43° are most pronounced for a loading of 10 wt.%.
At 3 wt.% and 5 wt.%, these peaks are relatively weak. Minor ZnPd peaks are not detectable at

the present loadings.
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Figure 7.2: Series of BF, DF and SE images of ZnPd nanoparticles supported on ZnO with

different Pd loadings (1 — 10 wt.%). Images in one column represent the same

nanoparticle. Some ZnPd nanoparticles are coated with a thin surface layer.

Figure 7.2 shows a selection of high magnification images of ZnPd nanoparticles from sample
batches with different Pd loadings. Representative nanoparticles have a polycrystalline
structure, which are homogenous in composition, examined by the constant brightness of the
DF images. Some nanoparticles, e.g. samples with 5 and 10 wt.%, are coated by a thin surface
layer with lower contrast, as shown in the DF images in Figure 7.2. ZnPd is located on flat ZnO
and ZnO nanorods, similar to that described in chapter 0. Occasionally, contamination forms

around the nanoparticles during image acquisition at high magnification.

In summary, samples with different Pd loadings exhibit ZnPd nanoparticles that are largely
similar in size and structure. The increase in mean particle size at higher loadings is due to
single, larger nanoparticles that are more likely to form. It is therefore assumed that isolated
ZnPd nanoparticles are approximately identical and that the structural changes to a single
nanoparticle are independent of the Pd loading. Consequently, results obtained from experiment

with different loadings are analysed equally.

96



Methanol Steam Reforming on Zinc Palladium Nanoparticles Supported on Zinc Oxide

7.3 Reduction in a Pure Hydrogen Atmosphere

ZnPd nanoparticles supported on ZnO were reduced at 200 °C in hydrogen before exposing

them to methanol steam reforming conditions. Figure 7.3 shows a ZnPd nanoparticle during
reduction. The E-STEM images were acquired at 60 kV.

Figure 7.3: In situ BF images series of supported ZnPd nanoparticles, which are reduced at
200 °C in hydrogen atmosphere. The E-STEM was operating at 60 kV. Time stamps
indicate time of reduction. The system shows no significant change in structure.
ZnO decomposes slightly in the perimeter of the nanoparticle.

Nanoparticle and support are covered by a thin amorphous layer, which is preserved throughout
reduction. The structure of the nanoparticle is largely unaffected by the reductive treatment and
irradiation of the electron beam. ZnO begins to decompose slightly at the perimeter of the

nanoparticle after ~ 35 min of reduction.

In addition, selected ZnPd nanoparticles were imaged solely before and after the hydrogen
experiment in order to evaluate electron beam effects. BF and DF images of such reference
locations are shown in Figure 7.4. In agreement with the in situ data, the nanoparticles show no
significant change in structure. Perimetric ZnO exhibit slight traces of decomposition. The
morphology of ZnPd nanoparticles evolves during reduction, which is indicated by formation
of facets, as highlighted by the red arrows in Figure 7.4. The marked ZnPd crystal matches well
to an alignment along [1 0 0], as the measured lattice spacings of 2.9 £ 0.1 A and 3.5+ 0.1 A
are in good agreement to ZnPd (0 1 0) with 2.89 A and (0 0 1) with 3.33 A.% Given that the
crystal is orientated as derived, the present facets are ZnPd (00 1) and (0 1 1).
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Figure 7.4: BF and DF images of two ZnPd nanoparticles imaged before (top row) and after
(bottom row) reduction. Locations were not exposed to the electron beam during
hydrogen injection. Red arrows indicate faceting. ROI highlights ZnPd crystal

along [1 0 0] direction. Crystal model is adapted from reference.*®

Further images, which are acquired after reduction, are shown in Figure 11.16. Faceting only
occurs with some nanoparticles. In particular, larger nanoparticles maintain their round,
isotropic shape. In addition, decomposition of ZnO close to the nanoparticles is frequently
observed, especially with higher exposure times. Some nanoparticles are covered by thicker
surface layers and decorations. It could not be determined whether such phenomena are formed

during reduction or are already present at the pristine nanoparticle.

7.4 Effects of Individual Components

During the methanol steam reforming, water and methanol are converted into hydrogen and
carbon dioxide. Since the interaction of the components is expected to trigger a structural
evolution of the catalyst under the right reaction parameters, it is crucial to derive the effect of
the individual components. In this chapter, the effect of pure water, and methanol steam on

ZnPd nanoparticles supported on ZnO is studied using E-STEM.

7.4.1 Exposure to Water Steam

After reduction in a hydrogen atmosphere, supported ZnPd nanoparticles are exposed to a pure
water steam at 320 °C. Figure 7.5 shows the evolution of a selected ZnPd nanoparticle during

exposure to water steam. The experiment was conducted at an acceleration voltage of 200 kV.
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Figure 7.5: Series of BF images of ZnPd nanoparticle exposed to water steam at 320 °C. Time
stamps indicate the time of water steam injection. The graph shows the
corresponding column pressure. The red arrows indicate the detachment of a

surface feature.

Figure 7.6: Series of images of different reference locations acquired before (top) and after

(bottom) water steam exposure. Locations were not exposed to the electron beam

during water steam injection.
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The column pressure remains approximately constant after 10 min of equilibration, so stable
reaction conditions are anticipated. The nanoparticle is stable throughout the exposure to water
steam, as its crystal structure does not change. The nanoparticle shows only minor temporary
elongation between 13 and 33 min. As indicated by the red arrows, a surface feature, which is
present at the pristine nanoparticle, is dispatched after 13 min of water steam injection. In

addition, the ZnO support maintains its morphology.

The results of the in situ experiment are in good agreement with those of the reference locations,
which were not exposed to the electron beam during water steam injection. Figure 7.6 shows
the reference locations before and after water steam injection. There are no apparent changes
in structure between the two states. The difference in contrast is due to different imaging

conditions.

7.4.2 Exposure to Methanol Steam

After reduction in a hydrogen atmosphere, supported ZnPd nanoparticles were exposed to pure
methanol steam at a pressure of ~ 3 Pa at 320 °C for 60 min. The metering valve sealing the
methanol bottle was opened when the mass flow into the microscope column was activated.
The change in column pressure is shown in Figure 7.8a. When the mass flow was activated, the
column pressure increased to a constant level of ~ 5 - 103 Pa. After 25 min of injection, the
column pressure increased rapidly to a maximum value of ~ 2 - 10 Pa. The in situ experiment

was conducted, employing an acceleration voltage of 60 kV.

Figure 7.7 shows the in situ evolution of a ZnPd nanoparticle during the methanol steam
experiment. Further SE and DF images are shown in Figure 11.17. In the first 10 min of
injection, the nanoparticle is stable, maintains its shape and is coated by a thin amorphous
surface layer. The nanoparticle then starts to develop a more spherical shape. In order to
quantify the change in shape of the nanoparticle, roundness and circularity are calculated using
eq. 7.1 and 7.2.27°

4 - Area 71
Roundness = - ;
Perimeter - Diameter
Ci larit 4-Area - 7.2
WAy = perimeter?

Values for area, perimeter and Feret diameter are obtained and are shown in Figure 7.8b. Three
measurements per time are averaged, with the standard deviation given as the error. Calculated
values for roundness and circularity are illustrated in Figure 7.8c. Both parameters increase in
the first 30 minutes, with the circularity increasing more steadily than the roundness. Both
parameters reach their maximum at ~ 30 min with 95% of circularity and 92% of roundness,

minimizing the surface area of the nanoparticle. At the same time, the contrast of the support
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close to the nanoparticle weakens, indicating decomposition of ZnO. The amorphous surface

layer also decomposes and becomes thinner.

Series of BF images of a ZnPd nanoparticle exposed to methanol steam at 320 °C.

Time stamp indicate time of methanol injection. DF and SE images of the same in

Figure 7.7:
situ experiment are displayed in Figure 11.17.
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Figure 7.8: Properties of ZnPd nanoparticle studied in sifu, as shown in Figure 7.7: a)

Logarithmic illustration of the change in column pressure as function of time with

a constant injection rate. b) Change in area (blue), Feret diameter (red) and

perimeter (black) of the nanoparticle considered over time. c) Corresponding

roundness (black) and circularity (red) of the nanoparticle calculated using eq. 7.1

and 7.2. Circularity and roundness have the same axis scale.

101



Methanol Steam Reforming on Zinc Palladium Nanoparticles Supported on Zinc Oxide

After 30 min of methanol steam injection, the support decomposes strongly. Intriguingly,
decomposition around the nanoparticle removes ZnO, such that a residual nanocolumn is
formed that supports the nanoparticle, as illustrated after 31 min in Figure 7.7. The nanocolumn
appears to form along a crystallographic plane. At the interface between nanoparticle and

column a Moiré pattern is present, indicating the presence of different crystal structures and

partial encapsulation.

Figure 7.9: Series of DF images acquired at lower magnifications during methanol steam
injection. The red arrows indicate temporary faceting of nanoparticles. White ROI

highlights the region, which was observed at higher magnification in Figure 7.7.

The ZnPd nanoparticles are not affected by decomposition. The supporting nanocolumn
becomes more pronounced before it is completely decomposed and the nanoparticle detaches.
The separation process leads to a loss in circularity and roundness, forcing the nanoparticle to
restructure into a faceted shape. After separation, the spherical shape is partially restored, as
indicated by 94% of circularity after 46 min. In the last 15 min of the in situ experiment, ZnPd
nanoparticles aggregates in a self-supporting manner, which reduces the interface between
support and nanoparticles. In addition, less changes in structure suggests a decrease in

decomposition speed.

Figure 7.9 shows sections of the above described in situ methanol steam experiment at lower
magnifications. The white ROI highlights the region imaged in Figure 7.7. In agreement to the

results obtained above, other ZnPd nanoparticles also stabilize nanocolumns and form facets
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before separation, as illustrated by the red arrows. The lower row of DF images in Figure 7.9
demonstrates that ZnO decomposes globally throughout the entire sample at the same time,
indicated by the loss in DF signal.

Pristine

Figure 7.10: Series of BF images of randomly selected locations before (top) and after (bottom)

methanol injection. Images in one pillar were acquired at the same magnification.

Reference locations are only imaged before and after methanol injection, as shown in Figure
7.10. Due to strong structural changes, it is not feasible to image identical locations, so
randomly selected locations are imaged at the same magnification. In addition, high resolution
imaging is hampered by strong mechanical vibrations, which occur after methanol injection. In
comparison, the contrast of the support before injection is stronger than after, indicating a
thicker initial sample. While the nanoparticles are initially anchored and homogeneously
distributed on flat ZnO, they aggregate and occasionally are located on a nanocolumn after

injection.

7.4.3 Discussions of Individual Components

The results suggest that water and methanol steam have different effects on ZnPd nanoparticles
supported on ZnO. While water steam has a stabilising effect on the material system, strong
ZnO decomposition is activated by methanol steam. The individual effects are discussed in this
chapter.
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Stabilisation by Water Steam

Exposure of water steam at an elevated temperature does not trigger any structural changes in
ZnPd nanoparticles nor its support. Good agreement with the reference locations suggest the
absence of an electron beam effect, which is typically present after long electron beam

exposures. Consequently, water steam appears to stabilise the structure of the catalytic system.

Water is known to act as an oxygen donor to oxygen-deficient systems. In such systems, anion
defects such as oxygen and nitrogen vacancies are predominantly found at the surface. Surface-
absorbed water is capable of healing such defects by donating oxygen and splitting off
hydrogen.?’® Oxygen vacancies in ZnO may be generated by electron beam exposure. As
discussed in chapter 6.5, the present electron beam may assist in the generation of lattice defects
to activate structural changes in ZnO. The absence of any ZnO activation indicates that electron
beam-induced defects are healed by water steam, providing an explanation for its stabilising
properties. The healing properties for electron-beam induced defects can also be interpreted as
Mars-van Krevelen’® mechanism, which predominantly occurs in heterogenous catalysis. In
this mechanism, lattice oxygen from a metal oxide is abstracted to oxidise an absorbed reactant.
The oxygen-deficient metal oxide is re-oxidised by dissociative absorption by an oxygen donor.
The present results indicate that water acts as such an oxygen donor, which replenishes the
oxygen abstracted from ZnO. Therefore, water is crucial for the stability of ZnO and its catalytic
properties and thus for the longevity of the catalyst. This result helps to comprehend the role

and capabilities of water steam in catalysis, especially, in methanol steam reforming.
Decomposition by Methanol Steam

The injection of methanol steam into the microscope column is delayed by opening the
methanol metering valve and simultaneously activating the mass flow. The delay is
characterised by two separate increases in column pressure. The initial increase corresponds to
the activation of the mass flow controller, where gas residues from the supply line are injected.
The second increase in column pressure after ~27 min is caused by methanol steam arriving at
the mass flow controller, indicating that the transport of a sufficient quantity of methanol steam
into the microscope column takes ~27 min. Thus, the present in situ experiment exhibits a
temporal gradient in methanol partial pressure, such that early structural changes in the catalytic
system are triggered by low methanol contents, while later changes are activated by higher
methanol contents. Consequently, the first part of the experiment is referred to as the ‘low

pressure’ phase and the second part as the ‘high pressure’ phase.

During the low pressure phase, ZnPd nanoparticles form a spherical shape, while the amorphous
surface layer is partially removed. As derived in chapter 6.5, encapsulation by a reducible oxide
minimises the surface energy of the nanoparticle. Due to deconstruction of the surface layer,
the surface energy of the total system increases. As a result, the system restructures to reduce

the surface area by formation of rounder nanoparticles, which is indicated by an increase in
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circularity and roundness. After formation of a spherical shape, the high pressure phase is
initiated. In this phase, the nanoparticles lose their spherical shape temporarily and form facets,

which is probably triggered by the increase in methanol content.

Pristine system Methanol decomposition Zn0O decomposition
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Figure 7.11: Schematic illustration of ZnO decomposition process. The system is exposed to
methanol steam. Methanol is adsorbed on the ZnPd and activated (I). Methanol is
decomposed, splits off hydrogen and spills over to the ZnO support (II). The
residual CO binds to lattice oxygen, forms CO2, which desorbs and generates an
oxygen vacancy (III). ZnO is partially reduced and decomposes. A nanocolumn, as

illustrated in bright green, underneath the nanoparticle is stabilized temporarily.

ZnPd nanoparticles supported on ZnO are highly CO»-selective catalysts in the presence of
methanol and water steam.’’ In the absence of water, the system promotes methanol
decomposition. Methanol decomposition has high CO yield. Carbon monoxide is a potent
reducing agent that has a higher reducing capacity than molecular hydrogen, as shown in Figure
2.4. Interaction between carbon monoxide and the ZnO support appear to cause the formation
of CO», whereby the oxygen required for CO oxidation is removed from the ZnO lattice. The
constant flow of produced carbon monoxide leads to continuous dissociation of oxygen from
the lattice and to the formation of oxygen-deficient ZnO. Such material transport from ZnO to
the gas phase is enhanced due to the low partial pressure during the in situ experiment.
According to the Ellingham diagram, ZnO reduction and CO oxidation are not
thermodynamically favourable under the selected conditions. Thus, it is expected that ZnPd
nanoparticles play a pivotal role in the decomposition mechanism and activate CO by spillover
to ZnO. This explanation is supported by the observation that the surface layer of the
nanoparticles is first removed, followed by its direct vicinity. Interestingly, there is also an
opposing effect: ZnO in direct contact to ZnPd is more resistant to decomposition, which is
illustrated by the nanocolumn underneath the nanoparticles. This finding suggests that ZnPd
nanoparticles stabilise ZnO by a certain extent. While it is well known that nanoparticles are
stabilised by their support, e.g., against deactivation mechanisms, it is somewhat surprising that
this mechanism acts in both directions here. The interface between the nanoparticle and -column

appears to have a direct effect on the properties of the column, which has a similar width and
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degrades after the nanoparticle is detached. The variation in decomposition resistances of
formerly identical ZnO proves a structural or compositional change due to the supporting role
and interaction with ZnPd nanoparticles. The formation of nanorods suggests that these changes
are anisotropic in nature. In addition, the nanorod-supported nanoparticle is faceted, suggesting
that the energy of the metal-support system is collectively affected. The fact that the
nanoparticle loses its facets after detachment is an indicator for an intermediate and metastable
state, which is only energetically favourable when supported on the nanocolumn. The
phenomenon may only occur under low pressure conditions, which are present during the E-
STEM experiment and indicate a pressure gap. As under low pressure condition, the mass
transport is accelerated, the nanoparticle may also act as ‘shielding’, minimizing the interaction
area between atmosphere and support and thus stabilizing the ZnO below. The common
behaviour, in which the properties of the nanoparticle and support change, indicates the

presence of a special kind of SMSL

After ~53 min of methanol injection, the system reaches an equilibrium, when ZnO
decomposition is stopped. There are presumably two reasons for equilibration. Firstly, it is
known that oxygen is bound more strongly in oxygen-deficient oxides than in stochiometric
oxides, which leads to higher binding energies in the defective structure. For instance, such

277 278 and are

phenomena have been reported for oxygen-deficient perovskites®’’ and cobalt oxides
also likely to apply to the present system, which impedes the oxidation of CO. Secondly, the
ZnPd nanoparticles are less homogeneously distributed on the support due to the initial
decomposition of ZnO, but are more frequently aggregated, which leads to a reduction in the
interface between nanoparticles and the support. Given that decomposition is activated by CO
spillover from the nanoparticles onto the support, the probability of a spillover decreases due

to a smaller interface and longer diffusion paths for CO.

An electron beam-induced decomposition is unlikely as decomposition occurred
simultaneously and globally throughout the sample. In addition, the same decomposition

behaviour is present independent of the applied dose.
Conclusions

The effects of methanol and water steam on ZnPd nanoparticles supported on ZnO are opposing
and thus complementary. Due to methanol decomposition and the high CO yield, pure methanol
leads to ZnO decomposition, which removes oxygen from the lattice. Here, decomposition may
be facilitated by the low experimental pressure. In contrast, water steam acts as oxygen donor
in a Mars-van Krevelen-like mechanisms, as it replenishes oxygen vacancies and stabilizes the
defective ZnO structure, which is demonstrated by the absence of electron beam-induced defect
generation. Thus, the catalytic system should be maintained if both components are applied in
the correct ratio. Structural stabilisation of ZnO anchoring ZnPd nanoparticles proves that such
tandems undergo changes in structure or composition induced by metal-support interaction that

affect their properties. Such intermediate states often represent active sites and can only be
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unravelled by in situ STEM. This finding raises the question of what other structural changes
in ZnPd and ZnO are triggered by methanol and water, what effects they may have in catalytic
reactions and whether they operate as active sites.

7.5 Structural Evolution During Methanol Steam Reforming

This chapter deals with the structural evolution of supported ZnPd nanoparticles during
exposure to methanol and water steam at 320 °C. Different MSR experiments with an expected
excess in methanol content were conducted. For a quantitative discussion on the steam
composition, see chapter 7.8. Before MSR, the sample was reduced in situ at 200 °C for ~1 h
in a hydrogen atmosphere, as shown in chapter 7.3. Different locations were investigated during
reduction and MSR in order to reduce the electron beam dose. Reactions triggered by in situ
MSR include changes in morphology of ZnPd nanoparticles and electron beam-assisted ZnO
decomposition.

7.5.1 Changes in Morphology of Zinc Palladium Nanoparticles

The composition of pristine ZnPd nanoparticles is predominantly homogenous, as derived in

chapter 7.2. Effects of MSR conditions on the local composition of ZnPd nanoparticles are

studied in situ. Figure 7.12 and Figure 7.13 show the system during MSR conditions at 320 °C.

Figure 7.12: Series of DF (top) and BF (bottom) images of a nanoparticle compositionally
evolving during MSR at 320 °C. Time stamp gives time of MSR. Blue arrows show
initial locations of contrast deviations. The red arrows indicate formation of dark
contrast regions. The green arrows highlight the presence of twin boundaries

throughout the observation.
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This region was continuously exposed to the electron beam. The nanoparticle is first
investigated after 37 min of MSR. Few circular regions with darker and brighter contrast are
already present, as indicated by the blue arrows in Figure 7.12. During imaging, ZnO degrades
isotopically around the nanoparticle that increases the mobility and rotational freedom of the
ZnPd nanoparticles and may lead to their tilt. Between 37 and 52 min, a further region with
darker contrast is locally formed, as marked by red arrows. After 42 min, the first weak dark
contrast variation is present, which intensifies as a function of time. The observed ZnPd also

exhibits grain boundaries, which extends throughout the nanoparticles. As shown by the green

arrows, the twin boundaries feature the nanoparticle from the point of observation.

Figure 7.13: High resolution DF images of a ZnPd nanoparticle studied during MSR. Red
arrows highlight regions of heterogenous composition in the nanoparticle,
indicating deviations in Pd content. Left inset illustrates the SE image of the same
region, indicating surficial features. Right inset shows twin boundary of the
nanoparticle at a higher magnification. The tilt angle between the lattice planes is ~
8°. Both ZnPd crystals are aligned along [0 1 0], as illustrated by the crystal model.

After 48 min of MSR, DF and SE images at a higher magnification reveal the nature of the
features with brighter contrast, as shown by the red arrows in Figure 7.13. As demonstrated by
the SE inlay, the bright feature in DF corresponds to a feature on the surface. The areas with
dark contrast are patterned in a crystal structure that differs from the surrounding nanoparticle,
indicating a Moiré pattern and the presence of a crystal deviation. The grain boundaries are
highlighted in the inlay in Figure 7.13. The left grain boundary represents a twin boundary with
bright contrast, where the two crystals are aligned along [0 1 0] and tilted by ~ 8°. Accordingly,
the twin boundary runs through a (1 0 1) plane. A second grain boundary with darker contrast
is present on the right. The ZnPd nanoparticle also exhibits a faceted surface and maintains it
throughout the observation. As there is no image acquired of the in situ location before MSR,

no comment about formation of facets can be made.

Reference locations, which are not exposed to the electron beam during MSR, are shown in
Figure 7.14. DF images of reference locations before MSR are displayed in Figure 11.18. Such
reference ZnPd nanoparticles are found to have formed facets during MSR. Comparing the
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nanoparticle in the left DF image in Figure 7.14 with its pristine shape demonstrates an
evolution from a roundish shape to a faceted one. The crystal is aligned along [1 1 1], assigning
the facets to (1 1 0) planes. The crystal of the nanoparticle in the right DF image is aligned
along [1 0 0]. Consequently, the facets formed represent (0 1 0) and (0 1 1) planes. High
resolution images of the identified facets are shown in Figure 11.19. Here, differences in
contrast allow an elemental identification of Pd and Zn. The heavier Pd appears brighter in DF
imaging. The nanoparticle in the centred DF image in Figure 7.14 maintains its round,

anisotropic shape, indicating that some nanoparticles do not form facets.

Figure 7.14: DF images of ZnPd nanoparticles acquired after exposure to MSR conditions.

Images of pristine nanoparticles are shown in Figure 11.18. Inlays illustrate crystal
structure and orientation of ZnPd nanoparticles. The nanoparticle in the left DF

image is aligned along [1 1 1], the nanoparticle in the right DF image along [1 0 0].

7.5.2 Electron Beam-Assisted Decomposition of Zinc Oxide

The electron beam affects the catalytic system strongly during MSR. Figure 7.15 shows a series
of SE images and, consequently, the impact of electron beam exposure on the surface of ZnO,
as a function of exposure time. The sample was continuously exposed to the electron beam and
MSR conditions. In vacuum, the system is stable under the electron beam, resisting any
degradation. After 1 min of exposure, few-nanometre-sized holes form uniformly on the ZnO
surface, indicating first ZnO degradation. These holes grow constantly over the next minutes
of beam exposure to a size of 10-20 nm. After 4 min of exposure, ZnO at the edges are
completely degraded. The state of degradation is maintained and is limited to the observed
region. Figure 7.16 shows the region at a lower magnification, indicating that only ZnO exposed
to the electron beam degrades. The ZnPd nanoparticles resist electron beam irradiations and

retain their morphology.
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Figure 7.15: Surface damage activated by the electron beam shown by a series of SE images.
ZnO continuously degrades due to combination of the present MSR conditions and
electron beam exposure. The time of electron beam exposure is indicated by the

time stamps.

Figure 7.16: SE image of electron beam-activated ZnO degradation. White square indicates

scan region. Only the imaged ZnO region is subject to decomposition.

Figure 7.17 shows the in situ ZnO decomposition activated by electron beam irradiation and
MSR with higher temporal resolution. The first hole is formed on the ZnO surface after 21 s,
as indicated by the red arrow in the SE image. After 30 s, a second hole is generated at a different
location. The second hole has no corresponding feature in SE imaging, indicating a formation
on the detector-far side or formation of a void. Both hole locations seem arbitrary with no
obvious preference and relation to the nanoparticle. The holes grow continuously as a function
of time, as highlighted by the green arrows in Figure 7.17. Straight boundaries suggest hole
growth along crystallographic planes. After 70 s of exposure, the SE image acquired at a lower
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magnification reveals that only the region exposed to the electron beam is damaged. The ZnPd

nanoparticles are not affected by the present conditions.

Figure 7.17: Series of SE and DF images of in situ ZnO decomposition activated by the
exposure to electron beam and MSR conditions. The red arrows indicate hole

formation. The green arrows show faceted growth of holes.

In order to quantify electron beam-assisted ZnO decomposition, the growth speed of a hole is
measured by manually marking the perimeter of the upper right hole in SE images, as shown in
Figure 7.18. Measurements of the perimeter and area of the hole are plotted as a function of
time in Figure 7.18. Three measurements are averaged and the standard deviation is given as
the error. The relationship between hole parameters and time signals a steady growth of the hole
between 0 and 60 s. The linear approximated growth of the hole area between 21 and 60 s is

~ 4.5 nm?/s.
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Figure 7.18: Left: Quantification of ZnO decomposition, represented by the perimeter (blue
circle) and the area (red triangle) of a hole as a function of time. Right: Example of

a manually marked hole after 30 seconds of electron beam and MSR irradiation.

7.5.3 Discussions of Structural Evolution During Methanol Steam Reforming

The ZnPd/ZnO system is subject to many concomitantly occurring, nanostructural mechanisms
during MSR conditions at 320 °C The present mechanisms involve segregation, faceting and

decomposition effects, which are discussed in this chapter.
Nanostructural Evolution of Zinc Palladium Nanoparticles

The darker DF contrast observed to be formed in some locations of the ZnPd nanoparticle
during MSR may be attributed to either imaging artefacts or material changes. The dynamic
contrast changes might be an imaging artefact, which may be triggered by the tilt of the
nanoparticle due to the decomposition of the ZnO support. The presence of this phenomenon is
supported by the areal contrast change observed in the BF images depicted in Figure 7.12.

Potential material effects that lead to the observed dynamic behaviour are a thinner sample
thickness and lower elemental mass. A change in local thickness due to superficial changes is
unlikely, as the no region with darker DF contrast correspond to any feature imaged by the SE
detector. It is possible that all features are located on the SE detector-far surface, but rather
unlikely. In contrast, regions with brighter DF contrast can be assigned to a superficial feature,
as highlighted in Figure 7.13. Voids forming inside the ZnPd nanoparticles also reduce the
pathway through material and thus the scatter probability, leading to lower DF signal. However,
regions with lower DF contrast form Moiré pattern, which are based on overlaying and small
deviations between crystals. Such Moiré pattern indicate the presence of a crystal, which is
different in orientation or unit cell size from its surrounding and contradicts the presence of a
void.
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ZnPd has a wide, compositional existence range. The interatomic distances of the tetragonal
ZnPd crystal in a and c direction are sensitive to the Pd/Zn ratio, as shown by Armbriister and
coworkers*?. A lower elemental mass, e.g. a higher Zn content, increases the c/a-ratio. Such
deviations in interatomic distances due to different Zn contents may form the present Moiré
pattern with the predominately homogenous ZnPd nanoparticle. Thus, presence of the Moiré
pattern and the weak DF signal suggest that regions with dark DF contrast in ZnPd nanoparticles
exhibit lower elemental mass and are Zn enriched. Regions with weak DF signal are now

referred to as ‘Zn enriched’.

The possibility of Zn enriched regions indicates local deviations of chemical composition. Such
regions with weak DF signal are predominantly found at the grain boundary that suggests a
preferential Zn enrichment there. Such preferential enrichment of a certain species at grain
boundaries is also coined as grain boundary segregation.””” While some Zn enriched regions
were present at the beginning of the in sifu observation, other appear to form during MSR, as
observed by in situ experiments. A preferred Zn enrichment at grain boundaries is likely as
grain boundaries unlike a bulk lattice exhibit sites with different energy levels, which facilitates
occupation by solute species, that is known as equilibrium segregation.?® An occupation of
such grain boundary states reduces the overall free energy of the system and thus is the
thermodynamic driving force for enrichment. Zn enriched regions next to the grain boundary
represent a non-equilibrium like segregation, which is typically activated by a flux of
vacancies.?®! The present in situ formation of Zn enriched regions suggest that such vacancies
are generated by the applied conditions, e.g. MSR, electron beam and low partial pressure,
which change the chemical environment of the ZnPd nanoparticle and thus facilitate Zn

enrichment.

It is unlikely that sole Zn is segregated in the present mechanism. The wide, compositional
existence range of the intermetallic ZnPd phase indicates that formation of Zn rich or Pd
depleted ZnPd is much more likely. This is in good agreement with Heggen and co-workers,
who reported the formation of such locally Pd depleted areas in ZnPd nanoparticles during

vacuum heating.*> However, in their work the presence of grain boundaries was not reported.

Properties such as the mirror-image stacking of the phases on both sides of the grain boundary
identify the present boundary as a twin boundary. Twin boundaries are a known defect in ZnPd
bulk crystals that releases stress from the system?®2, but have not been reported for supported
ZnPd nanoparticles yet. The measured tilt between the crystallographic directions of the phases
in the ZnPd nanoparticle of ~ 8° is in good agreement with the tilts reported by Ivarsson et al.?%?
for ZnPd bulk.

In addition to compositional inhomogeneity and defects found in ZnPd, formation of facets
indicates morphological evolution. Due to the MSR, the initially round shape of ZnPd
nanoparticles changes into a low index-faceted surface, consisting of (1 0 0) and (1 0 1) ZnPd

planes. At the (1 0 0) facets, Zn represents the surface atoms, as shown by the lower DF signal.
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This behaviour indicates that low index facets are energetically more favourable under MSR
conditions and the energetic minima are different for inert and reactive conditions. Faceting
appear to predominantly occur for larger nanoparticles, suggesting a size effect. A
quantification of a critical particle size for faceting is challenging due to the small number of
observed nanoparticles. However, faceting was not found for ZnPd nanoparticles < 5 nm. As
facet formation was also found at reference locations in the absence of the electron beam, an
electron beam-activated faceting can be excluded. However, an effect of the low partial pressure

and thus a pressure gap is possible.

Compositional segregation®®®, twin boundaries®* and faceting®®® are all features, which are
known to act as active sites and thus trigger a change in catalytic properties of a catalyst. As
segregation and faceting were activated in ZnPd by the present catalytic reactions, they may
change the catalytic properties of the system during catalysis. Such change in catalytic
properties was reported for ZnPd nanoparticles supported on ZnO during MSR.37%? Here, the
CO; selectivity of ZnPd/ZnO-catalysts increased with time of catalysis. As external conditions,
e.g. temperature and feed, remained constant, it can be concluded that the catalyst changes. The
dynamic changes of ZnPd observed here prove that the catalytic system evolves during MSR.
These findings also support the idea that catalytically activated segregation and faceting may
be part of the mechanism, which enhances the CO: selectivity. However, as the catalytic
performance was not measured during the in sifu experiment and the structural changes cannot
be linked to its changes during MSR, further research is required to evaluate the impact of
segregation and faceting of ZnPd nanoparticles and to explore the mechanisms behind the

increase in COz selectivity.
Electron Beam-Activated ZnO Decomposition

In addition to changes in structure and composition of the nanoparticle, ZnO is subject to strong
decomposition during in situ STEM MSR experiments. Intriguingly, only ZnO areas exposed
to the electron beam are decomposed during MSR. ZnO resists sole exposure to MSR, and the
electron beam in vacuum. Thus, it can be concluded that the ZnO decomposition is electron
beam-activated. In order to elucidate the beam effect on ZnO decomposition, the present
experiment is compared to other in situ STEM experiments, derived above. ZnO as support and
passivation layer resisted decomposition during electron beam exposure in hydrogen (chapter
5 and 7.3). Supporting ZnO was also stable during imaging in water steam (chapter 7.4.1). Thus,
an effect of these environments can be excluded. However, in situ methanol decomposition
triggered pronounced ZnO decomposition, also in the absence of an electron beam, as derived
in chapter 7.4.2. The present ZnO degradation is therefore likely a result of methanol
decomposition. Supported ZnPd catalysts in MSR conditions typically exhibit high CO,
selectivity and thus supress methanol decomposition. Given that the ZnO decomposition is
triggered by methanol decomposition, the electron beam changes the selectivity of the catalyst

and shifts the equilibrium to methanol decomposition. As a result, more CO is produced that

114



Methanol Steam Reforming on Zinc Palladium Nanoparticles Supported on Zinc Oxide

reduces ZnO, as described in chapter 7.4.3. There are several possible explanations for this

result:

Water steam provides the required oxygen for CO2 production in MSR. A theory for the hydrous
oxygen supply includes that water is part of a Mars-van Krevelen mechanism and indirectly
supplies oxygen by replenishing the metal oxide lattice during MSR, as reported by Kowitsch
and co-workers for InPt species supported on In203.7 Electron beam-activated ZnO
decomposition due to partial reduction indicates that the water absorption on ZnO is hindered
by the electron beam and thus oxygen vacancies in the ZnO lattice are not healed. Following
mechanism is proposed: Oxygen vacancies may be stabilized due to a change in oxidation state
of the Zn species. Under standard conditions, Zn>" is present in ZnO. Due to electron beam,
reducing conditions are present, which contribute additional electrons to ZnO and form
negatively charged ZnO". Subsequent generation of oxygen vacancies favour the formation of
Zn species with a lower oxidation state, such as metallic Zn® and Zn'*. Oxygen vacancies
surrounded by such Zn species are less likely to be replenished due to the neutral charge.
Residual, metallic Zn exhibits a relatively low melting point of ~419 °C under standard
conditions?®® and vapour pressure of around 1 Pa at 320 °C?*, Consequently, the sublimation
of Zn is likely due to the present temperature and low partial pressure. Other explanations for
the beam-assisted decomposition include that the electron beam may also selectively change
the kinetics of sub-reactions and may accelerate the speed of methanol decomposition,
producing CO faster than water is activated. Here, methanol steam may be excited by the
electron beam, increasing its activity. ZnO might also be affected directly by the electron beam.
The electron beam generates lattice defects, e.g. oxygen vacancies, which act as active sites for
methanol absorption increasing chemisorption of ZnO for methanol. In addition to the
activation on ZnPd, methanol may be now activated on defective ZnO, accelerating the overall

activation of methanol compared to normal MSR conditions.

Regardless of the cause of ZnO decomposition, the electron beam-induced degradation hinders
the in situ investigation of dynamic, nanostructural changes of the support. Thus, growth of the
proposed ZnO patches on ZnPd cannot be detected in sifu with TEM under the given conditions.
Nanoparticle-related changes can be studied, as ZnPd resists the effect of the electron beam.
Given that the effect is primarily caused by a selective change in reaction kinetics that
accelerates methanol decomposition, a higher water ratio in the MSR feed should mitigate the

electron beam effect.
Conclusions

In situ STEM studies of supported ZnPd nanoparticles reveal nanostructural phenomena that
alter the composition and morphology of ZnPd and decompose ZnO. Nanostructural evolution
of ZnPd involves the formation of presumably Zn-rich areas and low index facets. In contrast,
ZnO suffers from electron beam-activated decomposition, which impedes the observation of
any MSR-related ZnO changes.
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7.6  Structural Evolution of Supported Zinc Palladium Nanoparticles in a
Hydrogen Environment Enriched with Methanol and Water

During MSR, ZnPd is not only exposed to methanol and water but also to the products carbon
dioxide and hydrogen. Due to the low partial pressure, limited catalytic activity and volatile
hydrogen, the hydrogen partial pressure is comparable low at the sample. However, hydrogen
may still play a pivotal role in the structural evolution of ZnPd catalysts during MSR, such that
an investigation in a hydrogen containing MSR atmosphere is highly desirable. In this chapter,
hydrogen is enriched with methanol and water to evaluate its structural effect on ZnPd

nanoparticles supported on ZnO.

7.6.1 Experimentals — Hydrogen Enrichment with Water and Methanol

Supported ZnPd nanoparticles with different loadings were prepared on MEMS heating chips,
as derived in chapter 7.1. For in situ MSR experiments, the open cell setup was used, as
described in chapter 3.2.1. In order to supply water, methanol and hydrogen simultaneously, a
different supply mechanism than the one used in chapter 7.5 was applied. Before injecting the
mixture, the needle valves of water and methanol were opened equally for ~60 min, such that
the components condensate on the supply tubes. The needle valves were then closed and a
vacuum of < 10 mbar was applied to the supply system, removing the water and methanol
steam and leaving only the condensate. Subsequently, hydrogen with a pressure of 1 bar was
injected into the supply tubes, where it is enriched with methanol and water that were adsorbed
by the supply tubes. Saturated hydrogen was then injected into the microscope column with a
mass flow of 2 sccm. The ZnPd/ZnO catalyst was heated to 200 °C. After 1 hour of injection,
the hydrogen flow was stopped. MSR conditions identical to the those described in chapter 7.1

were then applied.

7.6.2 Discussions of Experimental Feasibility

After the MSR and the evacuation of the system, methanol and water residues were found in
the supply line, which became apparent through an increased sample pressure that decreased
with injection time at a constant hydrogen mass flow rate. Such decreasing partial pressures of
water and methanol in a constant hydrogen flow exhibits ideal, experimental prerequisites to
evaluate the effect between variable ratios of hydrogen and water/methanol. In contrast to the
conventional MSR experiments, in which methanol was dominant, a higher water content is
estimated in such a setup. The cause for a higher water content is its lower vapor pressure at
room temperature, increasing its probability to condensate and be adsorbed by the supply lines.
Given that the hydrogen partial pressure pp, rtemains constant, continuous column
pressure pg,e. measurements allow an estimation of the methanol and water content pygg in

the atmosphere, following eq. 7.3.
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Pmsr = DPspec — PH, 7.3

The hydrogen partial pressure py, is determined as the average of the specimen pressure
between 50 and 60 min of injection when the column pressure remains constant. At this point,
it is assumed that all methanol and water residues are removed from the line and that the column
environment consists mainly of hydrogen. In addition, when hydrogen is injected through clean
tubes with the same mass flow, corresponding column pressures can be measured. Other
residual gases, which may be present in the column due to previous in situ experiments, are

neglected.

7.6.3 Results of In Situ Experiment in a Hydrogen Environment Saturated with
Methanol and Water

Supported ZnPd nanoparticles were exposed to a hydrogen atmosphere enriched with methanol
and water at 200 °C, as shown in Figure 7.19, Figure 7.21 and Figure 11.20. The corresponding
column pressure as a function of the injection time is illustrated in Figure 7.19. The sum of the
water and methanol partial pressures is calculated using eq. 7.3 and shown in red. Shortly after
injection, the maximum column pressure is reached and decreases continuously for 50 min.
After 50 min of injection, a pressure equilibrium is established that represents the partial
pressure of hydrogen. At the beginning of the injection, the nanoparticles are locally supported
on ZnO and partially embedded in an amorphous phase, which has relatively weak and
inhomogeneous DF contrast. During the first 30 min of injection, nanoparticles and support
remain largely unchanged. The irregular shape of the nanoparticle undergoes small
morphological changes to a more faceted shape. After 40 min of injection, when methanol and
water are largely removed, a crystalline surface decoration forms, as indicated by the red arrow
in Figure 7.19. The surface decoration evolves during reduction, extending to the support-far
side of the nanoparticle. A reduction in the water and methanol contents results in an
acceleration of the encapsulation process, with the nanoparticle becoming completely covered
by a crystalline surface layer with a thickness of 1-3 nm after 60 minutes. Figure 7.20 shows
DF and BF images at a higher magnification, which reveal that the surface layer consists of
crystalline ZnO aligned along [1 0 0]. The measured interatomic spacings of 3.1 £ 0.1 A and
4.6+0.1 A are in good agreement with values for ZnO (1 1 1) of 3.21 A and ZnO (1 4 1) of
457 A.

Figure 7.21 shows a different sample location that is subjected to identical experimental
conditions as the sample shown in Figure 7.19. Following the removal of methanol and water
after 51 minutes, first surface decorations on ZnPd nanoparticles are observed, as indicated by
the red arrows. Intriguingly, these ZnPd nanoparticles are only partially covered by a crystalline

layer and are not completely encapsulated. The ZnO support remains stable throughout the
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entire exposure period, and no apparent electron beam-assisted effect is observed. The ZnPd

nanoparticle does not undergo changes in composition during the applied treatment.
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Figure 7.19: Series of DF images of a supported ZnPd nanoparticle exposed to methanol steam,

water steam and hydrogen. Column pressure (black), partial pressure of water and

methanol (red) and hydrogen partial pressure (green) are displayed as a function of

injection time. Red arrows indicate increasing encapsulation of the nanoparticle.

After 48 min of injection, measurements of the interatomic distances are shown

along the marked directions. Corresponding BF images are shown in Figure 11.20.

The structure of the encapsulation layer is identified as ZnO, as illustrated in Figure

7.20.
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Figure 7.20: High resolution DF and BF image of a ZnPd nanoparticle exposed to methanol
steam, water steam and hydrogen for 48 min, as shown in Figure 7.19. ZnO model
identifies orientation and structure of the surface layer. Layer crystal is aligned

along ZnO [1 0 0]. Model is created from reference?®’.

Figure 7.21: Series of DF images of a supported ZnPd nanoparticle exposed to methanol steam,
water steam and hydrogen. The red arrows indicate ZnO patch formation on the
ZnPd surface.
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Figure 7.22: DF and BF images of the identical sample location acquired before (left), after
treatment with hydrogen saturated by methanol and water (middle) and after
treatment with methanol and water (right). Two rows of DF images show different
brightness levels. The arrows indicate formation of superficial patches. The blue
arrow shows a surface patch. The red arrow highlights surface layer. The white
square represents an area, which was investigated at higher magnification, as shown

in Figure 7.24.

In the absence of a reactive atmosphere, reference locations are examined to evaluate the effect
of the electron beam. Such reference locations are shown in Figure 7.22 and Figure 7.23. A
comparison of the morphology of the pristine and the spent catalysts reveals that the treatment
in hydrogen saturated with methanol and water results in the formation of superficial
decorations on ZnPd. The formed decorations differ in size and morphology. Some decorations
are surface layers with a large lateral extension in comparison to a relatively thin thickness, e.g.
8.8 nm to 1.7 nm, as indicated by the red arrow in Figure 7.22. It is likely that the surface layer
originates from the ZnO support, as evidenced by its growth path along the nanoparticle. A
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similar coverage layer has also formed on the nanoparticle investigated in Figure 7.23. In this

instance, the nanoparticle is smaller in size with a mean diameter of ~ 5.7 nm compared to

~13.9 nm in Figure 7.22 and the coverage layer occupies most of its surface area.

Figure 7.23: DF and BF images of an identical sample location before (left) and after treatment
in hydrogen enriched with methanol and water. The ZnPd crystal is aligned along
[1 1 0]. Atom rows with bright DF signal correspond to Pd, darker atom rows to Zn,
as illustrated in yellow and blue by the model. ZnO> patch aligned along [1 0 0]

forms during MSR. Reference location was not exposed to the electron beam.

Other surface decorations have a hemispherical shape, as shown by the blue arrow in Figure
7.22. Such patches exhibit a lateral extension, which is found to be similar in size to their
thickness. For instance, the patch highlighted in Figure 7.22 has a thickness of ~2.0 nm and
width of ~4.4 nm. Given that the nanoparticle is aligned along [1 1 0], the patch grows on a
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ZnPd (1 1 1) facet, as shown in Figure 7.24. The superficial crystal structures present in the
corresponding SE image indicate that ZnPd is not obstructed by a surface layer, thus allowing
for direct contact with the formed patch. ZnPd also exhibits (0 0 1) facets. The patch structure

matches best with ZnO> along [1 0 0] with measured interatomic spacings of 2.6 = 0.1 A and
2.5+ 0.1 A and its cubic structure. These values align well with ZnOx (2 0 0) with 2.45 A .28

Figure 7.24: BF, DF and SE images of a surface patch formed during in situ treatment with
hydrogen enriched with methanol and water. The ZnPd nanoparticle is aligned
along [1 1 0]. The crystal structure of the patch corresponds best with ZnO- aligned
along [1 0 0]. The red arrow indicates a crystalline surface and the absence of

amorphous covering layers.

Figure 7.25: DF images of randomly selected ZnPd nanoparticles acquired after treatment with

hydrogen enriched with methanol and water. No patches were formed on the surface
of the nanoparticles. Nanoparticles were only exposed to the electron beam in
vacuum. Zn is displayed in blue, Pd in yellow.
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Figure 7.26: DF and BF image, FFT and corresponding inverse FFTs showing different phases
of the system. Different colours assign FFT spots to inverse FFTs. 3 different phases
are present: The bulk of the nanoparticle, intermediate phase at the edge of the
nanoparticle and patch. The white box represents the ROI of the DF image. The
graph indicates the DF intensity, where peaks identify the location of an atom
column. The red arrow indicates the position of the respective peak in the DF image.
The orange arrow indicates the distance shown in the graph.

Figure 7.26. presents an FFT of the BF image (boxed region in Figure 7.22) and inverse FFTs
of individual spots. An examination of the inverse FFT images aids the classification of three
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distinct structural regions within the system: the patch phase, the intermediate phase and the
bulk phase. The patch phase is restricted to superficial decoration on the nanoparticle. As
indicated by the red and orange circles in Figure 7.26, the spots in FFT are closer to the centre
than those of the other phases, indicating larger interatomic spacings. The bulk phase is located
at the centre of the ZnPd nanoparticle, as indicated by the inverse FFTs in blue. Given that a
bright DF signal in Figure 7.26 corresponds to Pd, it appears as the bulk phase has a higher Pd
content than the intermediate phase, as the Pd lattice periodicity ends at the intermediate phase.
The intermediate phase is confined to the edge of the nanoparticle and to the interface with the
formed patch, as shown by the inverse FFTs marked in green, and corresponds to tetragonal
ZnPd. The intermediate phase exhibits larger interatomic spacings along [0 0 1] than the bulk
phase, e.g. 1.8 A in the bulk and 1.9 A at the edge, as illustrated by the graph in Figure 7.26.

Figure 7.27: SE and DF images of ZnPd nanoparticles taken before (left), after treatment with
hydrogen saturated with methanol and water at 200 °C (middle) and after treatment
with sole water and methanol steam at 320 °C (right). The reference location was
only exposed to the electron beam in vacuum. Red arrows indicate formation and

decomposition of a patch.
The sample location, which is shown in Figure 7.23, exhibits similar phases. Here, atom rows

with high DF contrast occur predominantly at the bulk, but not at the edge where the patch
forms. Surface patches are not formed on all ZnPd nanoparticle, as shown in Figure 7.25. Such
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patchless nanoparticles are either covered by a thin amorphous layer or Pd rich, indicated by
atom rows with high DF signal.

In a second experimental step, the sample is exposed to pure methanol and water steam at
320 °C, mimicking the conditions applied in chapter 7.5. Different nanoparticles are imaged at
reference locations in their pristine state, after treatment with hydrogen enriched with methanol
and water at 200 °C, and after treatment in sole water and methanol steam at 320 °C. Such
reference locations are only exposed to the electron beam in vacuum and are shown in Figure
7.22 and Figure 7.25. Surface patches, which form during treatment with enriched hydrogen,
degrade during the subsequent treatment with only water and methanol steam. This behaviour
is shown by the red arrows in Figure 7.27. In addition, other surface features are removed
following the pure MSR treatment. The nanoparticle shown in Figure 7.22 loses its faceted

morphology and regains a more irregular shape.

Figure 7.28 shows an EDX measurement of a ZnPd nanoparticle after treatment in methanol
and water steam at 320 °C. Elemental analysis reveals that Pd is confined to the bulk, while Zn
is homogenously distributed. As a result, the edge of the nanoparticle is Pd depleted and Zn
enriched, as shown at the arrows at the EDX line scan in Figure 7.28. The oxygen content of

the nanoparticle is relatively low and constant.
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Figure 7.28: EDX measurement of a ZnPd nanoparticle taken after treatment with methanol and
water steam at 320 °C. Line scan (left graph) was acquired along the dotted line
illustrated in the DF image. Elemental maps (right) were recorded for oxygen
(green), palladium (blue) and zinc (red).

7.6.4 Discussions of the Effect of Enriched Hydrogen

The addition of hydrogen has a significant impact on the outcome of in situ methanol steam
reforming experiments. This chapter presents a discussion of the structural changes in ZnPd

nanoparticles that are triggered by a hydrogen-enriched feed.
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Formation of Surface Features due to Evolution of Zinc Palladium Nanoparticles

The present in situ experiment shows that surface features only form under the right redox
conditions. The crystallographic study of the surface features shows good correspondence to
zinc peroxide. This is in good agreement with the EDX measurements, which found
nanoparticle edges consisting largely of zinc and oxygen. It seems plausible that the exact
oxidation state of the Zn species also depends sensitively on the redox conditions, and
temperature and may change depending on the water content in the environment. The results
are consistent with the findings of Heggen and co-workers*, who reported the formation of

stoichiometric ZnO patches in ex situ MSR experiments.

The composition of the feed affects the occurrence of surface features. At the beginning of the
gas injection, when the methanol and water contents were high, the conditions were not
favourable for the formation of surface features. As the partial pressure of water and methanol
decreased, surface features were formed on the ZnPd nanoparticles. At the same time, injection
of pure hydrogen does not activate any formation of surface decorations, as deduced in chapter
7.3. Thus, only an interplay of hydrogen, methanol and water in the right ratio generates a redox
potential, which allow for the formation of surface features. It is expected that the required
hydrogen content is produced during MSR under standard laboratory conditions that are not
fully replicated in the in situ STEM experiment. High methanol and water contents obstruct the
formation and growth of surface features on ZnPd nanoparticles during in situ MSR
experiments. In these regards, the results, deduced in chapter 7.4, suggest that precise control
of the methanol content is decisive for the stability of ZnO, as high methanol contents facilitate
its decomposition. Furthermore, the in situ experiment shows that surface features, which were
initially formed during the reaction, degrade by a subsequent treatment under MSR conditions.
This highlights the high dynamic of the system under reaction conditions and its sensitivity to
the redox conditions. Therefore, the relative methanol content must not exceed a level that
would prevent the formation of surface features. In addition, the low partial pressure, which is
present due to the in situ conditions, is likely to facilitate the decomposition of the surface
features. The present reversibility of the formation of surface features by decomposition

indicates the presence of SMSL

On the other hand, methanol and water also have a positive effect on the formation of surface
features, as their presence was found to be essential for their occurrence, underlying that the
precise selection of the redox conditions is pivotal to control the dynamic behaviour of the
system. As deduced in chapter 7.5, methanol and water trigger changes in morphology and

composition that may be crucial for the formation of surface features.

The morphological change involves the formation of crystallographic facets. Formation of
surface features on ZnPd nanoparticles was observed on ZnPd (0 0 1) and (1 1 1) facets. This
indicates that these ZnPd planes are energetically favourable for the formation of an interface

with ZnO. The compositional changes involve segregation and formation of Zn-enriched areas.
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As demonstrated in chapter 7.5.1, segregation mechanisms may be triggered by MSR
conditions. The FFTs indicate that an intermediate phase forms between bulk and surface
feature, creating a Pd gradient from the bulk to the surface of the nanoparticle. This intermediate
phase is Zn-enriched, as evidenced by EDX measurements and the absence of periodic Pd
planes. Consequently, the formation of surface features is favoured by Zn-enrichment. This is
in good agreement with the work of Friedrich and co-workers, who also reported such Zn-
enriched surfaces for unsupported ZnPd.*® In their work Zn segregation on the surface could be
topochemically activated and was present on fresh catalysts. However, it supports the idea that
Zn enriches favourably on the surface of ZnPd and the presence of compositionally
inhomogeneity in the intermetallic compound. Figure 7.29 illustrates the changes in the

ZnPd/ZnO system that are triggered by varying redox conditions.

As saturated hydrogen was only injected at 200 °C, but pure MSR experiments were conducted
at 320 °C, a temperature effect cannot be ruled out. However, it is expected that the onset
temperature for methanol steam reforming is 200 °C and 320 °C enhances the yield. Therefore,

both temperatures are supposed to be effective in MSR, but the kinetics is slower at 200 °C.

Zinc oxide
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Figure 7.29: Schematic sketch of dynamical, structural changes in composition and morphology
of the ZnPd/ZnO system during varying, reactive conditions. Formation of facets
and Zn-rich surface are activated by MSR. Under the right redox conditions and in

the presence of hydrogen, ZnO, surface features are formed on ZnPd.

The named phenomena have been experimentally demonstrated to favour the formation of
surface features in their vicinity under suitable redox conditions. They are triggered by a MSR
environment and thus occur during catalysis. As the selectivity and activity of the catalyst
increase with time at constant temperature, feed and pressure’’, it can be inferred that the
catalyst undergoes structural changes. Consequently, it is highly probable that the observed
morphological and compositional alterations aid the enhancement in the catalytic performance
of ZnPd/ZnO catalysts by enabling the formation of ZnO; patches. These results highlight the
dynamic mechanisms involved in the catalysis process, offering insights into its fundamental
principles. It is important to emphasise that phenomena, which are activated by methanol and

water, only affect the nanoparticle, and not the actual formation and growth of surface features.
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It is expected that hydrogen plays a pivotal role in these mechanisms and formation is only
triggered if the right redox potential is met.

Types of Surface Features

Two distinct types of surface features have been observed during the MSR experiment with

additional hydrogen that are referred to as ‘patch’ and ‘coverage layer’.

ZnO patches form predominantly at locations on the support-far side of nanoparticles. As
patches were not experimentally found to migrate from the support along the nanoparticle
surface, it is expected that they form on the nanoparticle. The following formation mechanism
is proposed. As Zn was found to enrich on the nanoparticle edges, surfaces with high Zn
contents are formed. Zinc has a high oxidation potential and is partially oxidised by the present
reactive conditions, forming ZnO> patches on the surface. Formation of ZnO patches on the
surface of ZnPd has been discussed in the literature®>*, but was never proven by in situ
experiments nor explained through preferential formation on special facets. Hydrogen may

support the formation of metallic Zn, which facilitates its oxidation.

In addition to the confined patches, ZnO coverage layers also formed during the present MSR
experiments with additional hydrogen. It is likely that the coverage layers originate from the
ZnO support and migrate along the surface of the nanoparticle, as shown in Figure 7.19. This
migration behaviour is characteristic of SMSI and is driven by the minimisation of the surface
free energy of the system. The high degree of wetting and the thin thickness indicate the
presence of this particular driving force. Given that zinc peroxide converts to zinc oxide at
temperatures < 200 °C?*, the formation of ZnO features may also involve intermediate ZnO
formation. Direct in situ visualisation may be hampered by a combination of the electron beam-
activated temperature increase and the base temperature of 200 °C, which raises the temperature

level just above the transformation temperature of ZnO».

Both types of surface features occur simultaneously, although they may differ in size,
morphology and formation mechanism. Surface features only form under the correct redox

conditions, requiring an interplay of hydrogen, water and methanol.
Absence of Structural Changes in Nanoparticles

Some nanoparticles demonstrated resilience to the reactive conditions, exhibiting no obvious
structural changes. This suggests a non-uniform behaviour of the nanoparticles towards the
applied conditions. Some of the ‘resilient’ nanoparticles had higher Pd contents. Consequently,
a high Pd concentration at the surface appear to have a detrimental effect on formation of
surface features and presumably on the catalytic properties. This is in good agreement with the

work of Friedrich et al. 4

, who found a reduced CO: selectivity and activity for unsupported
ZnPd with high Pd contents at the surface. Other resilient nanoparticles had a thin amorphous

surface layer, which apparently obstructed the formation of surface structures. Such surface
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layer may hinder oxidation or segregation of Zn. There is no evidence of a size effect of

nanoparticles in the formation of surface features.
Conclusions

The in situ study of ZnPd nanoparticles supported on ZnO was conducted under a hydrogen
atmosphere enriched with methanol and water. The addition of hydrogen to the methanol and
water was found to be pivotal for the formation of surface features on ZnPd nanoparticles,
generating the redox conditions required. ZnPd evolved compositionally and morphologically
due to the formation of (0 0 1) and (1 1 1) facets and a Zn-enriched surface, which generated
energetically favourable sites for the subsequent formation of surface features. Two distinct
types of zinc oxide surface features were found, which likely exhibit different formation
mechanisms. The decomposition of the formed surface features at higher methanol and water
contents shows the dynamic behaviour of the system and its reversibility, indicating the

presence of SMSI.

The present in situ study represents the first experimental evidence of the formation process of
such zinc oxide surface features during MSR. It provides valuable information on the dynamical
changes in composition and structure that are activated by suitable redox conditions during
catalysis. This study reveals the active state of the ZnPd/ZnO system in MSR and offers a
plausible explanation for its enhanced selectivity in catalytic properties under reactive

conditions.
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7.7 In Situ Transmission Electron Microscopy Study of Methanol Steam
Reforming Employing a Closed Cell Configuration

In order to study ZnPd nanoparticles supported on ZnO during MSR at a higher pressure, in
situ TEM experiments were conducted in a closed cell configuration. The experimental set up

is given in chapters 3.2.2 and 7.1.

7.7.1 Results of the Pre-reduction of Supported Zinc Palladium Nanoparticles

The ZnPd/ZnO system was monitored during the reduction in a hydrogen atmosphere, as shown
in Figure 7.30. The system is largely unaffected by the reduction treatment. In isolated cases,
ZnPd nanoparticles show minor changes in morphology. A thin amorphous coverage layer with

a thickness of ~10 nm is present on ZnPd nanoparticles and their support. The coverage layer

grows slightly during reduction.

Figure 7.30: Series of HR-TEM images showing the ZnPd/ZnO system during reduction in a
hydrogen atmosphere at 200 °C. Time stamps indicate time of reduction.

Figure 7.31 shows HR-TEM images of sample regions of supported ZnPd nanoparticles before
and after reduction in a hydrogen atmosphere at 200 °C. These sample regions represent
reference locations, which have not been exposed to the electron beam in a hydrogen
atmosphere. The reference locations behave similar to regions studied in situ, indicating a
neglectable beam effect for the reduction only. A coverage layer is not found at the reference

locations.
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Figure 7.31: HR-TEM of ZnPd nanoparticles before (top row) and after reduction (bottom row)

in a hydrogen atmosphere at 200 °C. The system is largely unaffected by the

hydrogen treatment.

7.7.2 In Situ Results of the Methanol Steam Reforming Experiment

The ZnPd/ZnO system was observed at both high and low magnifications during methanol
steam reforming. Figure 7.32 shows the formation of a new, crystalline feature on a ZnPd
nanoparticle at a high magnification during the reference period. The red arrows indicate the

formation process, which takes ~ 35 s.

In addition to the formation of novel features, ZnPd nanoparticles also exhibits a different
dynamic behaviour, as shown in Figure 7.33. The regions of interest are indicated by the red
arrows. In this instance, the contrast of the ZnPd nanoparticle undergoes a dynamic change over
a period of ~11 s. Subsequently, the initial contrast of the nanoparticle is restored. As the
residual system maintains its initial contrast, it can be concluded that this is a locally restricted
phenomenon. Such dynamic changes in contrast are only observed in the case of ZnPd
nanoparticles. Such contrast variations are not observed in the case of ZnO. The formation of
novel features and the dynamic change in contrast of ZnPd nanoparticles, are observed
throughout methanol steam reforming and are found to be independent from the time of the

start of the experiment, indicating the presence of a reversible and dynamic mechanism.
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Figure 7.32: Series of HR-TEM images illustrating the formation process of a crystalline feature

on a ZnPd nanoparticle.

Figure 7.33: Series of HR-TEM images illustrating the dynamic contrast changes of ZnPd
nanoparticles. The TEM signal of particles of interest, which are indicated by the

red arrows, varied as a function of catalysis time.
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Imaging of the same sample location during MSR reveals that the ZnO support undergoes
decomposition after 120 s, as illustrated in Figure 7.34. As a result, the nanoparticles aggregate
to form a dense cluster. The electron beam effect is qualitatively found to depend on the electron
dose. A higher magnification and a more condensed beam accelerate ZnO decomposition. An

electron beam effect is only observed in in situ TEM, when the sample is simultaneously

exposed to MSR conditions and the electron beam for period longer than 120 s.

_

Figure 7.34: Series of HR-TEM images demonstrating an electron beam effect on the system
during methanol steam reforming. The ZnO support degrades due to electron beam

exposure. Time stamp indicates time of electron beam exposure.

As shown in Figure 7.35, reference locations were imaged both before and after MSR in order
to evaluate a potential beam effect on the system. The images were acquired at a temperature
0f 40 °C in an argon atmosphere. In accordance with the in sifu data, the contrast of some ZnPd
nanoparticle changes during methanol steam reforming, as indicated by the green arrows. The
occurrence of such changes appears to be random. Other ZnPd nanoparticles exhibit changes in
morphology, as highlighted by the red arrows in Figure 7.35. The observed changes include the
formation of facets. An identification of the facet planes is not possible due to absence of lattice

information. The decomposition of the ZnO support is not observed at the reference locations.
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—
50 nm 50 nm

Figure 7.35: HR-TEM images showing reference locations before (top row) and after MSR
(bottom row). The green arrows indicate change in contrast of the nanoparticles.
The red arrows highlight the change in morphology. Some nanoparticles appear to
form facets.

7.7.3 Discussions of Methanol Steam Reforming in situ Experiments by Applying a
Closed Cell Configuration

The MSR of ZnPd nanoparticles supported on ZnO was investigated using in situ TEM with a
closed cell configuration. The results obtained from the closed cell experiments are in
accordance with those obtained from the open cell configuration. The system demonstrates
resilience to structural and compositional changes during the reduction treatment in a hydrogen

atmosphere.

The formation speed of the feature, which forms within seconds on ZnPd in the closed cell
configuration, is faster than the formation speed during open cell experiments, which takes
several minutes. This finding is in good accordance with the theory of catalysis by Langmuir?*°
and Hinshelwood®!, who stated that the chemical potential exerts a direct influence on the
kinetics of catalysis, namely the coverage and the reaction speed. It can be concluded that this
is also true for changes induced by catalysis, including the formation of surface features,

indicating a benchmark for the formation kinetics of catalysis-induced changes.

The dynamic changes in contrast, which occurred for ZnPd nanoparticles, can be attributed to

dynamic changes of diffraction conditions due to nanoparticle changes or tilts with respect to
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the incident electron beam inherent. As nanoparticles are located on the surface of the support,
they are affected strongly by a change in support structure, e.g. decomposition. Lyu and co-
workers found a comparable phenomenon in their in situ TEM experiments exploring carbon

nanofiber growth on nickel catalysts.??

Furthermore, the alteration in the morphology of nanoparticles is in accordance with the data
obtained from the experiments, using the open cell configuration, particularly the development
of facets. These findings support the conclusion that the formation of facets is not attributable
to the low partial pressure during the open cell experiments, but rather to the prevailing MSR
conditions. This is also the case with regard to the decomposition of ZnO that is initiated by the
electron beam. The closed cell experiments indicate that the decomposition of ZnO is based on
the beam-induced change in selectivity, rather than the low partial pressure that was present

during the open cell experiments.
Conclusions

In conclusion, the results obtained from the experiments, applying the closed cell configuration,
are in good agreement with those obtained from the open cell experiments. The utilisation of
the closed cell configuration enables the exclusion of intrinsic, experimental parameters
inherent to the open cell configuration, such as the low partial pressure of the gas species or the
reducing capabilities of the vacuum, which may otherwise act as a driving force for specific

phenomena.

7.8 Experimental Challenges in the Quantitative Determination of Gas
Compositions

In situ experiments in gas and vapour environments are inherent to many experimental
challenges. The nature of such challenges may vary. They may be associated with
instrumentation, the environment, chemicals or metrology. While the effect of some challenges
is negligible, others have a severe impact on the quality of the experiment. This chapter
discusses experimental challenges typically encountered in TEM experiments for in situ

methanol steam reforming and the errors they cause.

In situ experiments in reactive conditions require a supply system, which introduces the
respective medium to the experiment. Such supply systems are typically designed for pure gas
or liquid experiments. For steam experiments, an additional vaporiser is required to evaporate
the liquid, which represents the stable aggregate state of the chemical under standard conditions.
The liquid is classically evaporated by an increase in temperature or reduction of the ambient
pressure. Alternatively, a non-condensable carrier gas can be enriched with the liquid by
bubbling the gas through the liquid. In in situ experiments, using a vapour is challenging as the

vapour can condense on the walls of the pipe or reactor. Condensation inside a vertical tube
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depends on parameters such as the temperature difference between the wall and the vapor, the
presence of a non-condensable gas, the surface condition and the tube wall material.>**°° Such
parameters are typically fixed in an experimental setup and can only be modified to a limited
degree. For example, the application of a heating jacket to heat the tube wall would not only be
technically difficult, as not all components can be covered in the used setups, but would also
change the experiment by increasing the feed temperature. As a result, the catalytic reaction
could potentially be performed along the experimental setup due to materials, which may
function as a catalyst, e.g. cooper components. In the setups used, the vaporizer unit was
connected to the in situ cells by steel and polytetrafluoroethylene pipes that had a length of
multiple meters due to the experimental design. An increase in pipe lengths promotes the

probability of a condensation event and thus makes a precise estimation more challenging.

The interplay between condensation and evaporation plays a crucial role when considering a
system of mixed vapours with different vapor pressures, such as methanol and water.?°® Since
the evaporation rate is directly linked to the vapour pressure of a reactant, the ratio is expected
to shift to the reactant with the higher vapour pressure under the given conditions.?®’ A deviation
from the given ratio affects the catalytic reactions, as it changes the chemical potential of the
reactants and catalytic properties of the system. In the case of methanol steam reforming,
methanol has a higher vapour pressure than water, which leads to an excess of methanol through
condensation and subsequent evaporation. A higher methanol content facilitates methanol
decomposition, which has a detrimental effect on CO: selectivity and presumably on the
structural evolution of the catalyst. Condensation of mixed vapours is a complex mechanism
requiring detailed comprehension of the thermodynamics of fluid mixtures, phase equilibria,
heat transfer and mass transfer and the components of the instruments.?®* Many of these
parameters can hardly be measured or must be estimated, which hampers an exact

quantification.

Turbo molecular pumps (TMP) are most effective when operated within a pressure range of
107 to 1 mbar, thereby bridging the gap between mechanical and ion getter pumps.?*>** Such
vacuum quality is required for numerous physical measurement techniques, including mass
spectroscopy (MS) and TEM. Consequently, TMPs are frequently employed in in situ TEM
experiments. In the present in situ experiments, TMPs evacuate the microscope column by
pumping out the injected gas and generate the working vacuum required for MS. TMPs exhibit
varying pumping speeds for different chemical substances, sensitively depending on their
molecular masses and properties. Generally, the pumping efficiency of an element and molecule
decreases with its atomic number.>®’ Given that this dependency is valid for methanol and
water, it can be concluded that methanol is evacuated less effective than water. Consequently,
the initial equilibrium state with equal contents will shift to higher methanol contents during
the course of the experiment at a constant vapor supply, resulting in an excess in methanol in a

given volume. In an environment where catalytic conditions are attempted to be replicated, this
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implies that the catalytic prerequisites are constantly varying and differ from the set value. A
comparable problem arises for MS, where the measured feed caused by the characteristics of
the used TMP is different from the set feed. In addition, the conditions in the TEM and MS are
not identical, as the vacuum pump configurations of the systems differ. The composition of the
feed cannot be measured reliably with the requisite temporal resolution in the employed,

instrumental system.

Detection of substances via MS is particularly challenging for MSR. Chemical substances of
interest are methanol with an atomic number of 32, carbon monoxide with 28 and carbon
dioxide. The present atomic numbers are identical with those of molecular oxygen and nitrogen,
which are just as carbon dioxide common elements in air. This results in a potential overlap of
the signals. This presents a significant obstacle to accurate measurements. Air can only be
removed or diluted by a certain extent, so that a residual partial pressure of nitrogen and oxygen
must be expected. In order to achieve a reliable measurement, it necessary to allow for longer
acquisition times and to perform a calibration of the system for water and methanol. However,
the aforementioned characteristics of TMPs present a significant challenge in this regard.

The composition of the feed also depends on the purity of the chemicals used. Anhydrous
methanol (99,8 %) was used in the present experiments. However, during the course of its use,
water may condense from the air and dissolve in the methanol, resulting in a gradual increase
in water content. Consequently, the originally set ratio of water to methanol is obscured by the

presence of water in the methanol.

In conclusion, it can be stated that the aforementioned parameters present a significant
challenge in quantifying the methanol to water ratio with high precision. A number of
assumptions are necessary in order to facilitate a general estimation. This methodology is
inadequate for deriving effects based on the composition of the feed. A false bias based on an
imprecise estimation may prove more detrimental than a qualitative approach. Consequently,
the methanol and water contents are only treated qualitatively, and the results obtained from

mass spectroscopy are not used in the analysis of the MSR results.

7.9 Conclusions

In situ STEM experiments in an open cell and closed cell configuration were conducted to
examine the effect of methanol and water steam, hydrogen and heat on ZnPd nanoparticles
supported on ZnO. The present experiments represent the first in situ STEM experiments
utilizing a steam mixture of water and methanol, thus establishing a novel methodological
approach to the study of methanol steam reforming and the impact of vapours on catalytic
nanoparticles in general. In situ experiments with the isolated species demonstrated that

methanol is a strong reducing agent for ZnO due to the presence of methanol decomposition

137



Methanol Steam Reforming on Zinc Palladium Nanoparticles Supported on Zinc Oxide

and a low experimental partial pressure. The injection of pure hydrogen and water steam had a

stabilising effect on the system.

The simultaneous injection of water and methanol steam resulted in the activation of
morphological and compositional changes in ZnPd nanoparticles. The morphological changes
included the formation of facets, while the compositional changes involved a local enrichment
of Zn. ZnO was subjected to strong decomposition when exposed to with the electron beam and
the MSR conditions. It seems plausible to suggest that the electron beam changes the selectivity
of the reaction, thereby promoting methanol decomposition. The injection of methanol and

water steam alone was insufficient to trigger the formation of surface features.

Injection of hydrogen enriched with methanol and water steam activated the formation of
surface features, but only under the right redox conditions. The presence of high methanol and
water contents impede the growth process, indicating that a precise equilibrium between
hydrogen, water and methanol is essential for the growth of ZnO surface features. Zinc oxide
patches appeared to preferably grow on ZnPd (0 0 1) and (1 1 1) facets and Zn-enriched areas,
which presumably form under MSR conditions. The results represent the first direct in situ
visualisation of the formation of such ZnO patches. These findings contribute to our
understanding of the dynamic changes in the structure and composition of the ZnPd/ZnO
system during MSR. In addition, it provides a unique insight into the evolution processes that

are triggered by catalytic conditions.

The application of a closed cell configuration allows the investigation of the system at a higher
gas pressure. The obtained results are in good agreement with those found during the open cell
experiments such as faceting of ZnPd nanoparticles and the minor structural effect of
prereduction in a hydrogen atmosphere. The higher pressure accelerates the formation of

surface features due to the higher chemical potential.

An evaluation of the challenges associated with measuring the feed composition reveals the
complexity of such in situ STEM experiments. The used experimental setup cannot facilitate
precise quantification of the feed composition. It shows that additional enhancements to the
experimental configuration are needed to acquire reliable, compositional data and enable

operando experiments.
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8  Summary and Implications

In this work, the preparation of ZnPd nanoparticles supported on ZnO and their application as
catalysts in methanol steam reforming were investigated applying in sifu transmission electron
microscopy. Specific focus was dedicated to the structural and compositional evolution of the
system that occurred during the course of the individual reactions. The investigated preparation
steps included the calcination of supported palladium nitrate and the reduction of supported

palladium oxide.

The results of the in sifu calcination experiment reveal that palladium nitrate starts to transform
into palladium oxide at ~170 °C, triggering the growth of nanoparticles. A calcination treatment
at temperatures between 200 and 400 °C creates a stable calcination window in which the
nanoparticles resist any substantial increase in size. At temperatures exceeding 460 °C, PdO
nanoparticles begin to convert into elemental Pd, accompanied by an increase in particle
mobility on the ZnO support surface, particle agglomeration and the formation of ZnO
nanorods. Above 660 °C in high vacuum, ZnO is subjected to faceting and decomposition,
which is facilitated by the formation and evaporation of elemental zinc and oxygen. Results
obtained from ex situ calcination experiments and DTA/TG measurements are in accordance
with the observations made in situ. Consequently, supported palladium nitrate is best calcined

at temperatures between 200 and 400 °C for 15 to 120 min.

In the in situ reduction experiments, supported PdO was transformed to intermetallic ZnPd,
which followed two distinct formation steps, thereby elucidating the mechanism of reactive
metal-support interaction. The initial phase of the process involves the activation of the ZnO
support through hydrogen spillover, subsequent migration of ZnO to the nanoparticle surface,
and an encapsulation of the nanoparticle. The second step comprises the nucleation of the ZnPd
phase, its diffusion-controlled growth and the formation of a core-shell structure. The results
obtained by a repetition of the reduction experiment at 200 °C demonstrate an acceleration of
the observed transformation mechanism. These findings are in good agreement with similar ex
situ experiments. In light of the experimental conditions, it can be concluded that the electron
beam may enhance the effects of the reduction, yet does not appear to be the initiating factor,
as evidenced by the stability observed under pure electron beam exposure. Other potential
effects based on the formation of hydrogen plasma, temperature differences and the pressure
gap, have a minor impact and can be largely disregarded. The findings of the experiments are
in accordance with those reported in literature. The results from the present in situ reduction
experiment illustrate mechanics of the reduction of PdO and the respective RMSI with high
temporal and spatial resolution. The mechanism bears resemblance to SMSI; however, there
are notable distinctions in the interaction between the nanoparticle and the coverage layer,

where an intermetallic phase is formed by RMSI.
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In situ STEM experiments with open and closed cell configurations were performed to examine
the effect of methanol and water steam, hydrogen and heat on ZnPd nanoparticles supported on
ZnO. In situ investigation of the single atmosphere species revealed that methanol is a strong
reducing agent for ZnO, as demonstrated by the decomposition of the support. In contrast, the
injection of pure hydrogen and water steam has a stabilising effect on the system. Simultaneous
introduction of water and methanol steam activates an evolution in composition and
morphology of ZnPd nanoparticles. The morphological changes comprise faceting of the
nanoparticle, while the compositional changes involve a local enrichment of Zn. The
simultaneous exposure to the electron beam and MSR conditions facilitate strong
decomposition of ZnO, changing the selectivity of the reaction and promoting methanol
decomposition. The necessary redox conditions for the formation of surface features are
obtained, when hydrogen is added to methanol and water steam. High methanol and water
contents impede the formation process, indicating that a precise equilibrium between hydrogen,
water and methanol is essential for the growth of zinc oxide surface features. ZnO patches
preferentially grow on ZnPd (0 0 1) and (1 1 1) facets and Zn-enriched areas, which form under
MSR conditions. The application of a closed cell configuration increases the experimental
pressure and accelerates the formation of surface features due to the higher chemical potential.
Results obtained from open and closed cell configurations are in good agreement. The results
represent the first in situ observation of the formation of such zinc oxide patches. These results
contribute to our understanding of the dynamic changes in the structure and composition of the
ZnPd/ZnO system during MSR. It also provides a unique insight into the dynamic, structural

processes that are triggered by catalytic conditions.

The conducted experiments allow direct atomic-scale visualisation and quantification of the
dynamic processes occurring in supported ZnPd nanoparticles during their preparation and
catalysis. The methanol steam reforming experiments represent the first in situ TEM
experiments with a steam mixture, offering unique insights into the structural changes of the
ZnPd/ZnO system and the formation mechanism of ZnO surface features. This constitutes a
significant contribution to the comprehension of catalysts under operational conditions and
represent a breakthrough in the utilisation of in situ TEM, establishing a methodology for the
investigation of catalysts operating in steam environments. The findings are interesting for
numerous scientific communities, as they provide unique insights into the design, synthesis and

utilisation of a highly active catalytic system.
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9 Outlook

Furthermore, it would be interesting to study the quantification of the methanol-to-water ratio
of the feed. Given the intrinsic limitation of in situ TEM and the used experimental
configuration, the impact of the feed could only be analysed qualitatively. However, the
quantification of the present redox potential was found to be highly desirable, given that the
growth of ZnO surface features was only observed under specific reactive conditions. A more
precise quantification of the composition of the feed would require a different experimental
configuration. Thermal evaporation of a methanol and water mixture, in conjunction with the
application of a carrier gas and heating jackets, are viable approaches to enhance the control of
the feed composition. The results and methodology applied in this work form a solid foundation
and promising starting point for further exploration of the in situ TEM experiment in a steam

environment.

Further work that could follow on this point is the study of the catalytic properties of the
investigated ZnPd nanoparticles. Despite the sample being prepared according to a well-
established protocol, which is known to yield catalytically active ZnPd nanoparticles, the
system was not tested under realistic catalytic conditions. Furthermore, the changes that were
activated during catalysis cannot be directly linked to the catalytic performance, and thus their
effect remains undetermined. Nevertheless, it would be advantageous to conduct such operando
experiments in order to elucidate the active species of a catalyst. The utilisation of a novel
experimental configuration, which employs a residual gas analyser, may facilitate a detailed
examination of the catalytic properties, as it allows for the differentiation of molecules with the

same atomic number.

Deviations in pressure and time represent factors that may potentially limit the accuracy of in
situ TEM experiments. Given that catalysts are typically applied for many years, specific
activation or deactivation mechanisms may only manifest after a long time frame, which is not
technically replicable in a TEM. In open cell configurations, there is a large pressure gap, which
affects the kinetics of a chemical reaction. Thus, the same chemical reaction may be accelerated
or changed at a higher pressure. The results obtained from experiments conducted in identical
locations can be used as a reference point to account for limitations that are inherent to the

experimental process.

In conclusion, a natural progression of this work is to quantify the observations made in this
study by upgrading the experimental configuration. Given that the present study was the first
to explore the use of a catalyst applying in situ TEM during methanol steam reforming, it would
be interesting to investigate other catalytic systems that are catalytically active in such an

environment.
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holder aporiser

Gas mixing
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Figure 11.1: Laboratory closed cell setup enabling in situ gas experiments. A schematic
illustration of the setup is given in Figure 3.6.

Figure 11.2: Optical microscopical image of MEMS heating chips. Left: SiN membranes
centred in heating spiral (5x magnification). Right: SiN-windows loaded with
Pd(NO:3)2 supported on ZnO, which is visible as dark particles (50x magnification).

Figure is taken with permission from reference®.
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Figure 11.3: XRD results of different Pd-loading on ZnO (1%, 3% and 5%); calculated ZnO
reflections are given for reference®”!. Missing PdO reflections are due to small
crystallite size and/or bad crystallinity. Diffraction patterns of anhydrous and water
containing palladium nitrate are added for reference.??*??! Figure is taken with

permission from reference®®.
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Figure 11.4: E-STEM series of BF images and the corresponding FFTs of an in sifu calcination
experiment demonstrate the structural transformation of Pd(NOs):/ZnO to

PdO/ZnO in oxygen. Figure is taken with permission from reference?®.
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Figure 11.5: Measurements of interatomic spacings in two directions labelled h and g on the

same nanoparticle at 120°C and 190°C. Figure is taken with permission from

reference?®.
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Figure 11.6: Histograms of ex situ calcinated PdO on ZnO with different loadings (left to right:
1%, 3%, 5%) performed under identical, ambient lab conditions (500°C, 180 min
dwell time, ambient air pressure). Figure is taken with permission from reference®®.
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AN

Figure 11.7: High resolution BF image series of single particle evolution during a calcination

treatment between 400 and 500 °C. Formation of nanorods are visible. Figure is

taken with permission from reference®”.

>

Figure 11.8: BF images series of particle evolution during a calcination treatment between 400
00

and 500 °C. Figure is taken with permission from reference’

Figure 11.9: Series of FFTs based on images, which are shown in Figure 4.13. Figure is taken

with permission from reference?.
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Figure 11.10: SE E-STEM overview image illustrating the distribution of nanorods anchored
to nanoparticles. Red ROI marks the region that is displayed in Figure 4.12 and
Figure 4.13. Blue ROT highlights the region that is represented in Figure 11.7. Green
arrows mark ZnO nanorods, which have not been imaged in situ. Figure is taken
with permission from reference?®.
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Figure 11.11: Illustration of heating ramp between 500 and 800 °C during imaging of high
temperature behaviour of PdO/ZnO system.
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Figure 11.12: Series of SE images that show formation of contamination over time during
reduction in a hydrogen atmosphere at room temperature. Specimen structures
cannot be resolved after 22 min.

Figure 11.13: Series of DF images illustrating the phase growth during reduction. The time

stamps identify time of reduction. The corresponding measurements are displayed
in Figure 6.7.
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Figure 11.14: The change in thickness of the coverage layer is shown as a function of reduction
time. The coverage layer converges to a thickness of ~1.5 nm, after it is formed.
The corresponding covered nanoparticle is displayed in Figure 6.11. At each

reduction time, the layer thickness was measured at 9 different locations and

averaged.
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2nm

Figure 11.15: Series of DF images during reduction of PdO at room temperature after a pre-
treatment at 200 °C. Time stamp indicates reduction time. ZnO is activated within
the first 5 min. After interaction between nanoparticle and support, structural

changes in the nanoparticle are observed.
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Figure 11.16: BF images series of ZnPd nanoparticles imaged after prereduction at 200 °C.
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Figure 11.17: Series of SE (top) and DF (bottom) images of a supported ZnPd nanoparticle
exposed to methanol steam. The corresponding in situ experiment is discussed in
chapter 7.4.2.
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Figure 11.18: DF and BF images of pristine ZnPd nanoparticles acquired before exposure to
MSR conditions and discussed in chapter 7.5. DF images represent reference

locations. Post MSR states are shown in Figure 7.14.

Figure 11.19: High resolution DF images of ZnPd nanoparticles acquired after MSR exposure.

Crystal structure is identified and shown in Figure 7.14. Different species can be
distinguished in the right image. Atom columns with high DF signal correspond to
Pd and with low to Zn.
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Figure 11.20: Series of BF images of ZnPd nanoparticle exposed to methanol steam, water
steam and hydrogen at 200 °C. Column pressure (black), partial pressure of

methanol and water (red) and hydrogen partial pressure (green) are illustrated as a
function of injection time.
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