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ABSTRACT

Heterogeneous catalysis plays a crucial role in enhancing the efficiency, sustainability, and
cost-effectiveness of chemical reactions. The use of metal nanoparticles in heterogeneous
catalysis boosts catalytic efficiency due to their high surface-to-volume ratio, tunable electronic
properties, and high catalytic activity. Noble metal-based catalysts, including Platinum (Pt), are
widely recognized for their high effectiveness and selectivity in a broad range of industrial
reactions.

The main focus of this thesis is the investigation of synthesized Pt-based hollow nanospheres,
which exhibit unique catalytic properties. This is due to their increased surface-to-volume ratio,
reduced material density and economic efficiency. The transmission electron microscopy
(TEM) is used for these materials’ characterization due to its high resolution and adaptability
to nanomaterials. Using electron tomography, channels within the shell complex 3D
morphology are identified and quantified. This makes a significant contribution to the
development of nanoreactors and offers exciting possibilities for enhanced catalytic properties.

Hollow nanospheres used as nanocatalysts are prone to deactivate due to several processes
including sintering/collapsing, surface poisoning and coking. This research helps understand
these transformations, using the CO. hydrogenation reaction as a model. It uses in-situ and
operando TEM methodology to monitor the Pt-based hollow nanospheres in real-time within
an Environmental Cell (E-cell). It examines the sintering of nanoparticles in the nanospheres
shell and the temperature-induced collapse of their hollow microstructure. This work explores
how temperature and the gas nature influence the morphological changes in Pt-based
nanospheres and the mechanisms behind these changes. It also identifies the CO2 hydrogenation
reaction products and aids determining the reaction pathway. This research identifies the
specific temperatures at which the morphological changes occur under different environments
(vacuum, Hz gas and CO2-H> gas mixture). The most reactive environment (H>) leads to early
collapse of such complex system as compared to inert atmospheres. The findings of this
research have laid the foundation of a novel catalysts design.

Keywords: heterogeneous catalysis, metal nanoparticles, Platinum, hollow nanospheres,
Transmission electron microscopy, Electron Tomography, in-situ and Operando TEM, CO>
hydrogenation, catalytic properties.



RESUME

La catalyse hétérogene joue un réle crucial dans I'amélioration de I'efficacité, de la durabilité et
de la rentabilité des réactions chimiques. L'utilisation de nanoparticules métalliques dans la
catalyse hétérogene renforce l'efficacité catalytique en raison de leur rapport surface/volume
élevé, de leurs propriétés electroniques modulables et de leur activité catalytique élevée. Les
catalyseurs & base de métaux nobles, dont le platine (Pt), sont largement reconnus pour leur
grande efficacité et leur sélectivité dans un large éventail de réactions industrielles.

Le but principal de cette these est I'étude de nanosphéres creuses a base de Pt synthétisées, qui
présentent des propriétés catalytiques uniques. Cela est di a leur rapport surface/volume
augmenté, a leur densité de matiere réduite et a leur efficacité économique. La microscopie
électronique en transmission (MET) est utilisée pour la caractérisation de ces matériaux en
raison de sa haute résolution et de son adaptabilité aux nanomatériaux. En utilisant la
tomographie électronique, des canaux au sein de la morphologie tridimensionnelle complexe
de la coquille sont identifiés et quantifiés. Cela contribue de maniere significative au
développement de nanoréacteurs et offre des perspectives passionnantes pour améliorer leurs
propriétés catalytiques.

Les nanosphéres creuses utilisées comme nanocatalyseurs sont sujettes a la désactivation en
raison de plusieurs processus, notamment le frittage/effondrement, I'empoisonnement de
surface et la cokéfaction. Cette recherche aide a comprendre ces transformations en utilisant la
réaction d'hydrogénation du CO2 comme modele. Elle utilise une méthodologie MET in situ et
Opérando pour surveiller en temps réel les nanosphéres creuses a base de Pt au sein d'une cellule
environnementale (E-cell). Elle examine le frittage des nanoparticules dans la coquille des
nanospheres et I'effondrement de leur microstructure creuse induit par la température. Ce travail
explore comment la température et la nature du gaz influencent les changements
morphologiques des nanosphéres a base de Pt et les mécanismes a I'origine de ces changements.
Elle identifie également les produits de la réaction d'hydrogénation du CO; et contribue a
déterminer la voie de la réaction. Cette recherche identifie les températures spécifiques
auxquelles les changements morphologiques se produisent dans différents environnements
(vide, gaz H> et mélange de gaz CO2-H>). L'environnement le plus réactif (H2) entraine un
effondrement précoce de ce systeme complexe par rapport aux atmospheéres inertes. Ces
découvertes ont jeté les bases d'une nouvelle conception de catalyseurs.

Mots-clés : catalyse hétérogene, nanoparticules métalliques, platine, nanospheres creuses,
microscopie électronique en transmission, tomographie électronique, MET in-situ et
Operando, hydrogénation du COg, propriétés catalytiques.
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GENERAL INTRODUCTION

Catalysis plays a pivotal role in the chemical industry due to its capacity to accelerate chemical
reactions making them more energy-efficient, environment friendly and cost-effective. By
reducing the required temperature and pressure conditions for reactions, catalysts contribute to
energy savings, sustainability, resource efficiency and economic growth in various industrial
processes e.g. clean energy production, pharmaceuticals, and food production. Most of these
processes occur in heterogeneous catalysis, where reactions happen at the interface of a solid

catalyst and a gas or liquid phase.

Nanomaterials have found applications in heterogeneous catalysis for more than six decades.
On the one hand, metal nanoparticles (NPs), with high surface-to-volume ratio, abundant active
surface atoms, and unique electronic configurations in contrast to their bulk counterparts, hold
significant potential in this area. Among these materials, noble metal NPs including Platinum
(Pt) are highly valuable in nanocatalysis due to their unique electronic, chemical, and optical
properties. On the other hand, metal hollow nanospheres, present distinctive catalytic
characteristics that set them apart from their solid counterparts, offering advantages such as an
increased active surface area, reduced material density, resource conservation, and cost-
effectiveness. Therefore, the Pt-based nanospheres are the nanocatalysts under investigations

during this thesis.

“The smaller the particle, the bigger the problem” holds true as metal nanocatalysts can undergo
deactivation through various mechanisms: sintering, surface poisoning and coking, etc.
Understanding the microstructural catalyst behavior during the reaction is important for
advancing catalyst design. Investigating the influence of individual reaction parameters
(Temperature, gas nature) of the catalyst behavior is crucial for gaining a deeper understanding
of catalyst dynamics and structure-activity relationships. This study is essential in optimizing
catalysts for enhanced performance. Given the various catalytic application for Pt-based
nanomaterials, including selective hydrogenation reactions and proton-exchange membrane
fuel cells (PEMFC) with Hz-rich environment, the CO, hydrogenation reaction is chosen as a
model to investigate the catalyst behavior in a reducing environment. The thesis focuses on the
effect of temperature under different environments on the catalyst’s morphological evolution

and the underlying mechanisms governing this evolution.
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For this thesis, two sets of Pt-based hollow nanospheres were synthesized. The Transmission

electron microscopy (TEM) is the main technique used for the characterization of each set of
the nanocatalysts. The TEM plays a significant role is advancing the understanding of
nanomaterials by providing high-resolution insights into their morphological, structural and
chemical characteristics. Electron tomography is used to provide valuable insights into the Pt-
based nanospheres 3D morphology. Their complex shell morphology affecting their catalytic
properties is investigated. A comparison between the two sets of Pt-based materials is
conducted. However, TEM traditionally operates under high vacuum conditions, preventing the
investigations of the catalyst under realistic reaction environments. Investigating a material's
behavior under reaction conditions provides a comprehensive understanding of the mechanisms

driving its morphological evolution during chemical reactions.

The in-situ TEM is a pivotal development in TEM technology, and it is indispensable in
catalysis research. In this thesis, it enables the examination of the Pt-based hollow nanospheres
using an Environmental Cell (E-cell from Protochips ™), wherein gas composition, pressure,
and temperature can be precisely controlled. This technique facilitates real-time monitoring of
the Pt-based nanospheres under the CO2 hydrogenation reaction conditions. The effect of
temperature and gas nature across different temperature ranges are studied. The mechanisms
driving the morphological evolution phenomena of the hollow nanospheres are investigated:
the NPs sintering and the structural and morphological collapse of the hollow nanospheres.

The Operando TEM approach is also used through a residual gas analyzer (RGA). While
monitoring the catalysts morphological evolution, this approach allows simultaneous analysis
of the reaction products. It helps to identify the reaction pathway and onset temperature. This
approach also contributes to the assessment of possible surface poisoning leading to the catalyst

deactivation.

The thesis is structured into four chapters, and a brief overview of what each chapter's content

is presented below.

In Chapter I, an introduction of catalysis is presented, including its historical development and
fundamental principles. The principles and mechanisms of heterogeneous catalysis are
elaborated. Various types of solid catalysts are discussed, highlighting their properties and
diverse applications, with a focus on noble NPs, particularly Pt-based catalysts. An overview
of the Pt-based hollow nanospheres is presented along with example of their proved catalytic
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activity advantages compared to their solid counterparts. Additionally, the deactivation

mechanisms that catalysts may experience during a chemical reaction are explained. The model
CO: hydrogenation reaction mechanisms are presented. Furthermore, the history and principles
of both TEM and in-situ TEM are explored, emphasizing their applications in the field of

catalysis.

Chapter Il provides a detailed presentation of the experimental setup of this work. It starts with
the synthesis methods of the Pt-based nanomaterials, then with a brief introduction of the large-
scale analysis methods, such as X-ray diffraction (XRD) and scanning electron microscopy
(SEM). 1t goes into the specifics of the TEM setup and its operational modes. The principles
and methodology of electron tomography are also covered. More importantly, a comprehensive
explanation of the adapted in-situ approach (the E-cell approach), is provided. All the adapted

experimental conditions are presented in detail.

Chapter 111 delves into the results of the initial state investigations of two sets of Pt-based
nanomaterials. It provides an explanation of their morphology, size, and chemical
compositions. The 3D morphology including their porosity is also elucidated. An analysis
comparing the two sets of materials is conducted based on these findings along with their
expected catalytic properties.

In Chapter 1V, the behavior of both sets of Pt-based materials is monitored under different
atmospheres. The influence of temperature on the NPs sintering and its mechanisms is studied.
The temperatures at which the hollow microstructure collapses and the associated mechanisms
are also examined. These investigations are conducted during thermal annealing under three
different conditions: vacuum, H> gas, and a mixture of H> and CO: gases. The spatial
distribution of compositional elements in both sets is evaluated after exposure to H. gas.
Isothermal CO- hydrogenation reactions are conducted to assess the thermal stability of Pt-
based hollow materials over time. Throughout all studies in the CO2 hydrogenation conditions
(during temperature ramping and isothermal reactions), the reaction products are
simultaneously analyzed to determine the reaction's onset temperature and assess the

probability of catalyst deactivation due to surface poisoning.
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LITERATURE REVIEW

1. Principles of catalysis in chemical reactions
1.1.Brief history about catalysis

Catalysis plays a crucial role in the production of most chemicals used in our society. The term
"catalysis" was proposed by Jons Jakob Berzelius in 1835, derived from the Greek words
meaning "down" and "loosen." Berzelius described catalysis as a property in which substances
act on other bodies, causing decomposition and the formation of new compounds without being
consumed in the process. In the late 18" and early 19" centuries, experimental data started
accumulating, showing that small amounts of foreign substances could modify chemical
reactions. It was observed that solid materials, particularly heated metals, could catalyze
decomposition reactions, which was initially attributed to the presence of heat. [1] By the early
19" century, the catalytic properties of various metals, notably platinum (Pt), had been
extensively studied. A preliminary understanding of homogeneous catalysis involving unstable
intermediates was proposed. In the 1830s, the pieces of the puzzle began to fit together, and the
term "catalysis" was formally established. [1] The development of the concept of catalysis and
its explanation progressed over time, leading to Wilhelm Ostwald receiving the first Nobel Prize
in 1909 [2] for his work on catalysis and understanding the basic principles of chemical
reactions. In 1912, Victor Grignard was awarded the Nobel Prize [3] for discovering the so-
called Grignard reagent, and he shared the prize with Paul Sabatier, who was recognized for
his method of using finely divided metals to hydrogenate organic compounds.

1.2.Catalysis principles

Catalysis is a branch of the scientific and technological field dedicated to controlling the rates
of chemical reactions. A catalyst is a substance that affects the course of a chemical reaction
without undergoing any permanent changes itself. This unique property allows a small quantity
of catalyst material to efficiently convert a large quantity of reactants. This conversion often
occurs under less demanding conditions than those required by the stoichiometric reaction
pathway, where only reactants are combined in precise ratios to yield products. When multiple
reaction products are possible, the catalyst can influence the distribution of these products,
enabling precise control over the selectivity and the yield of the chemical reaction. [4]. The
selectivity of a catalyst is its ability to favor the formation of a specific desired product over
other possible products in a reaction. The yield of product is its amount obtained from a

reaction, expressed as a percentage of the theoretically possible amount.
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In exceptional cases, a chemical reaction yields a single product. In such cases, it is beneficial
to achieve both an acceleration in the reaction rate and a decrease in energy consumption.
However, in the majority of reactions, multiple products can be formed, and accelerating the
reaction tends to favor the production of the most thermodynamically stable product. [4]
Catalysts are divided into two types based on the phase of the catalysts and the phase of the
reactants. If the catalyst is in the same aggregation state as the reactants or not, there are either

homogeneous or heterogeneous catalysts.

In simple terms, homogeneous catalysis involves a system where the reactants and catalyst
components are combined in the same phase, typically in a liquid medium. It is worth noting
that there are various interesting reactions and catalysts in homogeneous catalysis that go
beyond organometallic or coordination complexes. Examples include general acid and base
catalysis, organic catalysts, enzymatic processes, nitrogen oxides, chloride atoms, and more.
[5]. Although this thesis mainly focuses on heterogeneous catalysis as, it is worth mentioning
that, homogeneous catalysis accounts for approximately 17% to 30% of total industrial

synthesis, particularly in the pharmaceutical and polymer sectors [6].

1.3.Heterogeneous catalysis

When the catalyst is in a solid state and the reactants are in either a liquid or gaseous phase, the
term ‘heterogeneous catalysis’ is used. The reactions in this case occur at the interface between
the catalyst surface and the two phases. This offers practical advantages, as it allows for quite-
easy separation of the product from the catalyst post-reaction. Materials adapted to

heterogeneous catalysis will be further explored in the following sections of this thesis.

Understanding the fundamental principles of surface chemistry at the atomic level is crucial for
a deep understanding of heterogeneous catalysis. To understand the underlying principles of
catalyst action, as defined by Ostwald [7], a detailed examination of the energetics and kinetics
of catalytic reactions is essential. Figure 1.1 illustrates a simplified representation of the
energetics in a catalyzed reaction. The catalyst's influence is linked to the reduction in activation
energy (E4) compared to the uncatalyzed reaction. Lowering the activation energy (E, c4.) for

the reaction leads to an increase in the reaction rate.

The catalyzed reaction proceeds through intermediate states X and Y, which correspond to the

adsorbed states of the reactants and products, respectively. The final state B in the catalyzed
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reaction aligns with that of the uncatalyzed reaction. This observation reinforces Ostwald's
assertion that the catalyst remains unchanged and is not consumed during the reaction [8]. The
catalyst's effectiveness relies on the nature of the intermediate states (X and Y), which are
adsorbed molecules on the solid surface of the catalyst. This highlights the significance of

surface chemistry in heterogeneous catalysis.

Energy
A
without catalyst

with catalyst
————

Heat
of reaction

Reaction coordma’te
Figure 1.1: Energy diagram of a chemical reaction without and with a catalyst. [8]

Figure 1.1 provides additional information, indicating essential steps in catalyzed reaction: (1)
the formation of a complex (X) between the catalyst and at least one reactant, referred to as
adsorption in the case of solid catalysts, (2) the reaction of the reactants to produce the adsorbed
product (Y), and (3) the detachment of the product from the catalyst, which corresponds to
desorption from a solid surface. In heterogeneous catalysis, understanding these elementary
processes is closely tied to the role of surface science in clarifying the catalyst's mechanism.

Detailed explanation of these processes is provided in the next sections.

— Adsorption

Irving Langmuir's theory on adsorption, developed from 1916 to 1928 [9], remains a
foundational concept in modern surface physics and chemistry. Langmuir's theory introduced
two significant assumptions. Firstly, it proposed the formation of a single layer of molecules
(monolayer) during adsorption, rendering the surface inactive once fully covered. Secondly, it
assumed no interactions among the adsorbed particles, although this is generally not the case.
Despite these limitations, Langmuir's theory laid the groundwork for understanding adsorption

sites and the atomistic perspective of surface chemistry.
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The interactions between adsorbed particles greatly influence surface reactivity. It determines
the spatial distribution of reactants and the extent of their contact. Attractive interactions
facilitate intermixing, while repulsive interactions lead to separation or island formation,
resulting in significant differences in reaction kinetics. The presence of impurities in the
reaction mixture or one of the reactants can lead to a buildup of unwanted foreign compounds
of the catalysts surface. This can either block the active sites of the catalyst or form stable
complexes that hinder the desired chemical reaction. This phenomenon is referred to as catalyst
surface poisoning during adsorption [10]. A notable example is the adsorption of CO, which
reduces the probability of other gases, like oxygen, to adsorb on transition metals [11]. To
prevent CO poisoning, substantial efforts are often required, including chemical modification
of the catalyst surface through alloying with a second metal [11].

Two fundamental types of adsorption are relevant in heterogeneous catalysis: physisorption and
chemisorption. Physisorption refers to a weakly bonded state that has minimal impact on the
electronic structure of the adsorbate, while chemisorption induces significant changes in
molecular properties and can even cause decomposition of the adsorbed molecule [12]. These
phenomena are governed by van der Waals forces in the case of physisorption and chemical
(covalent) bonding in the case of chemisorption. Consequently, physisorption energies are
much smaller than chemisorption energies. Physiosorbed species also exhibit higher mobility
on solid surfaces compared to chemisorbed species, which can influence reaction mechanisms.
In summary, the adsorption of at least one reactant leads to the formation of the precursor state
(X'in Figure 1.1) for the targeted reaction. The next section explains about two different reaction
mechanisms that can govern a heterogeneous catalytic reaction.

— Heterogeneous catalysis reaction mechanisms

Proposed by Langmuir in 1921 and further developed by Hinshelwood in 1926 [13], [14] , the
Langmuir-Hinshelwood mechanism involves a bimolecular reaction between two adjacent
adsorbed molecules on the surface (Figure 1.2). It is assumed that the product subsequently
desorbs from the surface. These processes can be represented by a set of reaction equations,

with "*" representing adsorption sites on the surface.

Adnm Al [Eq. 1.1]
B +*x = B* [Eq. 1.2]
A" + B* — P (reaction to products) [Eq. 1.3]
P* - P + x (desorption of products) [Eq. 1.4]
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Figure 1.2: Schematic representation of the Langmuir—Hinshelwood mechanism.[8]

The reactants are in thermal equilibrium with the surface due to the strong adsorption of both
of them on the surface. A notable example of a reaction following the Langmuir-Hinshelwood
mechanism is the catalytic oxidation of CO on palladium (Pd) catalysts [15]. This reaction
includes the chemisorption of CO, the dissociative adsorption of O, the reaction between CO
and O to produce COz, and the subsequent desorption of CO..

Pg

Figure. 1.3: Schematic representation of the Eley—Rideal mechanism.[8]

Shortly after the discoveries of Langmuir and Hinshelwood in 1938, Eley and Rideal proposed
a second significant reaction mechanism known as the Eley-Rideal mechanism [16], as shown
in Figure 1.3.

In this mechanism, only one of the reactants is adsorbed on the surface and directly reacts with
an incoming molecule from the gas phase, without the need for an adsorption site. This type of
reaction is considered nonthermal, as the temperature of the gas phase and the surface can be
different.
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The reaction scheme can be represented as follows:

A +x= A*(adsorption of A) [Eqg. 1.5]
A* + B = P~ (reaction to products) [Eq. 1.6]
P* — P +x(desorption of products) [Eq. 1.7]

An example of this mechanism is the hydrogenation of CO2 on ruthenium Ru Catalysts [17]:
4H, + COyqqy — CHy + 2H,0 [Eq. 1.8]

To differentiate between the Langmuir-Hinshelwood and Eley-Rideal reaction mechanisms, an
effective approach is to measure the reaction rate ‘r’ as a function of the coverage of the

adsorbed molecule A* (8,+).

r4
ER

LH

1 B

Figure 1.4: Schematic representation of the reaction rate r for the Eley—Rideal (ER) and the

Langmuir—Hinshelwood (LH) mechanisms as a function of surface coverage 6,4+ of A*.[8]

The reaction rate is expressed by r=k*[AJ}[B]°... (k is the rate constant, [A] and [B] represents
the concentrations of reactants A and B, respectively, aand b are the reaction orders with respect

to reactants A and B) and 6,=1 represents complete surface coverage by A*.

At low coverage, both mechanisms exhibit a similar rate increase. However, at higher coverage,
the rate for the Langmuir-Hinshelwood mechanism reaches a peak and then declines, ultimately
dropping to zero at 8,=1 due to adsorption site blockage by A. In contrast, the Eley-Rideal
mechanism, which does not rely on B adsorption, maintains an increasing rate even when all

surface sites are blocked (Figure 1.4).
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Different types of solid catalysts are used in heterogeneous catalysis. Each catalyst type
possesses distinct properties and selectivity for specific catalytic reactions. In the following
section, we will examine some interesting catalyst types, including unsupported bulk catalysts
and supported catalysts. We will also delve into the properties of these materials and their main
applications in catalysis. Considering the fact that we are using Pt-based nanoparticles (NPs) as
catalysts during this thesis, our primary focus will be on noble metal NPs employed in
heterogeneous catalysis.

2. Different types of catalysts and their properties

2.1. Bulk materials: unsupported catalysts

— Metal oxides

Oxides are Oxygen-containing compounds where oxygen atoms are more electronegative.
There are different types of metal oxides with varying properties, including insulators like
Al>03 and SiOz, semiconductors such as TiO2, NiO, and ZnO and metallic conductors like TiO
and NbO. They play a crucial role as catalytically active materials. Their surface characteristics
and chemical behavior are influenced by factors such as composition, structure, bonding nature,
and the arrangement of surface atoms and hydroxyl groups on the exposed crystallographic

surfaces. Different categories of metal oxides are presented.

Simple binary oxides, such as Aluminas, Silicas, and transition metal oxides like Titania and
Zirconia, can display solid acid, base, or amphoteric properties depending on their dissolution
behavior in aqueous solutions. These dissolution properties are important considerations when

using such oxides as supports and soaking them in aqueous solutions [18].

Complex multicomponent oxides are high efficiency catalysts, renowned for their unique and
remarkable properties. Among this class of materials, zeolites stand out as one of the most
interesting branches. These are inorganic microporous crystalline minerals which are frequently
employed in ion exchange, gas adsorption, and heterogeneous catalysis [19]. Because of their
distinctive shape selectivity, strong intrinsic acidity, and stability, zeolites are among the most

valuable solid catalysts in the chemical industry [20], [21].

The classical definition of a zeolite is a “crystalline aluminosilicate built of oxygen-linked
tetrahedral silicon and aluminum atoms that form a three-dimensional microporous structure

comprising channels and voids occupied by alkali or alkali-earth cations and water molecules”.
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The chemical composition of a zeolite can hence be represented by a formula of the type:[22]

AT [(800,),. (Al05),]. zH,0
v/ 2 2y 2H; [Eq. 1.9]

Where A is a cation with the charge m, (x + y) is the number of tetrahedra per crystallographic
nsi

unit cell, and x/y is the so-called framework silicon/aluminum ratio —.
Al

— Metals and metal alloys

In only a limited number of instances are metals and metal alloys employed as unsupported
catalysts in bulk form. In situations where strongly exothermic reactions demand catalyst beds
of minimal height, metal grids serve as effective bulk catalysts. Notable examples include
platinum-rhodium grids utilized for ammonia oxidation in the nitric acid process [23], as well
as silver grids employed in the dehydrogenation of methane to formaldehyde.

— Carbons

In addition to serving as catalyst supports, carbons possess the capability to act as catalysts
without support [24], [25]. Efforts have been made to use carbons as catalysts in condensed
phases. However, when exposed to oxidizing conditions in the gas phase, carbon's susceptibility

to irreversible oxidation severely limits its application.

2.2. Noble metal nanocatalysts

Due to the natural tendency of nanocatalysts to reduce their surface areas through particle
growth, they often require high surface area supports. The supports plays a crucial role in
preventing the NPs from undergoing sintering, which is a common phenomenon that can occur
during the preparation and use of metal nanocatalysts [26]. While supports are often perceived
as inert, they can actively influence the catalytic process. To achieve high surface areas and
stabilize the dispersed active phase, supports are typically porous materials with strong heat
resistance [18]. Several of the materials mentioned earlier can also serve as supports. Among
the commonly used supports are binary oxides like transitional aluminas a-Al>O3z, SiO2, ZrO;
(tetragonal), as well as zeolites thanks to their microporous structure, high surface area and high
stability. Carbon in different forms can be utilized as supports, except in cases where oxygen is
needed in the feed at elevated temperatures. [18]

— Metal nanoparticles

Nanomaterials have been employed in heterogeneous catalysis for over 60 years, before the

current focus on nanoscience and nanomaterials [27]. Metal NPs, more specifically, offer
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significant potential in heterogeneous catalysis due to their exceptional surface-to-volume ratio,
abundant active surface atoms, and distinctive electronic structures in contrast to their larger-

scale counterparts [28], [29].

Before discussing the catalytic applications of certain metal nanoparticles, specifically noble
metals, it's essential to understand how size variations affect their geometric and electronic
properties. This size-dependent influence significantly impacts their catalytic reactivity and
justifies the preference for using metal nanoparticles as catalysts over their larger forms.

The size of metals greatly influences their electronic and geometric properties, particularly
within the nanometer scale [30]. Geometrically, metal NPs comprise distinct surface metal sites,
such as low-coordinated metal atoms at edges and corners (LCSs) and high-coordinated sites
on terraces (HCSs) (Figure 1.5). These different local geometries significantly impact chemical

bond formation and breaking during catalysis.

@ High-coordinated sites
(HCSs)

@ Low-coordinated sites
(LCSs)

Support

Figure 1.5: Schematic representation showing the geometrical structure of a supported metal
nanocatalyst. [30]

The difference in local geometry between HCSs and LCSs have a substantial impact on the
energetics of elementary steps involved in catalytic processes. This includes processes like
molecule adsorption and desorption, as well as the formation and breaking of chemical bonds
during catalysis. Consequently, adjusting the particle size not only affects metal dispersion but
also modifies the coordination of surface metal atoms, resulting in size-dependent variations in
catalytic behaviors [28]-[30].

In terms of electronic properties, when the particle size decreases into the nanoscale range, the
continuous valence band of the bulk metal undergoes a splitting process, resembling the
behavior observed in semiconductors (Figure 1.6). This phenomenon, known as the "quantum
size effect”" (QSE), arises from the substantial alterations in energy levels experienced by the

entire particle as its size changes [33], [34].
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Figure 1.6: Schematic illustration of the electronic structures of bulk, NPs, and clusters of metals.
[34]
The QSE has a profound impact on the orbital hybridization and overall charge transfer between
the metal and reactants, thereby significantly influencing the intrinsic activities of all surface
metal sites. It is also evident that the electronic characteristics of metal particles undergo
significant alterations when their size decreases below 1 nm (Figure 1.6). As a result, it can be
expected that subnanometric metal particles would interact with reactants in a distinctive

manner, exhibiting distinct reactivity compared to larger NPs.

Single-Atom Catalysts (SACs) refer to catalysts where all active metal species exist as
individual isolated atoms stabilized either by the support or through alloying with another metal
[35]-[37]. While this type of catalyst is not directly connected to the current work, it is worth
mentioning because it has shown great potential for eco-friendly production of valuable
chemicals. The innovative work by Zhang and his colleagues in 2011 revealed that the Pt1/FeOx
SAC displayed three times higher activity compared to its nano-Pt counterpart in CO oxidation
[37].

SAC:s are distinct from nanoparticle (NP) catalysts in that they lack metal-metal bonds, and the
cationic character of metal is SACs. These unique geometric and electronic properties result in
significant modifications in the interactions with reactants, intermediates, and products. It leads
to enhanced activity and/or selectivity highly desirable in the production of fine chemicals. As
a result, SACs are expected to combine the benefits of high catalytic activity, selectivity,
stability, and reusability for environmentally friendly synthesis of fine chemicals. Among metal
nanoparticles, noble metal nanoparticles have earned particular attention over the years due to

their exceptional properties, which have led to their wide use in catalysis.
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— Noble metal nanoparticles

The electronic, chemical, and optical properties of noble metal (ruthenium (Ru), rhodium (Rh),
palladium (Pd), silver (Ag), osmium (Os), iridium (Ir), platinum (Pt), and gold (Au)) NPs make
them significantly important among other nanocatalysts. The noble metal catalysts have
demonstrated numerous advantages, including high activity at low temperatures, good stability,
and convenient regeneration and storage properties [38].

Noble metal nanoparticles have proved efficiency in oxidation reactions. Both Au single atoms
and Au NPs supported on FeOxy, for example, proved to be active catalysts for low-temperature
carbon monoxide (CO) oxidation as reported by Zhang et al [35], [39]. Previous studies have
demonstrated that metal NPs, including Pt, Au, Pd, among others, exhibit exceptional activity

and selectivity in the process of selectively oxidizing alcohols.[40], [41]

As for hydrogenation reactions, Pd nanocatalysts have found application as catalysts in diverse
reactions, such as the hydrogenation of 4-nitrophenol, olefins, and other reactions [42].
Furthermore, there has been research on the utilization of Au-based catalysts in hydrogenation
reactions. Bond et al. investigated the use of supported Au catalysts for the selective
hydrogenation of 1,3-butadiene [43]. Au-based have also been discovered to exhibit remarkable

activity in the selective hydrogenation of unsaturated aldehydes into unsaturated alcohols [44].

In the upcoming section, we will discuss the properties and catalytic capabilities of one of most
attractive noble metal NPs, the Pt-based NPs, which is the system investigated in this thesis.

3. Pt-based nanocatalysts

3.1.Catalytic applications of Pt-based nanoparticles

Among the noble metals, Platinum (Pt) possesses a high melting point of 1769 °C. It also
exhibits remarkable effectiveness in various chemical applications, making it a highly
significant material in catalysis [45]. One crucial characteristic of Pt is its exceptional ability to
resist chemical corrosion, with aqua regia being the sole mineral acid capable of effectively
dissolving it. Nevertheless, platinum does interact with numerous substrates, leading to its wide
range application in catalysis. Beside catalysis, the investigations of Pt NPs have been a
captivating field of study as they exhibit a broad spectrum of applications across physical,
chemical and biological fields [46]. The exploration of nanoscale Pt catalyst originated from

Johann Wolfgang Dobereiner's discovery that finely divided platinum enhances alcohol
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oxidation [47]. Ever since, Pt-based materials have found widespread application as catalysts

in various reactions, such as energy conversion [48], hydrogenation [26] , oxidation [49], and

reduction such as oxygen reduction reaction (ORR) for Proton Exchange Membrane Fuel Cells
(PEMFC) [50], [51].

NO, NH,

NaBH,, PINPs

OH OH

p-nitrophenol p-aminophenol

Figure 1.7: Model reaction of the reduction of p-nitrophenol [52]

Pt NPs can be synthesized under diverse morphologies, including cubic shapes, hanotubes, and
nanoclusters, each serving different purposes. For instance, cubic Pt NPs function as reactors
for CO adsorption and oxidation [46]. Pt NPs also serve as an effective catalyst in various
catalytic reactions, including hydrogenation reactions [46], [53]-[56]. For example, the
reduction of p-nitrophenol was accomplished by NaBHs in the presence of a Pt catalyst

supported by wood nanomaterials (Figure 1.7). In the absence of any catalyst, this reaction did
not progress even after a considerable duration.
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Figure 1.8: (A) Comparison of catalytic activities for Pt NPs with distinct morphologies. (B) Impact
of particle size increase on the decline of catalytic activities for Pt NPs. [52]
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Various forms of Pt NPs, including spherical Pt NPs, spherical Pt nanoclusters, Pt NPs, and
cubic Pt NPs, were synthesized and their catalytic activities were investigated (Figure 1.8). The
Pt nanoclusters were larger in size compared to Pt NPs. Among the tested particles, the spherical
and cubic Pt NPs, along with the spherical Pt nanoclusters, exhibited superior catalytic activities
for the reduction of p-nitrophenol. Analysis of the obtained kinetic data revealed that the

nanoclusters displayed greater catalytic activity compared to the cubic structure [52] [46].

Another example of a hydrogenation reaction application for Pt, a synthesized Pt NPs catalyst
was used for the hydrogenation of 2-butyne-1,4-diol. As a result, the compound was efficiently

transformed into 2-butene-1,4-diol, with an 83% conversion rate achieved using Pt NPs [57].

While Pt is not commonly regarded as the most efficient catalyst for carbon dioxide (CO2)
hydrogenation, it has demonstrated selectivity towards formic acid and methanol in previous
studies when utilized with suitable support materials [58]-[65] . Consequently, investigating
the behavior of catalysts during this model hydrogenation reaction and examining the influence
of a hydrogen (H2) atmosphere on the microstructural changes of Pt-based materials is valuable.
The following section will provide an explanation of the CO2 hydrogenation reaction into
formic acid and methanol, along with a brief overview of the noble catalysts, most importantly

Pt-based materials, used in this reaction.

3.2.The CO; hydrogenation reaction

With the progress in capture technologies, the utilization of CO2 through cost-effective
renewable H. in catalytic hydrogenation emerges as a promising approach to reduce the carbon
footprint of industrial processes. This strategy not only offers the potential to produce valuable
chemicals and fuels but also offers significant environmental benefits. In the context of CO>
utilization, hydrogenation presents a promising pathway for the production of various
industrially relevant compounds. These compounds include CH4 [66], a crucial renewable
energy source, CO [67], commonly used in large-scale chemical production, oxygenates such
as methanol [68], ethanol [69], and formate [70], as well as long-chain hydrocarbons [71],
which can be obtained through direct routes [72]. The conversion of CO; into alcohols is a
highly significant subject that gains the interest of both the chemical industry and the scientific
community. Among the various alcohols, methanol, as a prominent C; alcohol, holds particular
importance as it can serve as a precursor for the production of a wide range of chemical

compounds through further processing. Ever since its discovery, the Cu (supported on
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ZnO/Al;0z3) catalyst has demonstrated exceptional performance in methanol synthesis [69].
Despite their advantages, Cu/ZnO/Al,Oz-based catalysts suffer from deactivation caused by
water adsorption leading to the sintering of Cu and ZnO during the reaction [73]. In recent
years, several alternative catalysts without Cu have been explored, with particular attention
given to those containing noble metals due to their superior stability and resistance compared
to Cu-based catalysts [74], [75].

— Reaction mechanisms in CO2z hydrogenation reaction

The hydrogenation of CO» to methanol is an exothermic reaction that occurs more favorably

under mild temperatures and high pressures.
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Figure 1.9: Exploration of potential pathways for methanol synthesis through the CO; hydrogenation
reaction.. [72], [76]

To activate CO2, which has an inert nature, temperatures above 150 °C are necessary for
methanol synthesis [76]. The process of methanol synthesis can proceed through two pathways:
1) the formate pathway and 2) the reverse Water-Gas Shift reaction (rWGS) + CO
hydrogenation pathway.
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The activation of CO is a critical step in both routes. Figure 1.9 illustrates these pathways
which were presented by Kattel et al. [76]. In either pathway, the activated CO, molecule reacts
with adsorbed atomic H, and this interaction determines the direction the reaction takes [77].

The formate pathway is considered more favorable since the rwGS + CO hydrogenation
pathway can result in a higher selectivity for CO due to the rWGS reaction [78]. The proper
selection of a catalyst is essential for controlling the reactivity of CO, and Ha, as well as
determining the specific reaction pathway to achieve desired outcomes.

— Pt-based nanocatalysts for methanol production in CO2 hydrogenation

Recent advancements in Pt-based catalyst research have been dedicated to exploring the optimal
conditions for the CO> hydrogenation reaction to produce methanol. Toyao et al. [63] conducted
a study on a Pt(3)/MoOx(30)/TiO; catalyst, consisting of 3 wt.% of Pt supported on MoOy/TiOs.
The interaction between Pt and MoOx was proved to facilitate the reaction at a low temperature
of 150 °C and a pressure of 60 bar in a batch reactor, resulting in an impressive methanol yield
of 73% and a methanol selectivity of around 91%. This combination of Pt and MoOx emerged
as a key factor in achieving high activity for methanol production at low temperatures, gaining
significant interest from both academic researchers and the industrial sector involved in

methanol manufacturing.

In another contribution by Men et al. [62], a Pt/film hybrid catalyst featuring highly dispersed
Pt NPs over In,O3 was investigated for CO2 hydrogenation using a dielectric barrier discharge
(DBD) plasma reactor. Remarkable results were achieved, including a 37% conversion of CO>
and a methanol selectivity of 62.6% at 1 atm and 30 °C. The exceptional dispersion of Pt NPs
played a leading role in promoting enhanced methanol activity, while the high-energy electrons
generated by the DBD plasma facilitated the reaction to occur under mild conditions (relatively
low temperature ~ 150°C).

Furthermore, Guttergd et al. [61] explored the Pt-based catalysts for CO> hydrogenation to
methanol under mild conditions. They developed Pt NPs implanted within a Zr-based metal-
organic framework (MOF) (UiO-67) and conducted a study on the methanol formation
mechanism at 170 °C and ambient pressure. Although the methanol yield was not high, this
study stood out as one of the few that demonstrated significant methanol formation from CO>
hydrogenation over a Pt-based catalyst, particularly when the support alone was inactive. This
research opens new possibilities for the utilization of Pt-based catalysts in methanol synthesis.
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In studies by Sun et al. [65] and Han et al. [64], Pt NPs supported on In,Os were examined
under industrial conditions. The presence of Pt substantially enhanced the catalytic activity of
In2O3z in both cases. Han et al. reported an impressive methanol selectivity of 71.5% and a CO>

conversion rate of 8.8% in their study.

As previously discussed, Pt-based catalysts have gained interest as catalysts for various
chemical reactions, including the conversion of CO into methanol. This particular reaction
serves as a model reaction during this study to evaluate the behavior of the synthesized Pt-based
nanocatalysts. However, the high cost and limited availability of Pt pose challenges for its
utilization in diverse applications. Consequently, experimental and theoretical studies have
been undertaken to explore approaches that can enhance Pt's catalytic performance [79].
Enhancing the catalytic performance of Pt can be effectively achieved by increasing its surface

area.

Hollow structures, porous structures, and dendrite structures possess significant specific surface
areas and exhibit extensive active sites [80]-[82]. The following section focuses on
nanocatalysts based on hollow nanomaterials with a special focus on Pt-based hollow
nanospheres.

3.3.Pt-based hollow nanospheres by the galvanic replacement method

In the field of nanocatalysis, there has been a growing interest in the fabrication of metal NPs
with hollow interiors, primarily due to the potential to generate supplementary active sites
within the NPs [83]-[86]. The ability to control the structure of NPs by introducing hollow
interiors offers higher surface-to-volume ratios compared to solid counterparts. This allows for
a reduction in the utilization of noble metals and eliminates the presence of "wasted" atoms that

do not interact with substrate molecules (atoms located inside a solid nanoparticle) [87]-[89].

A hollow nanomaterial is characterized by the presence of a void or hole in its interior. Several
well-defined hollow nanomaterials, including tubes, shells, cages, frames, dendrites, and others,

have been developed and utilized in nanocatalysis, as shown in Figure 1.10 [90].

In this section, the galvanic replacement method used for the synthesis of hollow nanospheres
will be explained. The galvanic replacement method is a chemical templating method used for
the synthesis of various types of hollow NPs. It remains the most widely employed and
promising technique in this field.
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Figure 1.10: (A-X) SEM and TEM images depicting various hollow nanomaterials utilized as

nanocatalysts for diverse molecular transformations.[90]
The galvanic replacement reaction offers a versatile and well-established method for
synthesizing hollow materials with ultrathin walls and bimetallic compositions in a single step.
This process involves a redox reaction between a sacrificial template made of a less noble metal
and metal ions in a solution containing a more noble metal than the sacrificial template. The
difference in reduction potentials drives the oxidation and dissolution of the sacrificial template
while simultaneously reducing the metal ions in the solution, leading to their deposition onto
the template's surface. This method is simple, relatively fast (with reactions typically occurring
within 15 minutes), and can be performed using water as a solvent under ambient conditions
[90]. It is worth mentioning that numerous hollow nanomaterials used for catalysis were
synthesized through the galvanic replacement method [90]. These materials have demonstrated
improved performance, which can be attributed to their enlarged surface areas.

In a specific example illustrated in Figure 1.11, the catalytic properties of Ag/Au-based
nanoboxes, nanocages, and their solid counterparts were explored for the reduction of 4-
nitrophenol using NaBHa as the reducing agent [91].
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Figure 1.11: Impact of NPs structure (hollow interiors) on catalytic activity. (A) lllustration depicting
the synthesis of Au-based hollow nanomaterials through controlled galvanic replacement reaction
between preformed Ag nanocubes and AuClj precursor. (B-D) TEM images showcasing partially
hollow nanoboxes (B), nanoboxes (C), and nanocages (D). Insets in the images depict a scale bar of
20 nm. (E) Bar graph presenting the rate constants for the reduction of 4-nitrophenol using NaBH, at
9, 24, and 43 °C as reaction temperatures with Au-based hollow nanomaterials employed as catalysts.
[91]
These materials were synthesized through a galvanic replacement reaction between Ag
nanocubes and AuCl; ions. By gradually increasing the amount of AuCl; during the galvanic
replacement reaction with Ag nanocubes, three distinct hollow nanostructures based on gold
were prepared: partially hollow nanoboxes (Figure 1.11(B)), nanoboxes (Figure 1.11(C)), and
nanocages (Figure 1.11(D)). As anticipated, the catalytic activity showed a positive correlation
with the degree of hollowing, as indicated in Figure 1.11 (E). This enhanced catalytic
performance can be attributed to the significantly larger specific surface area achieved
compared to solid nanomaterials. Additionally, the ultrathin and porous walls of the hollow

structures contribute to a higher activity due to the exposure of reactive sites.
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Figure 1.12: A. TEM images of (a, b) Pt hollow nanospheres, and (c, d) solid nanoclusters. B. Cyclic
voltammograms comparing the electrochemical behavior of Pt solid nanoclusters (represented by a
dashed line) and hollow nanospheres (represented by a solid line) on a glass carbon electrode in a
solution containing 0.5 M H,SO4 and 0.6 M CHsOH, with a scan rate of 50 mV s?.[92]

Liang et al. [92] were the first to describe the production of large-scale Pt hollow nanospheres
at room temperature in a uniform solution through an in situ galvanic replacement method. This
method involved using cobalt (Co) NPs as sacrificial templates (Figure 1.12). The resulting Pt
hollow nanospheres had incomplete and porous shells, leading to a higher surface area and
improved electrocatalytic performance. These Pt hollow nanospheres exhibited twice the

catalytic activity of solid Pt nano clusters for the electrooxidation of CH3sOH in H2SOa.

Subsequently, Liang et al. expanded the in situ galvanic replacement method to synthesize Pt
hollow nanostructures supported on graphene composites, employing Co NPs grown on

graphene sheets as sacrificial templates (Figure 1.13) [93].

Figure 1.13: Schematic representation of the elaboration process of Pt hollow nanospheres on
graphene sheets.[93]

Another study by Zhao et al. [94] reported the synthesis of carbon-supported hollow Pt

nanospheres using Co metal NPs as sacrificial templates. These carbon-supported hollow Pt
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nanospheres demonstrated enhanced electrocatalytic performance for methanol oxidation
compared to carbon-supported solid Pt NPs due to their larger active surface area. The catalytic
activity of the Pt hollow nanospheres has been observed to exhibit nearly twice the effectiveness
of solid Pt NPs.

Apart from Co NPs, Ag NPs were also commonly used as sacrificial templates to produce Pt-
based nanocatalysts with a hollow structure. Yang et al. [68] reported the synthesis of hollow
Pt nanospheres by selectively removing the Ag cores of Ag/Pt core-shell NPs using bis(p-
sulfonatophenyl) phenylphosphine (BSPP). The calculated surface area per Pt hollow
nanosphere was approximately 1.52 times that of a corresponding solid particle. According to
Wang et al. [95], Ni NPs were also considered suitable templates due to their lower reduction
potential and solubility in acid solution compared to Ag and Cu NPs templates. They utilized
electrodeposited Ni NPs on carbon powder as templates to fabricate Pt hollow nanocrystals
through the galvanic replacement method. The resulting Pt hollow nanocatalysts demonstrated

a sustained improvement in Pt mass activity for oxygen reduction in acid fuel cells.

In the upcoming section, various studies of Pt-based hollow nanospheres using Co nanoparticles
as templates will be presented.

— Co-promoted Pt hollow nanospheres

By employing the galvanic replacement method, it is possible to generate various types of
hollow Pt-based alloys rather than pure Pt hollow NPs. Numerous researchers have reported
the synthesis of different hollow Pt-M alloys, where M represents elements such as Au, Ag, Co,
Ni, Pb, Ru, Pd, Cu, and Se. This section focuses solely on the Co-promoted Pt hollow

nanospheres, as this material is synthesized and investigated during this thesis.

Vasquez et al. [96] reported the synthesis of hollow Co-promoted Pt nanospheres using a unique
galvanic replacement reaction with an in situ Co NPs sacrificial template. Analysis of Figure
1.14 reveals the formation of large Co-promoted Pt hollow nanospheres with average diameters
ranging from 10 to 50 nm. The authors attributed the crucial factors during the synthesis process
to the presence of excess reducer NaBH4 and an appropriate stabilizer, poly(vinylpyrrolidone)
(PVP).
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Figure 1.14: TEM micrographs of (a) an ensemble of PtCo hollow spheres, (b) a single isolated

hollow sphere. (c) EDS elemental maps of a single hollow nanosphere showing the spatial distribution

of both Pt and Co. [96] [97]
Building upon the galvanic replacement method, Pt-Co chainlike nanocatalysts (Figure 1.15(a),
(b)) [98] and one-dimensional hollow PtCo nanospheres [99] (Figure 1.15(c), (d)) were
successfully synthesized. The catalytic activity of the hollow Co-promoted Pt chainlike
nanocatalysts outperformed that of the commercial Pt/C catalyst for the electrooxidation of
methanol in H2SOa. The significantly high activity of these nanocatalysts was attributed to their
unique hollow structure and the bimetallic functionality.

Figure 1.15: TEM micrographs showing (a, b) PtCo nanorods and (c, d) the chainlike PtCo at low
and high magnifications, respectively. [97]
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Recently, Sun et al. [100] reported the synthesis of well-aligned PtCo hollow nanochains
through a magnetic field-induced assembly approach combined with galvanic replacement
method, using Co NPs as templates. The synthesized PtCo hollow chains demonstrated
excellent alignment under the influence of magnetic fields. The magnetic properties indicated
that the shape anisotropy of the aligned nanochains played a dominant role in their controllable

behavior.

After introducing the catalyst material used in the CO2 hydrogenation reaction to produce
formic acid and methanol, it's important to note that we have only discussed its initial state.
However, catalysts go through various transformations during chemical reactions, which
eventually result in their deactivation over time. In the upcoming section, we will discuss the

different types of catalyst transformations.

4. Transformations of nanocatalysts during a chemical reaction

The deactivation of heterogeneous catalysts, characterized by the gradual loss of catalytic
activity and/or selectivity over time, is a common issue that leads to a decline in the catalytic

activity.

Heterogeneous catalysts can experience degradation through various pathways. For instance,
the catalyst's solid structure may become poisoned by contaminants present in the feed, leading
to a loss of activity. The surface, pores, and voids of the catalyst can also become fouled by
carbon or coke, which is produced because of reactions involving hydrocarbon reactants,
intermediates, or products. When catalytic reactions are conducted at high temperatures,
thermal degradation can occur, leading to changes in the active phase’s crystallite growth, pore
structure collapse, or solid-state reactions between the active phase, carrier, or promoters.
Additionally, the presence of reactive gases in the feed can induce changes in the oxidation

state of the active catalytic phase.

Consequently, the mechanisms behind solid catalyst deactivation are diverse, but they can be
grouped into six intrinsic categories: (1) poisoning, (2) fouling, (3) thermal degradation, (4)
formation of vapor compounds and/or leaching accompanied by transport from the catalyst

surface or particle, (5) vapor-solid and/or solid-solid reactions, and (6) attrition/crushing.

While mechanisms 1, 4, and 5 are predominantly chemical in nature, mechanisms 2 and 6 are

primarily mechanical. Thus, the causes of deactivation can be attributed to three main factors:
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chemical, mechanical, and thermal. In this study, our focus is limited to investigating the
potential effects of fouling, poisoning and thermal degradation on the the Pt-based hollow
nanospheres. Consequently, a brief overview of these deactivation mechanisms is presented in

the following section.
— Fouling/Coking

Fouling refers to the mechanical deposition of substances onto the catalyst surface, leading to
a loss of activity as the sites and pores become blocked. In advanced stages, fouling can cause
catalyst particles to disintegrate and result in blockage of reactor voids. Common examples
include the deposition of carbon and coke in porous catalysts. These carbon- and coke-forming
processes involve the chemisorption of various types of carbons or condensed hydrocarbons,
which can act as catalyst poisons. The definitions of carbon and coke are somewhat arbitrary
and are typically related to their respective origins. Carbon is often formed through CO
disproportionation, while coke is produced by the decomposition or condensation of
hydrocarbons on catalyst surfaces, consisting primarily of polymerized heavy hydrocarbons.
However, the specific forms of coke can vary widely, ranging from high molecular weight
hydrocarbons to predominantly carbonaceous structures like graphite, depending on the
conditions under which the coke was formed and aged. [101]

The chemical composition of cokes or carbons formed in catalytic processes varies depending
on the type of reaction, catalyst, and reaction conditions. Menon [102] proposed a classification
system for catalytic reactions involving carbon or coke formation, dividing them into two
categories: coke-sensitive and coke-insensitive, similar to Boudart's broader classification of

structure-sensitive and structure-insensitive catalytic reactions.

In coke-sensitive reactions, unreactive coke accumulates on active sites, leading to a decline in
catalytic activity. In contrast, coke-insensitive reactions involve the formation of relatively
reactive coke precursors on active sites, which can be readily removed by hydrogen or other
gasifying agents. Based on this classification, Menon [102] reasoned that the structure and
location of the coke are more crucial than its quantity in influencing catalytic activity.

— Poisoning of the catalyst

Poisoning refers to the strong chemisorption of reactants, products, or impurities to specific

sites that would otherwise be available for catalytic reactions [101], [103]. Therefore, whether

28



LITERATURE REVIEW

a substance acts as a poison depends on its adsorption ability compared to other substances
competing for the same catalytic sites. For instance, oxygen can act as a reactant in the partial
oxidation of ethylene to ethylene oxide on a silver catalyst but as a poison in the hydrogenation
of ethylene on nickel [104]. Adsorbed poisons can physically obstruct adsorption sites and also

bring about modifications in the surface's electronic or geometric structure [105].

Moreover, poisoning can be either reversible or irreversible. An instance of reversible poisoning
is the temporary deactivation of acidic sites in fluid catalytic cracking catalysts caused by
nitrogen compounds in the feed. Although these effects can be significant, they typically vanish
within hours to days after removing the nitrogen source from the feed. Similar outcomes have
been observed when nitrogen compounds are introduced into the syngas of cobalt Fischer-
Tropsch catalysts, but it takes weeks to months for the lost activity to be fully restored [106].
However, most poisons irreversibly bond to catalytic surface sites, like sulfur on most metals
[101].

Regardless of whether poisoning is reversible or irreversible, the deactivation effects while the
poison is adsorbed on the surface remain the same. There are various mechanisms through
which a poison can impact catalytic activity, as demonstrated by a two-dimensional model

illustrating the sulfur poisoning of ethylene hydrogenation on a metal surface (Figure 1.16).

Figure 1.16: Schematic representation of the conceptual process of ethylene hydrogenation on a
metal surface and the adverse effects caused by sulfur atom poisoning.[107]
Firstly, a strongly bonded sulfur atom physically blocks at least one three- or fourfold
adsorption/reaction site and three or four topside sites on the metal surface. Secondly, due to its
strong chemical bond, sulfur electronically alters its neighboring metal atoms, and possibly
those slightly further away, thereby modifying their ability to adsorb and/or dissociate reactant

molecules (such as H> and ethylene), although these effects are limited to a distance of

29



LITERATURE REVIEW

approximately 5 atomic units [101]. A third effect may involve surface restructuring caused by
the strongly bonded poison, leading to significant changes in catalytic properties, particularly
for reactions sensitive to surface structure. Furthermore, the adsorbed poison hinders the
interaction between adsorbed reactants (fourth effect) and slows down or prevents the surface
diffusion of adsorbed reactants (fifth effect).

In Table 1.1, several prevalent catalyst poisons are listed for key representative reactions.

Catalyst Reaction Poisons

. . . ] Organic bases, hydrocarbons,
Silica—alumina, zeolites Cracking
heavy metals

Compounds of S, P, As, Zn,

Nickel, platinum, palladium  Hydrogenation/dehydrogenation
P P yerog yereg Hg, Pb, NH3, CoH>

Noble metals on zeolites Hydrocracking NHs, S, Se, Te, P
Platinum, palladium Oxidation of CO and Pb, P, Zn, SO, Fe
Cobalt and hydrocarbons Asphaltenes, N compounds,
molybdenum sulfides Hydrotreating of residuum Ni, V
Iron, ruthenium Ammonia synthesis 0., H20, CO, S, C2Hy, H20
) Ethylene oxidation to ethylene
Silver _ CaH2
oxide

H,S, COS, As, NHs, metal

Cobalt, iron Fischer-Tropsch synthesis
carbonyls

Table 1.1: Common catalyst poisons for selected representative reactions. [101]

Figure 1.17 illustrates the selectivity of poisoning showing a plot of activity (reaction rate

normalized to the initial rate) against the normalized concentration of poison.

"Selective" poisoning occurs when the poison preferentially adsorbs onto the most active sites
at low concentrations. If initially fewer active sites are blocked, the poisoning is referred to as
"anti-selective”. When the loss of activity is proportional to the concentration of adsorbed

poison, it is termed "nonselective".
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Figure 1.17: Variations of Poisoning Behavior Represented by Normalized Activity vs. Normalized
Poison Concentration. [107]

— Thermal degradation and sintering

Thermal deactivation of catalysts occurs due to various factors, including (1) reduction in
catalytic surface area caused by the growth of catalytic phase crystallites, (2) reduction in
support area due to collapse of the support and loss of catalytic surface area caused by pore
collapse on active phase crystallites, and/or (3) chemical changes of catalytic phases leading to
noncatalytic phases. The first two processes are commonly known as "sintering,” while the third

is considered as solid-solid reactions.

Metal
Crystallite

<—A—>

Support

Figure 1.18: Conceptual models illustrating two mechanisms of crystallite growth through sintering:
(A) Atomic migration and (B) Crystallite migration. [107]

The majority of prior research on sintering and redispersion has primarily concentrated on
metals on support. There are three main mechanisms that explain the growth of metal

crystallites: (1) crystallite migration, (2) atomic migration, and (3) vapor transport (which is not
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relevant to our study as it involves very high temperatures ~1000°C). Figure 1.18 illustrates the
processes of crystallite and atomic migration. Crystallite migration involves the movement of
entire crystallites across the support surface, followed by collision and fusion. It is known as
the particles migration and coalescence (PMC). This migration of entire particles can be
attributed to thermally induced atom diffusion on the particle surfaces. The accumulation of
diffusing atoms on one side of a particle causes a shift in the particle's center, resulting in
Brownian motion [108].

Atomic migration involves the detachment of metal atoms residing on the surface crystal planes
of a particle, referred to as an ‘adatoms’, from the particle and moves toward the another particle
where it is adsorbed [109], this in known by the Ostwald ripening (OR) process. Atomic
migration is expected to be more favorable at lower temperatures compared to crystallite
migration. This preference is due to the higher diffusivity of atoms or small clusters, which
facilitates their migration. In contrast, larger crystallites require greater thermal energy for
motion, which is typically observed at higher temperatures. Thermal sintering processes are
typically characterized by slow Kinetics at moderate reaction temperatures, and once they occur,
they are challenging to reverse or irreversible. Consequently, preventing sintering is generally

the adapted approach to consider for limiting this deactivation process.

Shifting to the microscopy part of the thesis, the transmission electron microscopy (TEM)
technique used to characterize the catalyst's initial state is presented in the following section.
This technique allows the simultaneous study of the 2D and 3D morphology, chemical
composition, and crystalline structure of nanomaterials. The Transmission Electron Microscopy
(TEM) offers significantly high resolution for studying nanoscale structures, enabling atomic-

level visualization and precise analysis of materials.

Furthermore, we will present the advanced TEM techniques, the in-situ and operando TEM,
used to monitor the catalyst's evolution throughout the reaction and assess the impact of

individual reaction and catalyst factors on it.

5. Transmission electron microscopy

— Brief history of electron microscopy

In visible-light microscopy, the image resolution is limited by the wavelength of the visible-
light: this was the starting point of the TEMs developments [110]. The solution to overcome

the technological barrier in visible-light microscopy was L. de Broglie's famous theory
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concerning electron wave-particle properties. In 1905, A. Einstein developed the concept of
wave-particle duality for light by explaining the photoelectric experiment using the concept of
photons [111]. L. de Broglie (1925) proposed that all particles with finite mass have a
wavelength that is determined by the particle’s momentum [112]. Classic electron-diffraction
tests in 1927 proved De Broglie's theory, in which electrons diffracted in the same way that X-
rays do [113]. The concept of electron microscopy was proposed as a result of these
experiments. M. Knoll and E. Ruska created the first Transmission Electron Microscopy (TEM)
in Berlin in 1932 [114]. They made the concept of electron lenses a reality by demonstrating
electron pictures captured on the instrument. They reported a resolution of 50 nm only one year

after the first prototype was built, which is higher than visible-light microscopes.
— The potentials offered by the transmission electron microscopy

Transmission electron microscopy (TEM) is a technique that enables examination of materials
at nanometric and even atomic levels by utilizing an electron beam as a probe. The wave-
particle duality of electrons, as described by Broglie's equation, dictates that the wavelength of
electrons relies on their energy (E). Since the kinetic energy of electrons is dependent on the
acceleration voltage, this establishes a relationship between wavelength and acceleration

voltage:

h  h
J2moE  \[2mgeV

h
A=== Eq. 1.10

» [Eq. 1.10]
Where h is the Planck’s constant, p is the momentum and m, is the electron mass, e is the
electron charge and V is the accelerating voltage. Thus, for an accelerating voltage range
between 100 and 1000 kV, the wavelength associated to electrons goes between 1 and 3 pm
[110].

As per the Rayleigh criterion, the spatial resolution power (9) of an optical instrument depends

on the wavelength (A) of the radiation;

5~ 1,22 [Eq. 1.11]

A
B

Where f is the collection half-angle of the lens used.
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Hence, by considering the wavelength of accelerated electrons, it becomes feasible to
distinguish two points on the object that are separated by a distance smaller than a nanometer,
theoretically around 0.1 nm. However, in practice, the resolution is slightly greater due to

imperfections in lenses.

Microscopy techniques rely on the strong interaction between matter and electrons, which is
primarily of a Coulomb nature. When electrons encounter the sample, they can undergo various
phenomena, including direct transmission without scattering, transmission with electron
scattering, absorption, and backscattering. Depending on the energy of the incident electrons,
two types of scattering are possible: elastic and inelastic scattering. Elastically scattered
electrons are used to form diffraction patterns (DPs), conventional TEM or Scanning
Transmission Electron Microscopy (STEM) micrographs. On the other hand, inelastic
scattering occurs when there’s a loss of energy by the incident electrons as a result of interaction
between electrons and the sample. Inelastic scattering generates a multitude of phenomena:
ionization, emission of X-rays, secondary electrons, Auger electrons, phonon and plasmon
vibration. Thus, the information that can be collected with electron microscopy is multiple. Not
only is it possible to get an image of the object, but also to determine its chemical composition,
morphology and local structure on a sub-nanometric scale. Chapter 11 provides a comprehensive
explanation of the TEM technology and its operational modes.

Utilizing the TEM in catalysis research enables the examination and analysis of morphology,

size, crystal structure, as well as qualitative and quantitative aspects of the catalysts.

— Transmission electron microscopy for catalysis

Over the past few decades, it has become clear that the future design of high-performance
catalysts relies heavily on a deep understanding of the synthesis and reaction mechanisms at
the atomic and molecular scale. Scanning/transmission electron microscopy (S/TEM) has

emerged as a primary characterization tool for catalysis research.

Unlike other techniques such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR),
Raman spectroscopy, and other spectroscopic tools that provide information on bulk structures,
composition, and electronic states, electron microscopy offers atomic spatial resolution and the

unique capability to perform spectroscopy at the atomic level simultaneously. Although the
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energy resolution of STEM-EELS and EDX may not match that of Raman and FTIR, the spatial
resolution of S/TEM enables the analysis of crucial interfaces and surfaces of individual
catalysts, complementing the information obtained from other spectroscopic techniques. [115]

Initially, electron microscopy was employed to investigate the morphological, structural, and
chemical properties of materials, establishing connections between these characteristics and
their practical functionality under real-world operating conditions. Transmission electron
microscopy allows a 3D characterization of nanomaterials using Electron Tomography (ET),

enabling to move beyond the analysis of the 2D sample projections.
— Electron tomography for catalysis

Three-dimensional electron microscopy, or Electron Tomography (ET), made significant
progress in the 1990s when microscopes became computerized for taking pictures. But the
initial steps in this field go back further, with early work by Franck [116] focusing on studying
biological structures using high-resolution microscopy microscopes.

The 1980s brought forth an important development in this field when Radermacher [117]
introduced the concept of acquiring a series of images by tilting the sample to its maximum
extent. This innovative approach helped reducing the ‘missing wedge’ in Fourier space and
improve the resolution along the z-axis. While the mathematical theory of tomography has been
established during the 20" century by Radon transform [118], practical applications in the field
took a while to develop. Radermacher played a crucial role in achieving the first 3D
reconstruction using mathematics called the Radon transform [119]. He focused on the
importance of image alignment prior to the reconstruction process. The earliest image series
suitable for analysis were obtained through X-ray imaging, dating back to 1968 [120]. The most
well-known application of this methodology is the X-ray scanner, a widely used tool for
medical diagnostics. Since the 1990s, electron tomography, has evolved into an indispensable
tool for investigating complex biological structures. In recent years, this approach has also
found applications in the study of physico-chemical materials. In 2000, the research team at the
University of Utrecht, led by Jong, achieved significant success by using electron tomography
to locate silver particles in a type of zeolite called NaY [121]. They continued their work by
investigating the distribution of gold particles in a support material called SBA-15 [122].

Among many other studies conducted by this team, a research was about the distribution of
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Palladium (Pd) particles with the pores of Xerogel-type catalysts [123]. These studies were all
achieved using bright-field Electron Tomography.

In 2002, J. Miao and colleagues [124] have introduced an innovative diffraction-based 3D
microscopy technique to overcome resolution limitations in high-resolution electron
microscopy and tomography. Later on, this same research group have developed novel
algorithms for tomographic reconstruction, including the equally-sloped tomography (EST)
technique [125]. S. Bals and her team have introduced the concept discrete electron
tomography. The discrete tomography algorithm known as the Discrete Algebraic
Reconstruction Technique (DART) was used to study Zeotile-4 in order to uncover the 3D
arrangement of or pores in the corresponding mesoporous silica matrix [126]. They have
showed that the 3D reconstruction allowed for the precise measurement of the thickness of the

building units in a quantitative manner.

Another research team in the field of electron tomography for nanomaterials is the Midgley
group at the University of Cambridge. They focused on model systems at first, specifically
bimetallic Pd-Ru particles inserted into a mesoporous support to determine their spatial
distribution[127]. Their distinctive approach involves introducing the concept and
implementation of electron tomography in scanning transmission electron microscopy (STEM)
mode. Using this mode, they investigated the morphology and distribution of Tin (Sn) particles
within a silicon matrix [128]. In particular, they have used high-angle annular dark-field
(HAADF) mode, which has the advantage of being insensitive to diffraction contrast. Bals
group have also explored electron tomography with the STEM-HAADF mode for analyzing
ceramic glasses that had been exposed to high-temperature treatments[129]. Since HAADF-
STEM tomography is the preferred mode for examining heavy nanoparticles within a light
matrix, it was used to investigate the distribution of Pt and PtCr nanoparticles in carbon black
supports, which are commonly used in heterogeneous catalysis[130].

The TEM experiments are typically conducted in a relatively high vacuum (<10 Pa) to
minimize the interaction between the electron beam and air molecules. While this approach is
effective in obtaining static information about samples in equilibrium, it does not allow for the
observation of their dynamic evolution within their operational environment. To facilitate such
investigations, a technological advancement in TEM known as in-situ TEM has been
developed. This technique enables the real-time exploration of a wide range of processes and
reactions that take place under actual operating conditions. It involves the utilization of
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functional sample holders that are capable of applying specific stimuli such as heat, electric

bias, light, or operating within gaseous or liquid environments.

6. In-situ and operando transmission electron microscopy

High-resolution transmission electron microscopy (HRTEM) could only be carried out under
vacuum and could not produce dynamic observations in real-life conditions. The ex-situ
experimental method is thus carried out outside of the electron microscope. Post experiment,
electron microscope is used for nanomaterials analysis. Comparative imaging is conducted on
the material both before and after the reaction to investigate the catalyst modifications at
different stages of the reaction. However, this conventional approach does not provide real-time
observation throughout the reaction. In-situ TEM facilitates the real-time monitoring of the
atomic structure of nanocatalysts under reaction conditions. It allows the observation of
structural evolution during gas-solid interactions. This real-time insight is invaluable in the

context of catalytic innovation and development.

Within this section, our specific interest lies in the examination of the gaseous environment
through the utilization of environmental transmission electron microscopy (ETEM). This
cutting-edge technique allows for the investigation of samples within both gaseous [131]-[135]
and liquid [136]-[140] environments. However, for the purposes of this thesis, our attention is
solely directed towards the study of the gaseous environment. Over the years, several attempts
were made to bring in-situ electron microscopy into practice. The first successful attempt was
made by E. Ruska, who played a key role in the development of electron microscopy. Ruska
recognized the importance of investigating materials under carefully controlled conditions of
temperature and gas. He introduced the initial design of an environmental microscope, known
as a differentially vacuum pumped environmental TEM (ETEM) in 1942 [141]. We will provide
a brief explanation of the principle behind the open ETEM system, and subsequently move to
the detailed explanation of the other environmental TEM technology: the windowed-type gas

Environmental cell (E-cell) system.

6.1.Differentially vacuum pumped environmental TEM

In this particular design, the gas system is integrated into the microscope, allowing for the
continued use of regular specimen holders. In order to enable differential pumping at different

stages, it is necessary to modify the TEM column. By incorporating a series of differential
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pumping apertures and additional pumping capacity, it becomes feasible to sustain the pressure

differential between the microscope column and the sample region [142].

The ETEM design guarantees the maintenance of a high vacuum at critical levels such as the
electron gun, condenser, and intermediate lenses of the microscope. Additionally, it offers the
flexibility to accurately set gas pressures within a wide range, spanning from 10~ mbar up to
20 mbar. Previous versions of differentially pumped ETEM systems have facilitated in situ
S/TEM capabilities, allowing for the observation of catalysts' structural changes under (near)

reaction conditions [142]-[145].
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Figure 1.19: In situ TEM micrographs (A, C, and E) showing the reversible shape modifications of
a copper (Cu) catalyst on a zinc oxide (ZnQ) support under different gas environments, accompanied
by the corresponding Wulff constructions of the Cu nanocrystals (B, D, and F). Image (A) captures
the catalyst at a pressure of 1.5 mbar of H, and a temperature of 220°C. Image (C) was acquired in a
gas mixture of H, and H,O, with a ratio of H./H,O at 3:1 and a total pressure of 1.5 mbar at 220°C.
Image (E) represents the catalyst's behavior in a gas mixture of H, (95%) and CO (5%) at a total
pressure of 5 mbar and a temperature of 220°C.[147]

In Figure 1.19, a series of in situ high-resolution TEM images with a remarkable imaging
resolution below 0.2 nm depicts the dynamic and reversible shape modifications of the
nanocatalyst in response to variations in the gaseous environment [147]. Hansen et al.[148]
presented interesting results, showing high-resolution images of copper (Cu) nanocrystals that
are catalytically active in methanol synthesis and hydrocarbon conversion processes.
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6.2.Window-gas cell environmental TEM

Unlike the dedicated environmental TEM, the closed environmental cell system does not
require any modifications to the TEM column. In this setup, the specimen is enclosed within a
cell comprising of two electron-transparent windows that are chemically inert and amorphous
(Figure 1.20). While maintaining the microscope's high vacuum, gas is introduced into the cell.
A specialized specimen-holder is designed to accommodate all the cell components, including
gas inlets and outlets. The membranes used in this system have a thickness ranging from
approximately 30 to 50 nm and possess high fracture strength, enabling them to withstand
pressures up to 1 bar. For instance, for the gas cell manufactured by Protochips ®, the E-chip
membrane for the window is composed of a 50 nm thick layer of SiNy. In the case of the thermal
E-chip, it features a SiNx membrane that is 30 nm thick, situated above a ceramic heating
material with a thickness of approximately 120 nm. These membranes are deposited onto
disposable chips that are compatible with MicroElectroMechanical System (MEMS) devices
[149]. Both chips feature a gold electrical contact specifically designed to heat the ceramic
membrane, allowing it to reach temperatures of up to 1000 °C. The space between the two

membranes measures approximately 5 pum, and the cell has a volume of around 1 pl.
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Figure 1.20: Schematic representation of a closed E-cell. [150]

The first closed cell for gas TEM was elaborated by Abrams & McBain in 1944 [151]. The first
high temperature closed gas cell TEM was successfully made by H. Hashimoto et Al. in 1968
[152]. An atomic resolution gas cell TEM approach was finally realized by Boyes & Hai in
1997 [153]. Beginning as "home-made™ specimen-holders in laboratories [151], E-cells using
silicon nitride (SiNx) membranes have been extensively developed and brought to market by

companies such as Protochips, Dens Solutions [154], and Hummingbird Scientific [155].

39



LITERATURE REVIEW

For the purpose of this thesis, the E-cells provided by Protochips are used and a detailed

explanation of this E-cell technology is provided in chapter II.

6.3.The advantages and disadvantages of using the environmental gas cell

The window-type E-cell offers several advantages over a dedicated TEM instrument, making it
a more efficient choice. The primary advantage of employing the closed cell approach is its
versatility across different microscopes that share the same holder stage, eliminating the need
for further modifications to the TEM column. It also has a lower acquisition cost and
significantly reduced maintenance expenses. Additionally, closed E-cells can withstand much
higher internal pressures, with commercially available ones capable of reaching up to 1 atm gas
pressure. Unlike dedicated ETEM, closed E-cells can handle corrosive gases, expanding their
applicability beyond non-corrosive gases like Hz, Oz, NH3, CO, and water vapors. However,
the closed E-cell technology also has its disadvantages, primarily associated with the SiNx
windows. The gas-restrictive nature of these windows can result in a reduction in image
resolution, which is not a limitation in dedicated ETEM systems. This also poses challenges for
reliable EDX spectroscopy. Furthermore, the specimen geometry and field of view are generally
smaller compared to conventional TEM, and the setup imposes constraints on sample geometry.
[142]

6.4.0Operando transmission electron microscopy

Operando TEM involves real-time monitoring of sample evolution under conditions that mimic
the studied process, with a focus on analyzing reaction products in heterogeneous catalysis
[154]. To achieve this, environmental microscopy techniques are combined with spectrometry
techniques. In environmental TEM, which employs a thin carbon membrane (~10nm), electron
energy loss spectroscopy (EELS) was initially used to identify the reaction products [155].
Direct analysis of gases is performed at the sample level. An alternative to EELS is the use of
a residual gas analyzer (RGA) equipped with a mass spectrometer. Positioned at the outlet of
the reaction medium, it enables continuous analysis of reagents and products throughout the
reaction. [156] The RGA is commonly employed in both environmental microscopy approaches
(environmental TEM and TEM with environmental cell), but it is particularly suitable for closed
environmental cell technology. In this case, EELS yield weak signals of the reaction products
due to significant electron diffusion caused by SiNx membranes. The residual gas analyzer

(RGA) is a mass spectrometry-based technique for analyzing products in the gas phase. Though
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it can detect minuscule volumes of gas down to a few ppm, this is a high-performance device.
The RGA mass spectrometer operates at low pressures of approximately 10° mbar to prevent
substantial ion collisions. Consequently, a differential pumping system, comprising a
mechanical pump and a turbomolecular pump, is used to reduce the gas pressure when exiting

the environmental cell.

The in-situ TEM configuration has found diverse applications in catalysis research. The next

section covers briefly a few examples of them.

6.5.Examples of applications of the Environmental cell in catalysis

research

A study by Hansen et al. [148] used an advanced electron microscope (ETEM) to demonstrate
this effect on a Cu/ZnO catalyst used in methanol synthesis. At 220 °C, the catalyst in Figure
1.21 underwent exposure to different environments commonly found in methanol synthesis
reactors: Hz, H2/H20, and H2/CO.

Figure 1.21: TEM images showing the reversible shape transformation of a copper nanoparticle at

220 °C under different conditions: (A) H; at 150 Pa, (B) H.: H,O (3:1) at a total pressure of 150 Pa,

and (C) H; at 150 Pa.[148]
When exposed to pure hydrogen, the copper particles exhibited faceted surfaces, specifically
exposing the low-index facets (100), (110), and (111). As the environment became more
oxidizing with the addition of water (H-O), the particles took on a more spherical shape due to
changes in the specific surface energies of the facets caused by the adsorption of OH species.
Despite these changes, the particles remained in a metallic state, as confirmed by HRTEM
analysis. Switching to a more reducing environment by introducing CO to the hydrogen, the
particles once again exhibited faceted surfaces, but with different facet distributions.

Additionally, they wetted the surface of ZnO support.
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The sintering of Nickel (Ni) NPs was addressed in another study [157]. As discussed earlier in
this chapter, sintering, the growth or agglomeration of NPs, is a common deactivation

mechanism in supported metal catalysis. The dominant sintering mechanisms was identified

using the Environmental TEM approach.
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Figure 1.22: TEM images showing the evolution of a Ni/MgAl,O, sample: (a) post-reduction in 3
mbar H. at 500 °C, (b) after 5 hours of sintering in 2 mbar H; at 750 °C, (c) after 5 hours of sintering
in 2 mbar H, and 2 mbar H,O at 750 °C. (d) The corresponding particle size distributions for each

case are shown as well. [157]
Figure 1.22 displays TEM images and size distributions of spinel-supported nickel NPs. The
sample was first reduced in H. and then exposed to sintering environments. The particle size
distributions after sintering show a tail on the large diameter side, indicating growth via PMC,
with a significant influence of the atmosphere composition. Further observations during
exposure to sintering environments supported the PMC mechanism, and three phases of
sintering were proposed. Phase 1 exhibits a rapid decrease in activity, dominated by OR, where
the catalyst and metal particles reach their equilibrium shape. In phase 2, sintering slows down,
but particle growth via migration continues. Phase 3 represents stable operation, with particles
have grown large, other parasitic phenomena, such as support restructuring, can become

significant, particularly under elevated temperatures.
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7. The problematic and the strategy of the project

The primary objective of this study is to address the thermal stability of two different sets of
Pt-based hollow nanospheres. The mechanisms governing their morphological evolution are
investigated. This research aims to understand how different reaction conditions, encompassing
both thermal and environmental variables, influence the microstructural changes of the catalyst
during the course of a chemical reaction. An examination of how the different characteristics
of the two batches of nanocatalysts affect their behavior is conducted. The CO2 hydrogenation
is chosen as a model hydrogenation reaction to investigate the catalyst's behavior.

The initial state of these catalysts is characterized using the TEM, including electron
tomography. Various characteristics of each set of Pt-based hollow nanospheres that affect the
active surface area, a critical factor influencing their catalytic performance, are studied. Later
in the research, the in-situ TEM approach is employed to track the morphological changes of
the synthesized particles during thermal annealing under TEM vacuum conditions. The same
study is conducted under a hydrogen (H2) atmosphere within a TEM Environmental cell (E-
cell) to assess the impact of H. alone on the behavior of the Pt-based hollow nanospheres.
Finally, a thermal annealing of both sets of catalysts is performed under a mixture of CO2 and
H2 gases to simulate the conditions of the CO2 hydrogenation reaction inside the E-cell. The
morphological changes in each catalyst set are systematically monitored to detect any
modifications in their behavior when compared to previous environments. Simultaneously, the
reaction products are detected and monitored using the Operando TEM approach. The
differences in behavior between the two catalyst systems are assessed and linked to their

previously studied features, concluding the most favorable system for catalytic applications.

Chapter Il of this thesis elaborates on the experimental approach, including all adapted

conditions employed throughout this study.
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1. Synthesis of the Co-templated Pt hollow nanospheres (HNS)
1.1.Synthesis basic principle

The main concept behind the synthesis of Pt-based hollowed nanospheres using the chemical
route is to take advantage of the replacement reaction between Co nanoparticles and H,PtCl,
as proposed by Liang [92]. Due to the significantly higher standard reduction potential of the
PtCl2~ /Pt redox pair (0.735 V vs. the standard hydrogen electrode (SHE)) compared to the
Co?* /Co redox pair (-0.277 V vs. SHE), Co nanoparticles undergo immediate oxidation to
cobalt ions upon introduction to the H,PtCl solution. The color of the latter change from pale
yellow to black indicates the oxidation of Co nanoparticles and the formation of Pt hollow
nanospheres. The replacement reaction proceeds rapidly, leading to the nucleation and growth
of Pt atoms into small particles that eventually form a thin shell around the Co nanoparticles.
This shell possesses an incomplete porous structure as a result of continuous diffusion of Co?*

and PtClZ™ across it until the complete consumption of Co nanoparticles (Figure 2.1).

+ H;}Pt{:h; + H2PtC|6
.~ -
- CoCl, - CoCls

Co-NP

Pt-HNP
hollow sphere Pt-NF

Figure 2.1: Schematic representation of the synthesis process of Co-templated Pt Hollow
nanospheres

Based on the stoichiometric relationship described in the following Eq. 2.1, the complete

reaction between the solutions of Co nanoparticles and H,PtCl, can be expected.

2Co + PtCI2~ > Pt + 2Co%* + 6CL™ [Eq. 2.1]

Two batches of the targeted material are synthesized, the experimental procedure of each one

is detailed in the following paragraphs.
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1.2.Synthesis of Co-templated hollow nanospheres: batches 1 and 2

A comprehensive description of the materials and process methods is provided, highlighting

the differences between the first and second synthesis.

— Synthesis 1

Materials

Sodium borohydride (NaBH4, MW: 37,8 g mol™); citric acid (CeHsO7, MW: 192,1 g mol™);
Cobalt (11) chloride (CoClz, MW: 129,8 g mol™); Platinum salt (HzPtCls x 6 H.0, MW: 517,9

g mol?)
A 0,4 M stock solution of CoCl, (52 mg CoCl; dissolved in 1 mL water) was prepared.

Pt/Co = 1.0:1.3 [Pt/2Co = 1:0.7; 2Co/Pt = 1.0:1.5]. A 1.5-fold excess of Pt** over the
stoichiometric amount is to assure that most of the Co° particles are consumed prior to air

oxidation.

Co NPs were added to a solution of Pt V! salt in water

The reaction was performed in a 100 mL 3-necked flask, sealed with rubber septa and equipped
with a magnetic stirring bar. The flask was placed above a magnetic stirring plate and all
reactions run at room temperature under Argon (Ar). NaBH4 (15,1 mg, 0,4 mmol) was dissolved
in freshly deoxygenated water (100 mL). Citric acid (7,8 mg, 0,04 mmol) was added and the
resulting solution was stirred for 60 min. During this period, the evolution of hydrogen (Hz) gas
was visible. Thereafter, CoCl> in water (0,1 mL of a 0,4 M stock solution, 0,04 mmol of CoCly)
was added via syringe while stirring vigorously as shown in Figure 2.2. The solution turned
dark during the reduction and Co nanoparticles forming process. The thus prepared solution of
Co nanoparticles was added in small portions via syringe to a solution of H2PtCls in
deoxygenated water (30 mL) (15 mg H2PtCls x 6 H2O; 0,03 mmol) during one hour and a half.
The resulting solution was exposed to air while stirring vigorously (approximately 1h). The
obtained particles were collected by centrifugation (3 times for 45 min. at 250000 rpm). The
resulting material will be called Pt-1 in the following sections.

A second batch of was prepared using the same Co/Pt ratio with modifications regarding the

addition process of Co nanoparticles to the excess of Pt V! salt.
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— Synthesis 2

Co nanoparticles were prepared the same way as in the first synthesis along with the PtV' salt

solution in deoxygenated water.

The Pt V! salt in water was added via syringe pump to a solution of Co NPs

The solution of H2PtCle was added to the prepared Co nanoparticles solution via a syringe-
pump over a period of 2 h. After completion of addition, the reaction mixture was stirred for
another hour. Thereafter, it was exposed to air while stirring vigorously to oxidize all remaining
CoP particles. The synthesized particles were collected by centrifugation (3 times for 45 min. at

250000 rpm). This material will be called Pt-2 in the following sections.

Figure 2.2: The synthesis procedure of the Co-promoted hollow nanospheres: addition of the Co NPs
dropwise to an excess of Pt salt

2. Techniques used for basic characterization

2.1.The scanning electron microscopy (SEM)

The scanning electron microscope (SEM), preliminary used for the synthesized particles
characterization during this thesis to confirm the formation of spherical nanoparticles, operates
on the principle of using a focused electron beam to image the surface of a sample. The
instrument consists of an electron gun that emits a beam of high-energy electrons. The beam is
then shaped and focused by electromagnetic lenses to form a narrow probe. This probe scans
the sample, usually coated with a conductive material if it is not already conductive, in a
systematic raster pattern.
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As the beam interacts with the sample surface, several signals are generated as shown in Figure
2.3, including secondary electrons, backscattered electrons, and characteristic X-rays. The
primary signal used in SEM for imaging is the secondary electrons, which are collected by a
detector and translated into a visual representation on a screen. The SEM provides high-
resolution, three-dimensional images, which allows to study the surface morphology,
topography, and elemental composition of the sample at the micro- and nanoscale. [158] The
SEM characterization was carried out using a JEOL JSM-7900F instrument. The as-synthesized
particles were dispersed in ethanol then deposited dropwise onto a Carbon scotch tape and left
to dry. The SEM analysis was performed with an accelerating voltage of 2 kV, utilizing the
Secondary Electron Imaging (SEI) mode for imaging purposes. This mode covered a
magnification range from 30,000x to 110,000x. During the scanning process, the Lower
Electron Detector (LED) captured the secondary electrons emitted at each point. These
electrons were then used to reconstruct the resulting image, which was represented in grayscale

pixels.

Incident
electron beam

Backscattered Secondary
electrons (BSE) electrons
Visible
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scattered
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Direct beam

Figure 2.3: Signals generated from a thin specimen through electron beam interaction[110].

2.2.The X-Ray diffraction (XRD) technique

In order to investigate the crystalline structure of the synthesized particles on a non-local range,

the XRD was utilized. This relies on the diffraction of X-rays caused by regularly spaced atomic
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planes, and the detection of the diffracted signal based on the angle or energy. W.L Bragg
provided a geometric explanation for XRD, explaining the constructive interferences. Figure
2.4 provides detailed information about the geometric condition for diffraction and the

determination of Bragg’s law which in expressed by Eq. 2.2 [159].
niA = Zdhlein (Hn) [Eq 22]

In Eq. (2.2), n is the order of diffraction, A is the wavelength of the incident beam in nm, d;

in the lattice spacing in nm and 8 in the angle of the diffracted beam in degree.

Figure 2.4: Geometrical condition for diffraction from lattice planes explained by W.L Bragg [159]

By directing a beam of X-rays on a sample, the X-rays interact with the atoms in the material
and produce a unique diffraction pattern. The diffraction pattern, obtained by analyzing the
scattered X-rays, provides valuable information about the crystal structure, including lattice
spacing, crystal symmetry, and orientation. XRD instruments typically consist of an X-ray

source, a sample stage, and a detector.

The XRD patterns were recorded using an Empyrean X-ray diffractometer with a cobalt Ka
radiation source (. = 1.78886 A), operated at 40 kV and 40 mA. The sample high concentration
ethanol solution was dropped onto a low-background silicon wafer holder and mounted on the
goniometer stage. The XRD measurements were carried out in the 20 scanning mode and the
diffraction patterns were recorded in the range of 20° to 120° 20. To ensure accurate
measurements, a background scan of the sample holder alone was conducted and was taken into
consideration while analyzing the resulting diffractogram. The primary technique employed for
the analysis of the synthesized particles in this thesis is the transmission electron microscopy

(TEM). The subsequent sections will delve into comprehensive explanations of this technology.
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3. TEM investigations

The TEM played a central role in investigating the morphology, structure, and chemical
composition of the synthesized particles. It is a crucial tool in catalysis research, offering in-
depth insights into catalysts at the nanoscale and even subatomic levels [160], [161]. Through
direct observation and characterization, the TEM enables the assessment of catalyst materials
in terms of size, shape, crystalline structure, and surface morphology. Such information is vital
for comprehending catalyst performance and reactivity. The following sections provide detailed
explanations of the TEM technology, including the operational modes utilized, as well as the

experimental conditions adapted throughout this thesis.

3.1.Basic principle of the transmission electron microscopy

The schematic representation of the TEM column in Figure 2.5 shows its three main parts: the
illumination system, the object-objective lens level and the magnifying and image projection

lens.

Electron gun

Condenser aperture
a

Sample holder stage Objective aperture
O
Objective lens
o
0| (O
0| |0 Projector lenses
L

Fluorescent screen

Figure 2.5: Schematic representation of a transmission electron microscope[162]
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The illumination system comprises the gun, in which is incorporated the electron source, and
condenser lenses. Its role is to extract electrons from the source and accelerate them upon the
specimen. This system can be operated in two principal modes: parallel beam and convergent
beam. The first mode is used primarily for TEM imaging, selected-area electron diffraction
(SAED) and Energy-Filtered TEM (EFTEM), while the second mode is mainly used for
scanning (STEM) imaging, analysis via X-rays and electron spectrometry. Electron guns utilize
different electron sources, including thermionic, field emission, and Schottky sources. During
this thesis, the electron microscope used (JEOL ARM 200CF) comprises the Cold Field
Emission (CFE) electron source. It involves applying an intense electric field (~101°V /m) to
an ultrafine tungsten tip. The surface of the tip must be free of contaminations and oxides. The
achieve this pristine surface, Ultra-High Vacuum conditions (<10 Pa) are employed in this
type of source. Extracted electrons are accelerated by the application of an electrical voltage
(80 kV to 200 kV) and guided to the sample by condenser lenses. These latter are magnetic
lenses that generate a variable magnetic field making it possible to control the intensity and the

spatial distribution of the electron beam on the sample.

The TEM's center comprises the objective lens and specimen holder/stage system. This is where
beam-specimen interactions occur and the fundamental TEM operations take place: creating
images and diffraction patterns (DP) that are later magnified for viewing and recording. At the
sample level, the most crucial lens is the objective lens, which forms the initial image of the
object. It possesses the strongest magnetic field among the lenses. The quality of this lens

greatly influences high-resolution imaging.

Figure 2.6: Schematic representation of (a) perfect lens and the case of presence of (b) spherical

aberration and (c) chromatic aberration.

Electromagnetic lenses in electron microscopy face challenges like their optical counterparts.
Aberrations, such as spherical (Fig 2.6(b)) and chromatic aberration (Fig 2.6(c)), limit high-

resolution imaging. Spherical aberration occurs when the lens field behaves differently for off-
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axis rays, resulting in a point object being imaged as a finite-sized disk. Chromatic aberration
stems from electron energy scattering, preventing the precise focusing of electrons from the
same point on the sample. While electron energy variations can be minimized, they still exist
within acceptable limits for high-voltage supplies. Efforts have been made to address spherical
and chromatic aberrations in electron microscopy, with advancements in lens design and the
development of correctors and monochromators [163][164]. Astigmatism, caused by non-
uniform magnetic fields, is another challenge. Inhomogeneities in soft iron and misalignment
of apertures can disrupt the field. Contamination can also affect beam deflection. Astigmatism

can be corrected using stigmators, which generate compensatory fields.

Finally, at the lower level of the TEM column, a system of intermediate lenses (projectors)
allows the magnification and projection of the sample image onto the detector to be taken by a
dedicated Camera or by the Scanning TEM (STEM) mode detectors. [110]

Electron-intensity distributions generated by the specimen are converted into grey-scale level
on digital images. This process involves image detection, display, and recording. Different
detection methods are used in TEM and STEM modes. In STEM, the image is built up over
time through scanning. Detectors are present in the TEM viewing chamber, and cameras enable
digitization of analog TEM images for online viewing and analysis. Despite their infrequent
usage during this work, it is worth explaining about the two cameras installed on the ARM
200CF with distinguished properties: the US1000XP charge-coupled device (CCD) camera
from Gatan, Inc. and the Rio™, Gatan's newest complementary metal-oxide-semiconductor

(CMOS) camera. Characteristics of the cameras are found in Appendix 1.

3.2.Characteristics of the transmission electron microscope utilized

Throughout this thesis, we employed a state-of-the-art JEOL® (Japan Electron Optics
Laboratory) double corrected Cs probe transmission electron microscope (TEM). Specifically,
we utilized the ARM200CF model equipped with a cold field emission gun (CFE) and advanced
STEM and TEM correctors from CEOS GmbH (Corrected Electron Optical Systems). By
combining the cold field emission gun with the STEM corrector, known as the CESCOR
corrector, an exceptionally small electron probe size is achieved, measuring less than 0.1 nm in
diameter. This ultrafine electron probe enabled to conduct STEM imaging as well as perform
EDS analyses at the sub-angstrom level. The ARM200F model not only provided a diminutive

probe diameter but also delivered a significantly increased probe current, thereby facilitating
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enhanced analysis with a higher signal-to-noise ratio. Additionally, the incorporated TEM

corrector, known as CETCOR, allows for high-resolution TEM imaging.[165]

For sample preparation, particles to be investigated were dispersed in ethanol using an
ultrasonic bath and deposited on a gold or copper TEM grid covered by a holey carbon

membrane.

3.3.The transmission electron microcopy working modes employed and

the experimental conditions

In addition to imaging techniques such as phase contrast, diffraction and Z-contrast, electron
microscopy was commonly employed for Energy Dispersive X-ray Spectroscopy (EDS) and
Electron Energy Loss Spectroscopy (EELS). These techniques are combined in Analytical
Electron Microscopy (AEM). Within the context of this thesis, beside the use of the
conventional TEM mode for a preliminary view of the specimen, a comprehensive 2D analysis
of the sample was conducted utilizing the STEM mode, as well as employing the Energy

Dispersive X-Ray Spectroscopy (EDS) and Selected Area Electron Diffraction (SAED) modes.

The later sections describe the basic principle of each mode and the specific experimental

conditions used for each.

— Conventional transmission electron microscopy mode

This TEM imaging mode was used examine the structure and morphology of samples. Although
such data are not explored in the present manuscript, it is worth explaining its principle briefly
since it’s one of the most commonly used TEM modes. It involves a parallel electron beam and
offers two imaging modes: bright field and dark field. In bright field mode, only directly
transmitted electrons form the image, while in dark field mode, scattered electrons are used.
Depending on the crystal orientation, more or fewer electrons are scattered, resulting in varying
image contrast.[110]

— Selected Area Electron Diffraction mode

This mode is mainly used to study the crystallinity of the object. The crystallin sample is
illuminated by a parallel electron beam. Part of the electrons is scattered at specific angles due
to diffraction (diffracted beams), while others pass through the sample without deviation
(transmitted beam). After passing through the microscope’s magnetic lens, the initially parallel

beams converge in the back focal plane, forming the selected area diffraction pattern. The
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transmitted beams converge upon the optical axis, while the diffracted beams intersect at a
specific distance from the optical axis (from the transmitted beams). This distance corresponds
to the interplanar distance of the sample crystalline planes responsible for the diffraction,
following Bragg’s law [166]. This interplanar distance, denoted as d;,;, related to a specific set

of lattice planes with Miller indices (hkl).

In our case, the particles crystalline structure was determined using this mode with an aperture
of 20 um and a camera length of 20 cm. Afterwards, the GMS3 Gatan software was employed
to identify the crystalline structure of the particles and determine the corresponding crystalline

planes.

— Scanning transmission electron microscopy mode

The STEM mode is an imaging technique that may offer high-resolution imaging combined

with compositional information (Z-contrast) of the materials at the nanoscale level.

Incident
Convergent
beam

I S specimen

Camera length
variable ADF detector

Figure 2.7: Schematic representation of STEM mode detectors.[167]

In this mode, a focused electron beam is scanned across the sample, and the transmitted and

scattered electrons are collected by annular circular detectors (fig 2.7). Electrons are either

55



EXPERIMENTAL APPROACH

transmitted or scattered elastically and inelastically. Inelastically scattered electrons at wide

angles are collected using a high-angle annular dark-field (HAADF) detector.

The STEM analyses were conducted using HAADF-STEM mode with a convergence angle of
18~22 mrad. Considering the camera length of 8cm we have used for this study, the detector’s
acceptance angles are 68 mrad and 280 mrad for inner and outer diameter, respectively. In fact,
the heavier an atom, the greater the probability of electrons scattering at high angles. Therefore,
it provides a Z-contrast which is a contrast linked to the chemical nature of the investigated
sample. 1024x1024 px images were recorded with an exposure time of 20 us/px. Electrons
scattered at lower angles are collected using another annular dark field detector (ADF2). A
bright-field (BF) detector may also be used to collect electrons that pass through the sample
without being scattered. [163]

This choice of using of the STEM mode was motivated by the complex morphology exhibited
by the synthesized particles, as STEM enables efficient visualization and comprehensive
clarification of morphological information. Additionally, the STEM mode has an edge over the
conventional TEM mode in terms of contrast sensitivity. This enhanced contrast capability
makes it possible to distinguish and characterize various aspects inside the particles with more
accuracy, leading to a more in-depth understanding of their morphology. It is also an incoherent
mode in which the interference effects between the different beams that contribute to the
formation of images are eliminated (which is not the case in traditional TEM mode). This

facilitates a more straightforward interpretation of the images.

— Energy Dispersive X-ray Spectroscopy mode

For quantitative local composition measurements, the employment of Energy Dispersive
Spectroscopy (EDS) spectroscopy becomes imperative. This technique enables the analysis of
X-ray photon energies emitted by the sample following its interaction with the incident electron
beam. By examining the positions of peaks within the resulting spectrum, specific elements

present in the sample can be accurately identified. [168]

During this work, the chemical analysis of the particles was carried out using the energy
dispersive X-ray spectroscopy (STEM-EDS) using a JEOL® CENTURIO detector that collects
X-rays from STEM samples at a collection angle of 1 sr from a detection area of 100 mm?2[169].
The energy resolution attained using this detector is 129 eV. 256x256 pixels maps and

spectrums were acquired with a dwell time of 0.02 ms. Specimen tracking was activated every
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60 seconds during the acquisition. A chemical analysis of the sample was inside the
Environmental cell mounted on a special holder (details will be provided later on in this chapter)
was conducted. The special holder is optimized for maximum alpha-tilt to ensure a direct line-
of-sight between the electron transparent window and the side-angle EDS detector. In order to

enhance the EDS signal, the sample has been tilted to a positive angle of 8 degrees.

4. Electron tomography (ET)

Following the 2D examination of the hollow nanospheres, a comprehensive investigation in 3D
of the sample was required to validate the complex three-dimensional (3D) structure. Although
it takes longer acquisition time, the choice of HAADF-STEM tomography was privileged due
to its ability to address the limitations of conventional TEM, where phase contrast reversals can
deteriorate the projection quality needed for tomography [170].

— The principle of ET

Electron tomography was used to visualize the complete 3D structure of the hollow
nanospheres through a series of two-dimensional projections taken from various viewing angles
[171]. Since its development in the 1990s, electron tomography has significantly improved the
study of 3D nanomaterials. Moreover, recent progress in computational reconstruction
algorithms and 3D visualization tools allows scientists to interactively analyze volumetric

representations and extract meaningful statistics from specimens. [170]

To construct a volume (tomogram) through Electron Tomography (ET), four primary steps are
involved: the acquisition of a series of projections at various tilt angles (tilt series) followed by
the images alignment, reconstruction, and visualization of the results. The tilt series acquisition
can be accomplished through various geometries, such as single-axis, dual-axis, multiple-axis,
or conical configurations. During the acquisition process, a major challenge arises from
specimen shifts caused by instrumental limitations like thermal or mechanical instability.
Alignment of the tilt series becomes necessary to correct these shifts before reconstruction. Two
types of algorithms are employed for shift correction: automatic and semiautomatic. [172]
Automatic alignment relies on cross-correlation [173] , while semiautomatic alignment utilizes
fiducial markers, such as gold nanoparticles [174]. 3D reconstruction algorithms used in
tomography can be categorized into three main groups: Fourier reconstruction methods,
modified back-projection methods, and iterative direct space methods. Fourier methods involve

restoring the Fourier transform of the object from the Fourier transforms of the projections and
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then performing inverse Fourier transformation to obtain the real-space distribution. Direct
methods, such as convolution back-projection algorithms and iterative algorithms (Figure 2.8),
perform calculations directly in real space.

I_'Iil

acquisition —— alignment —— reconstruction

Figure 2.8: A schematic representation of the tomographic reconstruction process: 1) acquisition of

projection images from various tilt angles, 2) alignment of the 2D projection images, and 3) real space

projection for the volume reconstruction [175]
Weighted back-projection (WBP) methods share similarities with convolution back-projection
algorithms but also operate on real-space data. [176] The complexity of the computed
tomogram data makes visualization challenging and often requires volume segmentation.
According to Crowther [177], there is an inherent tradeoff in electron tomography involving
resolution, specimen size, and the number of projections. This relationship is expressed in Eq.
2.3 [178] as follows: the resolution in three dimensions (dap) is equal to 7 times the object size
(D) divided by the number of projections (N) acquired with equal angular spacing around a
single axis of rotation. The resolution attained during this study was approximately 1 nm®,

D
dyp = N [Eq. 2.3]

— The experimental conditions used in ET

The 3D morphology of the particles was investigated using electron tomography (ET) via a
module in Gatan Digital Micrograph Software (GMS3). Prior to sample deposition, one drop
of colloidal solution containing 5 nm Au nanoparticles solution was deposited on the TEM grid
membrane followed by a plasma cleaning under an Ar-H, gas mixture. Focus was calibrated
using the objective lens and stage calibrations. Stacks of 1024 x 2024 px images have been
recorded with an exposure time of 10 ps/px in STEM-HAADF mode along an angular range of
-67° to +68° with a step of 3°. The acquisition of the tilt series was performed using the single-
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axis geometry. Prior to tomographic volume reconstructions, the alignment of the stacked
images has been conducted using the Au nanoparticles as fiducial markers. In this work, TomoJ,
a plugin integrated into the image analysis and processing software, ImageJ, was utilized.
TomoJ offers an interface that facilitates alignment, reconstruction, and integration of multiple
tomographic volumes. It incorporates state-of-the-art algorithms: the algebraic reconstruction
technique (ART) and its variant OS-SART (ordered subset simultaneous ART), the
simultaneous iterative reconstruction technique (SIRT) and the weighted back-projection

approach [172].

The OS-SART algorithm [179] was used for the volume reconstructions with 150 iterations. In
OS-SART, the tomographic reconstruction problem is iteratively solved using a set of ordered
subsets of projection data. Each subset of data is used to update the image estimate in a
simultaneous manner. This helps to reduce the noise and artifacts in the final reconstruction.
The algorithm converges to a solution that minimizes the difference between the measured and
calculated projections [179]. To enhance image quality and reduce noise, a 3D median filter
was uniformly applied across the entire reconstructed 3D volume at the voxel level. The
Slicer3D has been employed for the volume visualization after data segmentation and

modelling.

5. In-situ and operando TEM
5.1.Furnace type heating holder

For the first thermal annealing experiments, we employed a Gatan furnace-type heating holder.

Figure 2.9: Gatan 652 heating holder equipped with a tantalum furnace. [180]
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This specific holder features a tantalum furnace design (as shown in Figure 2.9) and enables
the observation of changes in the structure of materials when exposed to elevated temperatures
up to 1000°C.

To secure the sample, which was deposited onto a gold TEM grid, we utilized a threaded
clamping mechanism, ensuring excellent thermal contact between the sample and the furnace.
We manually controlled the heating rate, which varied between 0.3 to 0.5°C per second.
Subsequent to reaching the desired temperature, the sample underwent annealing for a duration
of 15 minutes to achieve thermal stability at each specified temperature point. Afterwards, an

in-situ characterization of the sample is conducted at each desired temperature.

5.2.Environmental cell technology

To monitor catalysts in real-time during reactions and study the impact of temperature, gas, and
pressure using in-situ microscopy, we employed a closed Environmental Cell system
"Atmosphere”, commercially available from Protochips ®. The Atmosphere system comprises

two main components: a sample holder and a gas manifold (gas controller).

1- The sample holder houses the Environmental cell (E-cell) in which the catalysts under
investigation can be heated and exposed to a well-controlled gas composition. This allows
for real-time monitoring of the catalyst's morphology and chemical composition and
crystallography under varying reaction conditions. The cell is designed to be perfectly
sealed to prevent any external contaminants from interfering with the reaction.
Additionally, the cell can be heated to high temperatures to simulate realistic reaction

conditions.

2- The gas manifold, on the other hand, is responsible for controlling the gas environment
within the cell. It allows for precise regulation of the gas nature, flow and pressure, which
is important for accurately simulating reaction conditions. The gas manifold is connected
to the environmental cell via a series of tubes and valves, which enable the gas to be
introduced or removed from the cell as desired. The manifold is operated by a dedicated

software, which allows for automated gas control and manipulation of the gas parameters.

Furthermore, a residual gas analyzer (RGA) is integrated into the setup through a pipe
connected the cell gas outlet to perform a qualitative analysis of the reaction products. By

incorporating a mass spectrometer, this device aids in confirming the occurrence of the reaction
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within the environmental cell, determining the onset reaction temperature, and establishing a
connection between the catalyst's behavior during the reaction and the reaction response in
terms of products detection.

— The E-cell

To conduct in-situ investigations, a pair of Atmosphere E-chips are mounted on the in-situ TEM
holder from Protochips ™ (see Figure 2.10(a)). These E-chips play a vital role in creating a
sealed gas cell. Comprising a durable and thin silicon carbide (SiC) derived ceramic film
heating membrane, along with an amorphous silicon nitride (SiNx) window (Figures 2.10(b),
2.10(c)), the E-chips act as an effective barrier, confining gases while minimizing electron beam

deflection.
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Figure 2.10: (a) The dedicated In-Situ TEM sample holder from Protochips ®, (b) the two SiNx chips
forming the E-cell and (c) the environmental cell mounted on the In-Situ TEM holder. [181]
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A comprehensive illustration of the assembly steps for the environmental cell employed in the
experiment is presented in Figure 2.11(a). Initially, a gasket is carefully positioned at the apex
of the titanium holder, enabling to stabilize the two chips and ensure complete enclosure of the
cell. This gasket plays a crucial role in creating a vacuum seal around the holder and E-chips
within the microscope. Afterward, the small E-chip is placed into the gasket pocket, followed
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by the deposition of the large E-chip with the membrane side, where the sample is deposited,
facing downwards. The electrical gold pads on the E-chips will naturally align with the contacts
on the flexible circuit of the holder. This Finally, a cover is placed, effectively isolating the cell

from the microscope and enabling visualization of a designated area measuring 300 pum x 300

pm.

On a side note, Protochips provides two types of E-chip pairs optimized for either STEM/EDS
or TEM investigations to guarantee optimal imaging conditions during TEM investigations.
The TEM configuration involves placing the sample on the small thermal E-chip at the bottom

of the in-situ gas cell after tip assembly.

CCGR-TEM holder - ' .

(b)

Figure 2.11: (a) the different steps of the E-cell mounting process, (b) the butterfly wing shape in-

situ TEM holder optimized for EDS performance. [181]
This configuration optimizes the resolution and signal-to-noise ratios in TEM mode by
positioning the sample closest to the point of beam exit. On the other hand, The STEM/EDS
configuration employed in this thesis, involves the placement of the sample on the large thermal
E-chip that defines the top of the in-situ gas cell after tip assembly. This configuration enables
the sample to be closest to the point of beam entry, resulting in the best resolution, particularly
when using a probe size corrected microscope. Additionally, mounting the sample on the upper

62



EXPERIMENTAL APPROACH

E-chip enhances the line of sight to the EDS detector, leading to an increase in the signal-to-

noise ratio. The E-cell is enclosed by a lid that is flushed with the tip of the object holder, which

has a butterfly wing shape, designed to achieve maximum alpha-tilt and STEM compatibility

for all JEOL pole pieces (Figure 2.11(b)). This particular holder has been optimized to enhance

EDS performance.

— Experimental protocol of the sample preparation

To elucidate the experimental protocol, several steps are crucial before the start of each in-situ

experiment:

1-

The E-chips cleaning: Atmosphere E-chips were subjected to plasma cleaning suing Gatan
Advanced Plasma system, Solarus 950, with a mixture of Argon and Hydrogen atmosphere
to enhance the hydrophilicity of the E-chip surface. This process involved exposing the E-
chips to a plasma of Argon and Hydrogen gases, which alters the surface chemistry and
promotes the uniformity of sample distribution during drop casting from a suspension.
Plasma cleaning also helps to reduce surface contaminations during imaging for electron

microscopy analysis, particularly after prolonged storage of the E-chips.

Sample deposition the membrane: At the beginning, it is essential to consider the delicate
nature of the membrane during any manipulations. Moreover, for TEM analysis, it is
important to have a sufficient concentration of particles within the SiNx windows. Due to
the nature of the Co-templated hollow nanospheres synthesis process, the quantity of
catalysts deposited in the environmental cell could not be precisely controlled as particles
were dispersed in ethanol immediately after synthesis. Despite this limitation, efforts were
made to standardize the process by working with the same solution and particle
concentration. After activating the SiNx membranes through plasma cleaning, several drops

of 0.5 L of the catalyst's suspension were applied onto the environmental cell membrane.

The E-cell mounting: This particular step, which has been previously described in detail,
is the most critical and fragile stage in specimen preparation, as at this stage, the SiNx
membranes tend to break. The electrical contact is verified afterwards automatically by the

Atmosphere software after connecting the holder to it.

Performing the leak check: the risk of gas leakage within the microscope column is present

in several cases such as broken membranes, inadequately cleaned gaskets, or misaligned
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E-chips. Consequently, a leak test is conducted before inserting the holder into the

microscope, using the external holder dry pumping station.

Next, and after a bake out of the gas manifold for 12 hours, the gas cell and the entire
"Atmosphere™ system (including gas tubes at the entrance and exit of the cell, and experimental
tanks) are purged at 100 Torr of inert Argon gas. This purging process effectively eliminates

potential pollution, such as the presence of air and other impurities during assembly.

Prior to each experiment, an analog scan was made using the RGA to check the system's
cleanliness. Subsequently, before starting each experiment, the samples were observed and
identified under an Argon flow at 120°C to eliminate water and all other contaminations from
synthesis of sample preparation covering the particles. Multiple regions were monitored to

ensure representative results.
— Challenges of sample preparation and cell monitoring

The preparation and assembly of the environmental gas cell on the SiNx membrane in in-situ

TEM experiments require great care to avoid damaging the membrane.

The challenges arise from the small surface area of the SiNx membrane, measuring only 90 um
x 90 um, where the sample deposition occurs, and the relatively small observation holes with a
visible heating area of 382 um2 (6 holes, 9 um in diameter) [182]. These factors make it highly

difficult to manually control the deposition process in these confined areas.

Various situations can result in membrane rupture. On the one hand, if the sample thickness
exceeds the capacity of the SiNx membrane, it may fail directly under the weight of the sample
or during the assembly of the gas cell. On the other hand, if the amount of sample deposited in
the cell 1s too small, there won’t be enough regions for a representative study of the material’s
behavior. Also, the resulting reaction products may be too small in quantity to be detected by
the residual gas analyzer (RGA). Improper placement of the cell chips on the gasket during
assembly can create an imbalance, leading to the breakage of the SiNx membrane. Furthermore,
when conducting a test to assess if the cell is well sealed, an air leak caused by faulty chip

assembly can also result in the rupture of the SiNx membranes.

Another challenge lies in ensuring the appropriate electrical resistance of the electrical contacts

after deposition and cell assembly. The resistance should fall within the specified range, as
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determined during the manufacture of the chips, to enable precise control of the sample's

heating temperature.

— Functioning principle of the E-cell

Figure 2.12(a) illustrates the operational mechanism of the cell, along with the integration of
the residual gas analyzer (RGA). To facilitate the management of purge and reaction gases, a

manifold is employed, which incorporates three gas reservoirs.
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Figure 2.12: (a) A diagram illustrating the operation of the environmental cell with the RGA
supplementary device incorporated into the system, (b) illustration of the gas manifold

Gas purging is accomplished through a mechanical pump that operates on both the reservoirs
and the sample cell holder. Within the manifold, two experimental tanks are integrated to store
and deliver gases of interest to the sample inside the cell. The third gas reservoir, connected to
the cell outlet and pump, enables precise regulation of pressure in the experimental reservoirs

through a pressure differential mechanism (Figure 2.12(b)).
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The "Atmosphere™ software application, specifically designed for this system, enables users to
input pressure and temperature setpoints. It facilitates the delivery and evacuation of gases from
the experimental tanks to the sample cell. The gas supply to the cell is achieved using a capillary
tube made of 316 stainless steel, while a 50-micrometer diameter polymer tube composed of

PolyEtherEtherKetone (PEEK) ensures laminar gas flow at the cell exit.

The environmental cell utilized in this study allows for experimentation in various inert (e.g.,
Ar, N2, He) or reactive (e.g., Hz, COz, CO, O, etc.) atmospheres, both in static and dynamic
modes. It offers a wide range of flexibility in adjusting the working pressure, ranging from 1

Torr to 760 Torr, which allows to conduct experiments under various conditions.

The system incorporates calibrated chips that provide precise control of heating, ensuring high
temperature accuracy by MEMS (Micro-electromechanical systems) technology. The MEMS
device is designed with a heating membrane that serves two essential functions: it supports the
sample and serves as the heating surface. This design eliminates any temperature uncertainty
by guaranteeing direct contact between the sample and the heat source. To reach the desired
temperature, an external current supply is used to pass electricity through the membrane,
generating Joule heating. The temperature measurements obtained from the system are highly
reliable, with potential deviations from the actual temperature not exceeding 5% of the
measured value. The system allows for rapid heating and cooling, covering a broad temperature
range from approximately 25°C (room temperature) up to 1000°C. It is capable of achieving
temperature change rates as fast as 10°C per second, making it suitable for rapid thermal cycling
experiments. Additionally, the system can operate at much slower temperature change rates,
with the slowest rate being as low as 0.1°C per hour. [182] This feature caters to applications

that require very slow and precise temperature changes over an extended duration.

— Artifacts of the E-cell technology

The interaction between electrons and matter, which produces analytical signals like electron
energy loss, characteristic X-ray emission, and secondary/Auger electrons, can also potentially
damage the analyzed material due to radiation, heating, and charging [110]. During in situ
analysis inside the E-cell, the interaction of the electron beam with the SiNx windows forming
the cell can impact image formation and, in certain instances, alter reaction Kinetics. Moreover,
the high-energy electron beam interacts with both the gas and the sample inside the

environmental cell, influencing elastic and inelastic scattering processes.
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First, similar to interactions with other materials, the most common type of interaction between
the incident electrons and the SiNx membrane is elastic scattering [110]. The image’s contrast
is altered by the numerous elastic scattering of electrons in the SiNx membrane, which increases
the background. Maintaining a good signal to noise ratio of the recorded images necessitates a
strong electron dose. While the inelastic scattering may not significantly affect the resolving
power of the electron microscope, it can have an influence on reaction Kkinetics through two
distinct mechanisms: phonon scattered electrons (resulting in local heating) and secondary
electron (SE) emission (leading to SE-induced reduction). It is reasonable to anticipate that the
electron beam will indeed affect the temperature of the irradiated region. But, considering the

temperature control we possess thanks to the used system, this problem will be neglected.

Another type of interactions is between the Electron beam and the gas molecules inside the cell.
The separation between the top and the bottom SiNx membranes determines the electrons path
length inside the E-cell. Similar to the interactions with SiNx membranes, elastic scattering is
the most probable outcome on the one hand. A longer path for electrons through the gas and
increased gas pressure diminishes the microscope’s resolving power. On the other hand,
inelastic scattering events lead to gas ionization. This ionization process transforms the
molecular gas into a plasma-like environment, generating highly reactive ions capable of
significantly perturbing the usual course of chemical reactions [183].

The positioning of the sample inside the environmental cell is a crucial aspect to consider. The
preferred configuration is the STEM setup, where the sample is placed on the upper window of
the cell. This configuration is advantageous for two reasons: it is well-suited for STEM mode

imaging and facilitates EDS analysis.

In the STEM mode, maintaining minimal broadening of the scanning probe is essential. To
achieve this, the sample is positioned above the gas layer, ensuring that interactions between
the electron beam and the gas phase do not significantly impact the resolution of the STEM
image. This way, the image formation, which occurs point by point, remains unaffected by these

interactions.

In terms of EDS analysis, having the sample situated above the gas layer offers a significant
advantage. This positioning enhances the collection of characteristic X-rays by the EDS
detectors, enabling more accurate and comprehensive analysis of the sample's elemental

composition.
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5.3.Gas manifold

The gas management system controls the flow and pressure of gases within the holder, as well
as preparing gas mixtures before experiments. Pneumatic valves are used to regulate the entry,
exhaust, and filling of gases in the experiment tanks. A vacuum tank helps create a pressure
difference to control and set the pressure in the tanks and holder. To prevent over-
pressurization, the system includes a pressure relief valve set at 1.5 bar to avoid potential gas-
related errors. During operation, a pump called the roughing (scroll) pump is used to remove
gases from the manifold and holder. All the different parts of the system are controlled using
the Atmosphere Clarity software. This software is connected to a device called the electronics
control unit (ECU), which has several important tasks. The ECU controls the valves, reads
pressure sensors, monitors the emergency stop (E-stop) function, regulates the temperature of
the heating E-chip, and communicates with the Clarity software. This software gives real-time
updates on the status of the system, such as the pressure, temperature, flow rate, and positions
and statuses of the valves in the system. Argon gas was employed as an inert gas, whereas CO>
and Ha served as reactive gases for the CO2 hydrogenation reaction. These gases are used in a
dynamic flow at atmospheric pressure, with a flow rate of 0.05 sccm (standard cubic centimeters
per minute: cm®/min). A temperature range between the room temperature and 800°C was

applied.

5.4.Residual Gas Analyzer

The experimental setup includes a device called a Residual Gas Analyzer (RGA). This RGA is
placed at the exit of the environmental cell to detect the products of the reactions. The

environmental cell system coupled with the RGA are shown in the Figure 2.13.

This setup allows us to investigate the sample's behavior under various controlled atmospheres
and directly correlate it with the detected reaction products, which aligns with the principles of
operando TEM. The residual gas analyzer (RGA) is a high-performance device based on mass
spectrometry. It enables the analysis of gas-phase products, even in extremely small volumes
down to a few ppm. It consists of two main components: (a) a mass spectrometer and (b) a
differential pumping system. To ensure minimal ion collisions, the RGA mass spectrometer
operates at low pressures around 10 mbar. Consequently, a differential pumping system,
comprising a mechanical pump and a turbomolecular pump, is employed to decrease the gas

pressure as it exits the environmental cell. The mass spectrometry is a destructive analysis
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technique utilized to determine the masses of molecules or molecular fragments formed during
ionization in a sample. It involves the separation of molecular ions based on their mass-to-

charge ratio (m/z).

A mass spectrometer typically consists of three main parts: (i) an ionization source where
molecules are ionized, (ii) an analyzer that separates the molecular ions according to their m/z
ratio and (iii) a detector that collects ionic currents and converts them into an electrical signal
transmitted to a recording system.

Figure 2.13: The Environmental Cell system coupled with the Residual Gas Analyzer from
Protochips ®.
Upon leaving the ionization source, the formed ions are accelerated and directed towards the
spectrometer's analyzer. The analyzer is responsible for separating the ions based on their m/z
ratio. Various types of analyzers exist, including time-of-flight, magnetic, and quadrupole
analyzers. The choice of analyzer depends on the range of masses to be scanned and other
important parameters such as sensitivity, resolution, and measurement accuracy. Sensitivity

represents the ratio between the detected ion current and the partial pressure of the ionization
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source. Resolution determines the spectrometer's ability to distinguish neighboring masses and
is typically calculated as the ratio m/Am, where Am is the difference between the mass m and
the nearest mass. The mass spectrometer we utilized in our study, RGA 200, is composed of a
quadrupole probe commercialized by Protochips ® and an Electronics Control Unit. The
complete probe setup comprises three components: the ionizer (electron impact), the
quadrupole mass filter, and the ion detector (Figure 2.14). These components are all located in

the vacuum space where the gas analysis measurements are conducted.

The RGA sensitivity is 2*10 A/Torr. A resolution around 0.5 amu and a minimum detectable

partial pressure (PP) of 5%107! Torr are attained during the experiments using this device [184].
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Figure 2.14: Schematic representation of the quadrupole probe used in the RGA200 [184]

In this study, we utilized a mass spectrometer with a mass range of 1 amu to 200 amu to examine
the hydrogenation reaction of CO2 under atmospheric pressure in an environmental cell. Our
analysis focused on monitoring the formation of formic acid (HCO2H) and methanol (CH3OH),

which have molecular weights up to 46 amu.

The resolution of the mass spectrometer was deemed sufficient to differentiate adjacent
molecular masses. Detected ionized fragments were directed towards a Faraday detector, as the
use of a Secondary Electron Multiplier was precluded due to technical limitations when
operating at atmospheric pressure. If operating at lower pressure values, a “Secondary Electron

Multiplier” could have been used to amplify the signal from the detector.

— Mass spectrum display modes

Two display modes were employed in our studies to track and identify the masses present in
the sample, as shown in the Figure 2.15.
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Analog mode is a spectrum with the X-axis representing the mass range selected in the Mass
(Da) and the Y-axis representing the cumulated current in the mass interval (Figure 2.15(a)).

The Pressure versus Time (P vs T) mode was used to plot the partial pressure (PP) of the

detected elements as a function of time (Figure 2.15(b).

Like all mass spectrometers, the ionization of each gas differs as it enters the ionizer of the
instrument, and in most cases, complete ionization does not occur. Because of these variations
in ionization, the RGA cannot be regarded as a tool for quantitative measurements. While the
RGA is highly effective at measuring relative changes in gas signals during an experiment, it
cannot be reliably used to determine the absolute concentration of a gas species, which is
considered as a limitation. The fluctuations observed in Figure 2.15(b) are attributed to another
limitation of the RGA, which serves as a safety measure. When the system reaches a certain

pressure level, it is pumped down to safeguard the device from damage.

Analog Scan Pressure vs Time
3E-6 T T T T T T T T T T T
CcO
2,566 2 ]
2E-6 4
g 1,5E-6 ] 2
o co o
1E-6 Ar i
HCO,
=7 CHO 1
0, COOH
0 [‘ T T 0 T T T T T T T T
30 40 50 60 20 40 60 80 100 120 140 160 180
m/z (b) Time (min)

Figure 2.15: Spectrum acquisition in (a) analog scan mode and (b) « Pressure vs Time » mode.

— RGA spectra analysis

The analysis of an RGA spectrum involves several steps to make sense of the data. Firstly, the
raw spectrum data is obtained from the RGA instrument, which is typically presented as a plot
of ion partial pressure versus masse to charge (m/z) values. The next step is to identify the peaks
in the spectrum, which represent different gas species. This is achieved by comparing the m/z

values of the peaks with known masses of common gases.

71



EXPERIMENTAL APPROACH

Elements Formula Fragmentations

Carbon dioxide CO2 co*, Cc*, 0"

Dihydrogen H:> H*

Formic acid HCOH CHO*, HCHO", HCO,*

Water H20 OH*, O*

Methanol CH3OH CH*, CHz", CHs*, CHO", CH.0"

Table 2.1: Molecules of reaction reactants and expected products along with their fragmentations

Considering that electron ionization mechanisms induce both singular and multiple
fragmentation events, this identification process consists of two main steps. The first step
involves identifying the main molecular ion, which represents the intact molecule. For example,
during the hydrogenation of CO2, water (H20) is formed and detected with a predominant ion
at m/z=18. However, this ion can further fragment into OH (m/z=17) and O (m/z=16).
Additionally, isotopes of the atoms present, such as 180, can be detected despite their low
abundance. The second step involves examining the main and secondary fragments produced
by the fragmentation of the molecules. For instance, CO> is predominantly detected with a mass
of m/z=44. However, it can fragment into CO (m/z=28), O (m/z=16), C (m/z=12), and CO,"*
(m/z=22). Similarly, formic acid (HCOOH) produces a main ion at m/z=29 for CHO, with
fragments detected at m/z values of 30, 45, and 46 for HCHO (formaldehyde), HCO- (formate,
the conjugate base of formic acid), and HCO2H, respectively.

The generation of several ion fragmentations by electron ionization can lead to the identification
of multiple m/z values corresponding to the same compound. For example, the identification of
methanol (CH3OH) and its fragments can be challenging due to overlapping m/z fragments
values with other substances like methane (CHs). However, the formation of methanol is
confirmed by a predominant ion at m/z=31. In summary, analyzing RGA spectra involves
identifying peaks corresponding to different gas species by comparing their m/z values with
known masses. It also requires considering the fragmentation processes that can generate
additional ions (Table 2.1).[182]

Throughout the gas treatments in this thesis, the residual gas analyzer was used first to identify
the reagents and reaction products then to monitor their increase over time and temperature. To

begin, we calibrated the mass spectrometer using argon as a reference gas. Next, after selecting
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the “P vs t” mode, in order to monitor them, we specifically selected the ionic masses of the

gases employed (such as Ar, Hz, CO>) as well as the expected reaction products.

5.5.Methodology of the TEM experiments

A methodology has been developed to study the behavior of Co-templated Pt hollow
nanospheres under different atmospheres. The impact of different environments on the

materials morphological evolution is investigated using in-situ and Operando TEM.

The first step of this work is to conduct a deep investigation of the initial state of the catalyst
by 2D and 3D TEM analysis. The second step is to apply a consistent thermal treatment under
the TEM vacuum to each batch of the Co-promoted hollow nanospheres. This thermal treatment
involves a heating rate of 0.4°C/s with a step of 20-50°C. STEM-HAADF micrographs are
acquired at each stage using the same parameters as the initial analysis, except for a shorter
exposure time of 12 ps/px instead of 20 ps/px to expedite the imaging process at each
temperature. Furthermore, using the environmental cell system, the particles behavior is
monitored under 1 bar of hydrogen (H2) atmosphere first then under 1 bar H>-CO> gas mixture
during the same thermal treatment conditions performed under the microscope vacuum. Before
these investigations, a thorough cleaning process of the atmosphere system is undertaken

including the E-cell where the sample is deposited.

Initially, the system is evacuated and then purged with argon gas. The Argon (Ar) is flown
inside the E-cell at a flow rate of 0.1 cm®min. The sample is then heated to 120°C for
approximately 30 minutes. This procedure is successfully used to eliminate all contaminants
(carbon contaminations, water, contaminations from sample preparation), ensuring the
acquisition of the initial state images of the Pt-based HNS under inert atmosphere. After this
cleaning step, 1 bar of Hz gas or H>-CO: is flown into the E-cell with a flow rate of 0.05
cm?®min. This flow rate is consistently used for all the following experiments. Using a relatively
low flow rate optimizes the catalytic processes by promoting a better contact between reactants
and the catalyst surface. The sample is heated with a precise heating rate of 0.4°C per second,
utilizing temperature steps of 20-50°C. A representative temperature-time profile of the in-situ

gas experiments in presented in Figure 2.16.

73



EXPERIMENTAL APPROACH

0 50 100 150 200 250
Time (min)

Figure 2.16: Representative Temperature-time profile of the in-situ heating experiment of Pt-based
HNS under H; gas or H,-CO- gas mixture using the MEMS-type holder.
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CHAPTER I11: Unveiling 3D Structure and Morphology of
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1.

1.1.
1.2.
1.3.
1.4.

2.1.
2.2.
2.3.
2.4.

Physical characteristics of the Pt-1 hollow nanospheres............ccccoveiiiieiieiennenn 76
Morphology and crystalling StrUCLUIe ...........cccooiiiiiiiiieee e 76
Morphology and size distribution by STEM-HAADF ..o 80
Chemical composition by STEM-EDS.........ccccooiiiiiiiieeccceee e, 83
3D morphology analysis by Electron Tomography.........ccccccevvveveiieiieve s, 85

Particularities of the Pt-2 hollow nanoSpheres...........cccovevvcie i, 89
Morphology and crystalline structure by SEM and XRD .........c.cccccevveieiiciiiiennnn, 89
Morphology and size distribution by STEM-HAADF ..o 91
Chemical composition and crystalline structure by STEM-EDS and SAED........... 93
3D morphology analysis by Electron Tomography.........ccccccevvveieiieiievecic e, 95

DIISCUSSIONS. ...ttt ettt sttt e bbb b e bt b e e st e st e st et et e st e besbeeneeneenee e 97

CONCIUSIONS ...ttt bbbt b ne e e e 100

75



Pt-BASED NANOCATALYSTS CHARACTERISTICS

Two batches of Pt-based hollow nanospheres (HNS) are prepared using the galvanic
replacement method and the same concentrations of materials. Details are provided in the
synthesis section in chapter 2. The primary difference between the first (Pt-1) and second (Pt-
2) batched lies in their synthesis methodology. The first synthesis involves adding cobalt (Co)
nanoparticles, used as templates, drop by drop to the Pt salt solution. In the second synthesis,
the Pt salt is the one introduced gradually over an extended timeframe into the solution of Co
NPs. During this chapter, a thorough characterization of the resulting particles from both

syntheses is presented, emphasizing any similarities or distinctions between them.

1. Physical characteristics of the Pt-1 hollow nanospheres

1.1.Morphology and crystalline structure

— Large scale analysis of morphology and crystalline structure

The as-synthesized particles are initially examined using the SEM for an initial morphological
investigation. Representative SEM images are displayed in Figure 3.1 at both low and higher

magnifications.

Figure 3.1: SEM images of the Pt-1 particles agglomerations at (a) low and (b) higher magnifications.
Few larger nanoparticles are indicated by blue circles.

Figure 3.1(a) shows a field of densely packed agglomerations of nanoparticles. Few larger
particles are also observed (indicated by blue circles). Figure 3.1(b) displays in a clearer way
both particles type. The agglomerated nanoparticles exhibit an approximative diameter lower
than 50 nm while the larger ones, indicated by the blue circles present a diameter around 100

nm. Precise statistics are exposed later on in this chapter.
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EDS (Energy dispersive X-ray spectroscopy) analyses are conducted using the SEM to
determine the chemical composition of the sample. The EDS spectrum, depicted in Figure 3.2,
reveals the simultaneous presence of platinum (Pt) signal and a relatively low cobalt (Co)
signal. Additionally, the presence of carbon (C) is from the carbon tape on which the sample is
dispersed for SEM analysis. The presence of oxygen signal is attributed to the sample exposure

to air prior EDS analysis and thus to partial oxidation of Co within the particles.
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Figure 3.2: EDS spectrum showing the chemical composition of the selected region of Pt-1 particles
within the SEM image.

The identification of sodium (Na) in the EDS spectrum originates from the use of sodium
borohydride (NaBH4) as a reducing agent during the synthesis of Pt-1 particles. The large
particles indicated by the blue circles in Figure 3.1 are most probably NaBH4 nanocrystals from
the incomplete dissolution of NaBHa during the synthesis process. A weak signal of copper is

also detected. It can be attributed to contaminations during the sample preparation process.

The X-Ray Diffraction (XRD) technique provides an inclusive study about the crystallography
of the entire sample. The volume of the probed sample being rather small, the signal rising from
the support in unavoidable. A scan of the Silicon (Si) support alone shows that it only gives rise
to a small peak as observed in Figure 3.3(a). Beside the peak originating from the Si support
used for the analysis, XRD measurements of the Pt-1 particles (Figure 3.3(b)) generate
distinctive broad peaks corresponding to the crystalline planes of (111), (200), (220) and (311)
within the PtCo disordered FCC structure [185]. Additional peaks in the angular range between
20 and 45 degrees correspond to the undissolved NaBHs residue in the sample from the

synthesis process.
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Figure 3.3: XRD patterns (a) of the Si support alone and (b) of the as-prepared Pt-1 particles.

— Nanoscale analysis of morphology and crystalline structure

The conventional TEM mode is first used for the examination of the morphology of the as-
synthesized particles. Figure 3.4(a) exhibits a wide-view TEM image showing agglomerations
of spherical particles. The TEM mode reveals the formation of thick concentric rings, with each
surrounding a much thinner central region. This suggests that hollow nanospheres are obtained,
as it is the intended goal of the adapted synthesis process. Variations related to the nanospheres
outer diameter and shell morphology are observed. In Figure 3.4, two categories of nanospheres
are identified. The first category, indicated by red arrows, exhibits a discontinuous shell and
forms 90% of the synthesized particles. The second category (indicated by yellow arrows)
displays nanospheres with a continuous shell constituting the remaining 10%. These findings
are the result of a statistical analysis of more than 200 particles.

Throughout the entirety of this study, these nanoparticles are exclusively referred as NPs. It is
worth mentioning that apart from the nanospheres, independent nanoparticles of approximately
2 nm in size are observed and indicated by red circles in Figure 3.4(b). They appear as

agglomerations in adjacent to few nanospheres only occasionally in the TEM sample.

Figure 3.4(b) shows a TEM image showcasing clearly the distinct particles types. These latter,
indicated by the red squares, will be referred as nanospheres throughout this work. Within this
image, nanoparticles (indicated by white squares) forming the discontinuous shell of the first

category of nanospheres are observed.
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Figure 3.4: TEM images displaying (a) Pt-1 nanospheres, where some exhibit a continuous shell
(indicated by yellow arrows), while others present a discontinuous shell (indicated by red arrows); (b)
two categories of nanospheres with both discontinuous and a continuous shell (marked by yellow
lines), separate nanoparticles adjacent to nanospheres (highlighted by red circles). Inset displays a DP
of the Pt-1 nanospheres showing the corresponding lattice planes of the FCC PtCo phase.

Using the Selected Area Electron Diffraction (SAED), the analyses are conducted across
distinct regions of the sample to verify the crystalline structure of the Pt-1 nanospheres. The
resultant diffraction pattern (DP) (the inset in Figure 3.4(b)) presents five concentric rings
corresponding to the (111), (200), (220), (311) and (222) crystallographic planes of the
disordered FCC phase in the PtCo alloy [186]. Additionally, no superstructure ring
corresponding to the (001) plane of the ordered L12 CoPts phase is observed. This suggests the
absence of this phase within the examined sample [187]. These results are consistent with the

XRD analysis results presented in the previous section.

Compared to the absorption contrast of the TEM mode, the Z-contrast offered by the STEM-
HAADF mode provides a better visibility of the complex morphology of the nanospheres shells.
Although the TEM mode shows the presence of a shell formed by NPs, the NPs themselves are
not clearly visualized, and their arrangement in the shell is not apparent. This lack of clarity
limits the ability to conduct an accurate study of the size distribution of these NPs and of the
nanospheres. The findings from the STEM-HAADF analysis of the sample is presented in the
next section.
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1.2.Morphology and size distribution by STEM-HAADF

Representative STEM-HAADF micrographs displayed in Figure 3.5 show agglomerates of the
as-synthesized Pt-1 nanospheres. The two different categories of nanospheres identified by
TEM are clearly observed: nanospheres with a discontinuous shell (indicated by red arrows)
and others with a smooth and thin shell (indicated by yellow arrows). These nanospheres not

only exhibit varying shell morphologies but also, variations in their average outer diameter.

Figure 3.5: (a)(b) Representative STEM-HAADF micrographs of dispersed Pt-1 hollow nanospheres
showing two different types of shell (continuous shell (yellow arrows) and discontinuous shell (red
arrows). (c) Diameter distribution of nanospheres with a discontinuous shell.

The high-resolution STEM-HAADF images presented in Figure 3.6 provide complementary
details of the observations previously made regarding both types of Pt-1 nanospheres. The
chemical contrast image in Figure 3.6(a) highlights a single spherical particle with the
corresponding FFT image as inset. Lattice fringes are clearly observed in the high-resolution
STEM-HAADF image. This reveals the crystallographic nature of the synthesized nanospheres.
The FFT pattern presents bright spots corresponding to the lattice planes of the disordered FCC
phase of PtCo alloy, another confirmation of their crystalline structure. The nanosphere shell
consists of well-defined NPs. The central region of the sphere appears to be empty or

significantly less dense than the shell.
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Figure 3.6: High-resolution STEM-HAADF micrographs depicting nanospheres with its shell
composed (a) of interconnected NPs indicated by black arrows (b) and a continuous shell. The inset

of each image is their corresponding FFT.
This confirms that the first category of particles are hollow nanospheres with a shell formed by
randomly distributed and connected NPs. In order to investigate the three-dimensional

morphology of these nanospheres including their shells and the potential presence of an empty
core, electron tomography is used later on in this work.
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Figure 3.7: Diameter distribution of the Pt-1 nanospheres accompanied by a corresponding STEM-
HAADF image highlighting the two categories of the Pt-1 nanospheres.

Figure 3.6(b) shows a high-resolution STEM-HAADF image of the second category of particles

e.g. the nanospheres with a continuous shell and the corresponding FFT pattern. The latter

81



Pt-BASED NANOCATALYSTS CHARACTERISTICS

confirms the disordered FCC crystalline structure of the Pt-1 nanospheres. What sets this
category of nanospheres from the first one is a smaller outer diameter as it is detailed later in
this section. The shell has a relatively uniform contrast with a consistent thickness, and these

nanospheres are not perfectly spherical; they have a more elongated morphology.
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Figure 3.8: Histograms showing the distributions of (a) nanospheres shell thickness (b) and NPs
diameters within the shell. Representative STEM-HAADF images highlighting the measured shell
and NPs complement the histograms.

From a statistical point of view, it is determined that particles with a thin and smooth shell have
an average diameter of approximately 10 nm, smaller than the more abundant nanospheres with

the discontinuous shell that have an average diameter of 16 nm £+ 4 nm.

The nanospheres diameter distribution covering both categories is presented in Figure 3.7. A
statistical study of the NPs that compose the shell determines their average diameter of
approximately 3 nm. These NPs collectively form an average 4 nm-thick shell. Both shell
thickness and NPs diameter distributions are presented in Figures 3.8(a) and 3.8(b),

respectively. Details about the measurements approach are provided in Appendix 2.
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The STEM mode coupled with energy dispersive X-ray spectroscopy (EDS) is used next to
assess the chemical composition of the synthesized particles. The results of this analysis are
presented in the following section.

1.3.Chemical composition by STEM-EDS

The primary focus of this analysis is to ascertain the presence and quantify the Cobalt (Co)
content from the template material. Additionally, the aim is to spatially localize the constituting
elements within the particles. A statistical study is conducted to determine the Co content within
each nanosphere. EDS spectra are acquired over 20 distinct nanospheres (Figure 3.9(a)).
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Figure 3.9: (a) EDS spectrum showing the chemical composition of the Pt-1 particles, (b) Co at. %

distribution in Pt-1 nanospheres.
The primary signals detected are Pt (Ma) and Co (Ka) which confirms the presence of both
elements. The carbon (C) signal originates from the carbon membrane used in the TEM grid.
The presence of oxygen can be attributed to the sample's exposure to ambient air prior to its
analysis and therefore probably to the partial oxidation of Co within the sample. The gold (Au)
and Copper (Cu) signals originates from the TEM grid material, while the sodium (Na) signal
is attributed to the NaBH4 used in the synthesis. The signals of chromium (Cr), and iron (Fe)
originates from the TEM column and from the sample holder.

Co and Pt at. % are determined over each of the analyzed Pt-1 nanospheres. An average Co
content of 13 £ 5 at. % is then calculated from the collected data. The Co at. % distribution
proving the presence of Co in all analyzed particles is presented in Figure 3.9(b). Details about
the EDS quantification method are provided in Appendix 3.
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Figure 3.10: EDS elemental maps of an agglomeration of Pt-1 HNS showing the spatial distribution
of both Pt and Co along with their superposition
The Co Ka line and Pt Ma line are used for the construction of Co and Pt maps, along with their
superposition displayed in Figure 3.10. These maps visualize the spatial distribution of both Pt

and Co atoms within the nanospheres.
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Figure 3.11: A representative EDS line profile showing the intensities of both Pt and Co across an
individual nanosphere showing the Co/Pt ratio showing Co-rich regions
The shells of these nanospheres are areas with intense Pt signals, indication a high concentration
of Pt, as shown in the Pt elemental map. As anticipated by the analysis of the 2D micrographs,
this elevated Pt concentration is not observed in the central regions of these nanospheres. In
contrast, a similar situation is observed in the Co elemental map in a less obvious manner due

to the comparatively weaker signal from Co. When overlaying both elemental maps, we observe
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that Pt and Co are not homogeneously distributed: Co segregations are observed across the

sample.

In Figure 3.11, an EDS profile displays regions with a high Co/Pt ratio, indicating the presence
of Co-rich areas, while other regions with a low Co/Pt ratio signify Pt-rich areas, distributed
randomly throughout the nanospheres. It is well-established that synthesized Pt-Co systems in
their initial state may exhibit compositional heterogeneities, featuring a partial segregation at
the atomic level of Co and Pt [188]-[190]. Research has revealed that within such system, Co
undergoes oxidation to form cobalt oxide (CoO) and therefore segregations of CoO and Co may
be present [191].

After analyzing the sample's morphology through 2D projections, the following section
presents the results obtained from the electron tomography 3D analysis of the same sample.

1.4. 3D morphology analysis by Electron Tomography

The 3D analyses are conducted over a group of nanospheres. Figure 3.12 (a) shows the 2D

STEM projection of the selected nanospheres assembly of Pt-1.

Figure 3.12: (a) STEM-HAADF image of an assembly of Pt-1 nanospheres, (b) 3D model of two Pt-
1 nanospheres selected from the nanospheres assembly.

The volume of the whole nanospheres assembly have been reconstructed, but only two selected
nanospheres are visualized through segmentation. The resulting 3D model of two of the Pt-1
nanospheres selected from the constructed volume is presented in Figure 3.12 (b). This 3D

model of two of the Pt-1 is obtained as a final step of the 3D analysis using the Slicer3D
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software after data segmentation and modeling. It shows the synthesized 3D nanospheres of Pt-
1 with the rough shell formed by NPs. This approach provides evidence of any potential
presence of an inner void within these nanospheres. Additionally, considering the complex
morphology of their shell observed in 2D STEM-HAADF projections, ET provides more

insights into this shell features.

In order to obtain a 3D dataset, a series of 2D STEM-HAADF projections of the selected area
are acquired at various angles as shown in figure 3.13. These images from the tilt series are then
aligned, and the volume of the nanospheres is reconstructed using the OS-SART algorithm. The
data segmentation is finally conducted for the 3D model visualization. Further elaboration on

this process is available in Chapter 2.

Electron beam
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Acquisition

Volume Reconstruction
Central void

Data
segmentation

Figure 3.13: Schematic representation of the electron tomography methodology. In a first step a
series of projections is acquired while tilting the specimen inside the microscope (top left), in a second
step the volume is constructed using OS-SART algorithm. The final step is the 3D image of the object,
constructed from the 3D matrix.

A Dbrief explanation of the tomography data is also presented in Figure 3.13 to improve its
comprehensibility. The obtained 3D model of the Pt-1 nanospheres is presented along with an
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illustrative schematic representation of the XYZ orientations of slices which is extracted from

the reconstructed volume for analysis in this section.

Figure 3.14 presents (xy), (xz) and (yz) slices withdrawn from the reconstructed volume of the
selected nanospheres group. By analyzing such slices within the reconstructed volume, a clear
pattern emerged. It reveals a central void surrounded by a discontinuous shell of NPs (indicated
by yellow circles in Figure 3.14). This finding stands as a definite confirmation of the hollow
microstructure of the Pt-1 particles.

Figure 3.14: (xy), (xz) and (yz) slices through the reconstructed volume of HNS with a shell formed
by NPs (yellow lines) and a faceted internal shell surface (red lines).
A statistical analysis throughout the reconstructed volume allowed an additional determination
of the nanospheres average diameter, yielding a measurement of 20 £ 2 nm and an average NPs
diameter range of 2-3 nm. These results are consistent with STEM-HAADF 2D statistical
analysis (Figures 3.7 and 3.8 in section 1.2 of this chapter).

The observed void with the nanospheres does not have a perfect spherical configuration, rather,
it actually displays facets (indicated by red lines in Figure 3.14). These facets could be a result
of the Co NPs used as templates during the synthesis of the Pt-1 nanospheres. The facets
exposed by nanoparticles are affected by their morphology, which is highly linked to their
crystal structure [192]. Co is recognized to exhibit three polymorphic forms: the hexagonal
close-packed (hcp) phase, the face-centered cubic (FCC) phase, and a pseudo-cubic &-Co phase
[193], [194]. All of these structure presents facets which can explain the faceting of the Pt-
based HNS inner shell.
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Figure 3.15: (xy), (xz) and (yz) slices through the reconstructed volume of HNS featuring the NPs
forming the shell (yellow lines) the open channels (red lines) and surface roughness (red arrows).

According to the cross-sections along different directions, various channels are identified
within the shell of the nanospheres (Figure 3.15). These channels directly traverse the
nanospheres shell to reach the central void (indicated by red lines in Figure 3.15). NPs forming
the shell are also identified within these slices (indicated by yellow circles in Figure 3.15). The
surface roughness of the Pt-1 HNS's outer shell is evident and highlighted by the red arrows in
Figure 3.15.

The average channel diameter “d” (Figure 3.16(a)) and the average number of these channels
per nanosphere are statistically determined. “d” is measured by defining the outlines of the
channel using ImageJ software. The channels number for each nanosphere is counted following
different directions as illustrated in Figures 3.16(a) and 3.16(b).

Statistics showed the presence of 5 channels with a variability of £2 per nanospheres with a
channel average diameter of 3 nm = 2 (channels number per nanosphere and diameter

distribution are shown in Figures 3.16(c) and 3.16(d), respectively).
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Figure 3.16: (a)(b) (xy) and (yz) slices of the reconstructed volume showing a channel diameter “d”
and numbers denoting the channels number for the same nanosphere. Histograms showing (a) the
channels number distribution per nanosphere and (b) these channels diameter distribution.
In order to optimize the Pt-based HNS properties, including Co content, shell thickness, and
porosity, a second set of nanospheres is synthesized. In the next section, the initial state of the
second set of HNS: Pt-2 HNS is introduced.

2. Particularities of the Pt-2 hollow nanospheres

2.1. Morphology and crystalline structure by SEM and XRD

The SEM images in Figure 3.17 illustrate the morphology of large-scale 1D chains. At both low
and high magnification, these images show the assembly of extended chains composed by
nanospheres. The nanospheres, each possessing a diameter less than 50 nm, are connected to
create chains of an estimated length of approximately 600 nm (Figure 3.16(b)). A few large
independent particles are also observed within the sample (indicated by blue circles in Figure
3.17(a)). These particles, similarly to the ones found in the Pt-1 sample, presented diameters
around 100 nm. The crystalline structure of the Pt-2 particles is investigated by XRD
measurements.
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Figure 3.17: SEM images of the Pt-2 particles at (a) low and (b) high magnifications.

The diffractogram of the Pt-2 particles (Figure 3.18(a)) exhibits distinctive peaks corresponding
to the disordered FCC phase of the PtCo alloy. Additionally, there are supplementary peaks
observed within the angular range of 20 to 50 degrees, suggesting the presence of impurities,

more specifically those corresponding the undissolved NaBH4 crystal from the synthesis.
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Figure 3.18: XRD pattern of Pt-2 hollow nanospheres, (a) covering an angular range between 20 and
120 degrees, and (b) longer scan over a smaller angular range between 20 and 50 degrees.

In order to validate this, another XRD measurement of a different Pt-2 sample is conducted
across the same angular range a relatively long period. The resulting diffractogram presented
in Figure 3.18(b) does not show the previously observed impurity-related peaks, thereby ruling

out widespread impurities across the sample.
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2.2.Morphology and size distribution by STEM-HAADF

The STEM-HAADF images in Figure 3.19(a) illustrates chains of nanospheres.
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Figure 3.19: (a) STEM-HAADF micrographs showing chains of Pt-2 hollow nanospheres, (b)
Histogram showing the chains length distribution.
The average chains length (marked by red lines) is statistically measured to be 700 £200 nm
corresponding to different number of nanospheres (chains length distribution in Figure 3.19(b)).

The STEM images confirm the formation of chain-like configuration of nanospheres, as
previously observed in the SEM images.
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Figure 3.20: Diameter distribution of the Pt-2 nanospheres accompanied by a corresponding STEM-
HAADF image showing a chain of nanospheres.
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Morphologically, the synthesized particles exhibit nanospheres with a discontinuous shell.
These nanospheres have an average diameter of 34 nm = 4 nm. The nanospheres diameter

distribution is presented in Figure 3.20.

A high-resolution STEM-HAADF image of a single nanosphere is presented in Figure 3.21(a).
The NPs forming the shell are clearly observed with clear boundaries as marked by the yellow
lines of Figure 3.21(a).

The concentric shell thickness is presented in a high-resolution STEM-HAADF image in Figure
3.21(b) with the corresponding FFT pattern consistent with a disordered FCC PtCo crystalline
structure. The presence of gaps (indicated by red arrows) within it suggests the presence of
nanochannels or pores. The shell presents an average thickness of 5 nm + 2 nm. Within this
shell, the NPs have an average diameter of 2 nm £ 1 nm. The shell thickness distribution along
with NPs diameter distribution are respectively presented in Figures 3.21(c) and 3.21(d).
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Figure 3.21: High-resolution STEM-HAADF micrograph of (a) individual Pt-2 nanosphere and of
(b) nanosphere shell showing the gaps within it (red arrows) with the FFT pattern as an inset.

Histograms showing the Pt-2 (c) shell thickness distribution and (d) nanoparticles diameter
distribution.
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In the following section, results of EDS and SAED analysis of the Pt-2 are briefly presented.

2.3.Chemical composition and crystalline structure by STEM-EDS and
SAED

In terms of chemical composition, EDS spectra are acquired over several regions of the sample.
The EDS spectrum, presented in Figure 3.22(a) reveals signals of Co Ka and Pt Ma, indicating
the presence of both elements in all particles. It also presents a signal of C from the TEM
membrane, Cu signal from the TEM grid and O signal from the sample expose to air prior
analysis and probably to the partial oxidation of Co in the sample. No signals of impurities as
the ones generated during the Pt-1 analysis which is attributed to the cleaner synthesis process.
Similar to the case of Pt-1 particles, statistics are conducted in an attempt to quantify the Co in
these particles. An average of 7 £ 3 at. % of Co is determined. The Co at. % distribution per

nanospheres is presented in Figure 3.22(b) marking the presence of Co in all analyzed particles.
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Figure 3.22: (a) EDS spectrum showing the chemical composition of the Pt-2 particles, (b) Co at.%
content distribution in Pt-2 nanospheres.
The Co Ka line and Pt Ma line are used for the construction of Co and Pt maps, along with their

superposition displayed in Figure 3.23(a).

Both Pt and Co present high intensities in the shell region of analyzed for all particles and
relatively low intensities in their central regions. When overlaying both elements maps, Pt
seems to dominate of the outer edge of the shell. EDS profiles linked to the intensities of both

Pt and Co along the diameter of a single nanospheres are also examined (Figure 3.23(b)). The
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results from these profiles show a shell formed by both Pt and Co and a high Pt intensity at its
periphery, while there is no detectable Co signal in this region. This profile also indicates Co-
rich and Pt-rich regions randomly distributed across the sample.
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Figure 3.23: (a) EDS elemental maps of a chain of Pt-2 HNS showing the spatial distribution of both
Pt and Co along with their superposition, (b) a representative EDS line profiles across a single
nanosphere showing a Pt-rich shell, (c) DP of the Pt-2 HNS indexed with lattice planes of the FCC
PtCo phase.
The crystalline structure of the Pt-2 particles is identified using SAED. The diffraction pattern
(DP) displayed the five concentric rings corresponding to the (111), (200), (220), (311) and
(222) crystallographic planes of the disordered FCC phase of PtCo alloy (Figure 3.23(c)). These

results are consistent with the XRD analysis of the Pt-2 particles.

In the following section, the porosity within the Pt-2 nanospheres are examined. This electron
tomography-based study also aims to ascertain whether any modifications in this aspect have
occurred in comparison to the first batch. As previously observed, there are noticeable gaps and
channels in the 2D micrographs. This analysis enables us to assess both the accessibility and

frequency of these channels within the nanospheres.
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2.4. 3D morphology analysis by Electron Tomography

Following the same adapted pathway for the Pt-1 particles, we aim to conduct the same 3D

analysis for the second batch of Pt-2 particles.

Figure 3.24: (a) STEM-HAADF image of an assembly of the Pt-2 nanospheres (b) 3D model of three
Pt-2 nanospheres selected from the nanospheres assembly
Figure 3.24(a) shows the 2D STEM-HAADF projection of the selected nanospheres region for
the 3D analysis along with resulting 3D model of three Pt-2 HNS from the nanospheres
assembly (Figure 3.24(b)). The electron tomography methodology used here is similar to the
one utilized in the 3D analysis of the Pt-1 HNS.

EQ

Figure 3.25: (a)(b) (xy)slices through the reconstructed volume of HNS showing the faceted internal
shell surface (red lines).

Slices in the (xy) direction withdrawn from the resulted reconstructed volume show the

nanospheres with a central void, which confirms the presence of a hollow microstructure
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(Figure 3.25). The inner shell appears highly faceted (red lines in Figures 3.25(a) and 3.25(b)),
with over than 8 facets observed originating from the Co NPs templates as previously explained.
The size distribution information obtained from cross-sectional sections through the volume of
the sample aligns consistently with the findings from STEM-HAADF images, indicating an
average diameter of 32 + 2 nm. NPs forming the shell exhibited an average diameter

approximately 2 £ 1 nm, as expected.

Slices along different directions of the reconstructed volume of the Pt-2 HNS are presented in
Figure 3.26. Due to limitations in the specimen holder's maximum angular rotation,
tomographic tilt series have a missing data wedge that corresponds to the unobserved
angles[195]. This results artifacts such as elongation and blurring affection the quality of the
reconstructed volume. These artifacts are mildly observed in the volume reconstruction of this
set of HNS. However, all the required information is clearly seen in the resulting volume. The
nanospheres in this batch consistently exhibit unobstructed channels that extend towards the
inner void of the nanospheres (indicated by red arrows in Figure 3.26).

Figure 3.26: (xy), (xz) and (yz) slices through the reconstructed volume of the Pt-2 HNS featuring
the large open channels leading to the inner void (indicated by red arrows).
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These radial channels, as displayed by sections extracted from the reconstructed volume, are
relatively large, surpassing even the thickness of the shell.
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Figure 3.27: Histograms showing the (a) channels number per nanospheres present in the shell and
(b) the channels diameter distribution in the Pt-2 HNS and (c)
A statistical examination of the channels number determined a number of 14 channels per
nanosphere (Figure 3.27(a)). An average diameter of 8 + 2 nm for the channels (Figure 3.27(b)),
compared to the shell thickness of 6 + 1 nm is statistically determined. Consequently, the HNS
from this batch present a configuration where the inner shell remains nearly always accessible

through these sizable channels, facilitating the entry of reaction gases in an effective manner.
3. Discussions

Pt-1 and Pt-2 HNS share similarities and differences in their characteristics at various levels.

Morphology: The Pt-1 set of HNS possess two distinct types of shells, whereas such
differentiation is absent in the Pt-2 HNS. It is important to mention that among the various
nanospheres morphologies in the first set, those exhibiting a thinner smooth shell are more
attractive for catalytic applications due to the greater atomic relaxation on rough surfaces than
on their smooth counterparts [196]-[199]. The formation of a smooth-surface structure is likely
attributed to the gradual and slow introduction of the Co NPs during the galvanic replacement
synthesis. This controlled delivery facilitates the progressive reduction and deposition of Pt ions
onto the Co templates at low stoichiometric ratios. [199]
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Similar to the Pt-1 HNS, the Pt-2 HNS reveal facets on their inner shell surfaces. Effective
adsorption, the first and crucial step in heterogeneous catalysis, is strongly influenced by the
exposed atomic arrangement on the catalyst surface. The atomic arrangement and coordination
of surface atoms vary among different crystal facets, resulting in different adsorption energies
and states for reactant molecules on these various facets. These variations in adsorption states
significantly impact the following catalytic steps. A faceted metal catalyst has more atoms
located at edges and corners, where atomic density and coordination are much lower,

profoundly enhancing surface adsorption.[200]

Hollow structure: The majority of particles in both cases exhibited a hollow microstructure
characterized by shells composed of interconnected NPs with similar shell thickness and NPs
average diameter. Both particles exhibited channels within their shells and contained a residual
presence of Co. The Co content in the Pt-2 nanospheres is approximately half that of the Pt-1
particles (7 vs. 13 at. %). The presence of Co contaminations in both sets does not necessarily
have a negative impact on their catalytic activity. Krajczewski et al [201] have investigated the
influence of these contaminations on the catalytic activity of the Pt nanostructures. Pt hollow
nanospheres are used as catalysts for the reduction of 4-nitrophenol by sodium borohydride in
aqueous environments as a model reaction. These investigations confirmed that the enhanced
catalytic activity of hollow Pt nanoparticles in this chemical reaction is not solely attributed to
their increased surface area. Instead, it is also linked to the geometric and electronic
modifications of the catalyst surface due to its contamination with Co (sacrificial template used

during the synthesis).

Dimensions: The average nanospheres diameter is twice as the one of the Pt-1 particles (16 vs.
34 nm). The increase of the nanospheres diameter in the second set is probably due to the
sintering of Co NPs prior and during the slow addition of the Pt salt solution. The increase in
diameter alone evidently leads to a decrease of the active surface area but to a better thermal

stability of the nanospheres for high temperature catalytic reactions.

HNS arrangement: The arrangement of particles varies between the two sets. Pt-2 HNS present
a chain-like configuration, diverging from the nanosphere agglomerations seen in the first
synthesis. The variation in particle arrangement between the two sets of particles originates
directly from the synthesis process. More specifically due to modifications in the addition of
Co precursors to the Pt salt during the second synthesis. Introducing Pt to the Co NPs led to the
formation of the chain-like structures. This outcome may be attributed to the consistent presence
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of a high concentration of Co NPs under the experimental conditions, promoting their
agglomeration into chains and clusters. As Pt replaces Co, it prints the configuration of the
agglomerated or chained Co NPs. In contrast, the first experiment involved the addition of Co
to Pt, resulting a lower concentration of Co particles, which are relatively more isolated. In this

scenario, Pt replaced Co in a manner that resulted in more discrete HNS.

Channels within the shell: Regarding the channels within the particle shells, the Pt-2 HNS
presented a significantly higher number of channels, nearly three times higher than the one in
Pt-1 particles (14 vs 4 channels/nanosphere). Furthermore, the average diameter of these
channels is considerably larger in the Pt-2 sample compared to the average channel diameter
observed in the Pt-1 sample, which is nearly four times smaller (8 vs 2 nm). The higher number
of large channels is attributed to the slow and controlled addition of Pt salt to the Co NPs during
the second synthesis, enabling the Pt to effectively reduce the Co into solution. Table 3.1

outlines the distinctions observed between the two sets of HNS.

HNS characteristics Pt-1 Pt-2
HNs arrangement Agglomerations Chains
Nanospheres diameter [nm] 16+ 4 34+ 4
NPs diameter [nm] 3t1 2+ 1
Shell thickness [nm] 4+ 1 5+2
Co content [at. %] 13+5 7+ 3
Channels number/nanosphere 5+ 2 14+ 2
Channels mean diameter [nm] 3+2 8+ 2

Table 3.1: Summary of the characteristics of both Pt-1 and Pt-2 HNS from the TEM-based
measurements

Our research findings align with the work of Lian et al. [92] and Zhou et al. [99], [98]. Lian's
study presented similar nanospheres from a morphological point of view but with a larger
average diameter (24 nm = 2 nm) and thinner shell (2 nm), although they didn't provide details
on chemical composition or Co quantification. Zhou et al. also synthesized Pt-based HNS
arranged in chains, but with larger diameters (200 nm) for a first batch and varying Co content
(20%) in the second one. However, they did not deeply investigate the shell porosity or channel

characteristics, not the nanospheres chemical composition.
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The Pt-2 HNS susceptible to exhibit enhanced active surface area and therefore increased
catalytic activity. The unique chain-like arrangement observed in Pt-2 particles, in contrast to
agglomerations in the first synthesis, introduces a novel structural element that could enhance
catalytic pathways and higher thermal stability. The higher nanospheres diameter of Pt-2 HNS
also suggests a higher thermal stability. The larger diameter of Pt-2 HNS nanospheres also
implies an increased level of thermal stability due to its lower surface-to-volume ratio resulting
a more stable structure. While the lower average diameter of Pt-1 might initially indicate a
greater active surface area, this assumption becomes considerably debatable in light of the Pt-

2 larger channel diameter and the improved accessibility of the inner shell to gases.

4. Conclusions

All the presented features of HNS makes them promising candidates for catalytic applications.
Several studies have reported superior catalytic activity of the hollow metal nanostructures
compared to their solid counterparts. Their higher activity is linked to the increased specific

surface area with both inner and outer surfaces accessible to reactants. [202]

The inner void of the HNS can only be accessed by reactants through diffusion across the outer
shell. The porosity and thickness of the shielding shell are one of the most important factors
enhancing the rate of a chemical reaction. The high channels mean number for a nanosphere
and their average diameter are crucial parameters in determining their efficiency in a specific
catalytic reaction. Their role is supposably crucial in terms of facilitating the diffusion process
of reagents molecules toward and away from the inner surface. [203] Just as with porosity, the
thickness of the HNS can also affect the time it takes for reactants to diffuse toward the active
sites [204].

Within the inner void itself of hollow materials, a free volume is enclosed by a concave
interface, introducing spatial constraints for gases or liquids filling the cavity. It is well-
documented that confinement at the nanoscale alters the thermodynamic properties of matter
compared to an unconfined state, and these effects can extend to reaction kinetics if a chemical
reaction takes place.[202] Studies have proved that the high active surface area of the hollow
metal nanostructure cannot explain the extent of catalytic improvement observed. Researchers
have therefore proposed void-confinement catalytic effect, where the accumulation of reactant
molecules within the inner cavity increases the probability of efficient catalytic events on the
inner shell of hollow metallic nanostructures. [202], [205]-[208]
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In the next Chapter 4, real-time analyses of the morphological evolution and thermal responses
of both sets of Pt-based HNS are conducted by in-situ and operando environmental TEM. A
study of their thermal stability profiles under different environments is presented and compared.
Pt-based nanocatalysts have proven to be efficient in several chemical reactions, hydrogenation
reactions included, as discussed in Chapter 1. The thermal stability of both Pt-based HNS is
assessed under CO2 hydrogenation reaction conditions, chosen as a model hydrogenation

reaction.
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1. Morphological evolution of the Pt-based hollow nanospheres

during thermal annealing under vacuum

Temperature is a pivotal factor in chemical reactions influencing the performance of a catalyst.
Therefore, following the thermal evolution of catalysts has been one of the most important
topics of catalysis research. During thermal annealing, nanomaterials always undergo several
structural transformations that can lead to their deactivation. Sintering in one of the most
important processes, in which the nanoparticles coalesce to create larger and more robust
structures, altering their physicochemical characteristics [209]. This originates from the
tendency of these metal nanoparticles to minimize their surface energy since larger particles
have lower curvature compared to their smaller counterparts (Gibbs-Thomson effect) [210],
[211]. The sintering of nanomaterials leads to decrease in active surface sites, causing the
inefficient exploitation of the valuable noble metal and a decrease in its catalytic performance
during high-temperature catalytic reactions. More details about the sintering mechanisms are

provided in Chapter I.

In order to enhance the development of synthesis techniques for achieving more enduring
nanocatalysts, it is important to gain a comprehensive understanding of the mechanisms and
factors influencing the sintering procedure. This study also enables the identification of optimal
operating conditions and the development of catalysts that remain active and efficient over
extended timeframes. In heterogeneous catalysis, metallic nanomaterials are typically stabilized
with an appropriate support. During this work, the Pt-based HNS are examined on Carbon or
SiNy supports from the TEM grid or the environmental cell in the absence of a conventional
material supporting material in order to assess their behavior independently before introducing
the influence of a support. The inclusion of a support has a significant influence on the sintering
behavior. When metal NPs are placed on a support, their surface energy is reduced, thereby
mitigating NP aggregation and prolonging the operational lifespan of the catalyst. The support
also enhances the dispersion of metal NPs and augments catalytic activity by facilitating an
efficient synergistic and electronic interaction between the metal NPs and the support material
[212]. Nevertheless, this aspect remains a subject for future research efforts.

In this section, a thermal treatment under the TEM vacuum is applied to each of the Pt-based
set of HNS. Studying the morphological evolution of the catalysts as a function of temperature
alone under the TEM vacuum conditions is expected to offer insights into the dynamic behavior
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of the catalyst materials. By focusing solely on the influence of temperature, the thermal effect
on catalyst microstructures is isolated. It allows for a deeper understanding of how temperature-
driven changes impact the sintering process of the synthesized catalysts. This study also sheds
the light on the evolution of the hollow microstructure morphology affecting this material active
surface area. The high vacuum environment of the TEM column ensures that the catalyst's

evolution is observed without interference from external factors.

1.1.Morphological evolution of the Pt-1 system under vacuum
1.1.1. Insitu TEM/STEM using the furnace-type heating holder

For this investigation, the furnace-type heating holder from Gatan (see section 5.1 in Chapter
Il for details) is used for the study of the morphological changes in the Pt-1 HNS as a function
of temperature alone. An in-situ characterization of the sample is conducted at six different
temperatures as shown in Figure 4.1.
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Figure 4.1: Temperature-time profile of the in-situ heating experiment of Pt-1 HNS under the TEM
vacuum using the furnace-type holder heating holder.
Throughout this analysis, images of multiple regions of the Pt-1 HNS are captured.
Representative images of one of these sections are displayed in Figure 4.2. The TEM mode is
preliminary used in this case to perform in-situ SAED analysis of the sample, enabling the

simultaneous investigation of its crystalline structure evolution.

Following the in-situ TEM analysis, three main morphological modifications upon thermal
treatment are observed. First, a temperature of 300°C induces the growth of the NPs composing
the Pt-1 HNS shell (indicated by red lines in Figure 4.2(b)).
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Figure 4.2: (a-f) TEM micrographs showing the morphological evolution of Pt-1 HNS during
temperature ramping from 150 to 700 °C, (al-f-1) corresponding selected area diffraction patterns
(a2-f2) Normalized radial electron profiles corresponding to the DPs. The grown NPs forming the
shell are indicated by red lines, the formed continuous shell is indicated by the red arrows and the
disappearance of a nanosphere beyond 600°C indicated by the white circle.
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Secondly, advancing to approximately 500°C, the disconnected shell transforms into a
continuous one before attaining this temperature (indicated by red arrows in Figure 4.2(d)).
Finally, beyond 500°C and going up to 700°C, the central void degrades, leading to the collapse
of the HNS. Beyond 600°C, we observe the disappearance of small-diameter nanospheres

(indicated by a white circle in Figures 4.2(e) and 4.2(f)) and the growth of their adjacent ones.

Structural changes in Pt-1 HNS are monitored using in-situ SAED (Figures 4.2 (al-f1)). From
each SAED pattern, a normalized radial diffraction profile is extracted (Figures 4.2 (a2—12)).
At 150°C, the DP of Pt-1 HNS (Figure 4.2 (al)) displays four concentric rings. The
corresponding radial profile (Figure 4.2 (a2)) exhibits characteristic peaks attributed to the
(111), (200), (220), and (311) lattice planes of the PtCo disordered FCC phase. The presence
of aring-like diffraction pattern at 150°C indicates the existence of the Pt-based NPs containing
multiple crystalline domains. With increasing temperature, the continuous diffraction ring
becomes less distinct, and bright spots emerge (Figure 4.2 (f1)). This phenomenon is a
consequence of NP crystal growth induced by the elevated temperature. No discernible shifts
are observed in the initially identified electron profile peaks as the temperature increases,
signifying the absence of any crystal phase modification for the PtCo FCC structure. However,
at 700°C, new spots (indicated by the blue lines in Figure 4.2(f2)) emerges and are probably
attributed to the partial oxidation of Co segregates at high temperatures to Co304 [213].

For a better contrast and better visualization of the HNS morphological evolution, the STEM-
HAADF mode is used (Figure 4.3). As observed to the STEM micrographs, the image contrast
is better at higher temperatures (>300°C) and blurry at 26°C. This is due the presence of surface
contaminations (Electron Beam Induced Carbon Contaminations) on the HNS. At the lower
temperature 26°C, these contaminants influence the sample-electron beam interactions, thereby
affecting the image quality. Higher temperatures promote the desorption of these contaminants
leading to the restoration of image quality [214].

The initial state image of Pt-1 HNS (Figure 4.3(a)) exhibits an assembly of HNS including the
two categories of HNS (characterized either by a continuous or a discontinuous shell, see
Chapter 111 for details). Upon heating to 200°C (Figure 4.3(b)), no significant changes in the
morphological characteristics of both types of HNS are observed. At 300°C, there is a growth
of NPs forming the shell (indicated by red lines in Figure 4.3(c)) for the HNS with a
discontinuous shell. Additionally, other NPs disappear (indicated by white circles in Figures
4.3(b) and 4.3(c)). No noticeable modifications are seen in the continuous shell nanospheres.
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Figure 4.3: (a-h) STEM-HAADF micrographs showing the morphological evolution of Pt-1 HNS at
different temperatures from 26°C to 800 °C. The grown NPs forming the shell are indicated by the red
lines, the formed continuous shell is indicated by the red arrows, the disappeared NPs forming the shell
are indicated by the white circles and the collapse of HNS is indicated by green arrows.
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Going up to 400°C, the nanospheres with a discontinuous shell transform into a continuous
shell configuration (indicated by red arrows in Figure 4.3(d)). Simultaneously, the central void
of the smooth shell nanospheres is deteriorated (indicated by green arrows in Figure 4.3(d)). At
500°C, the majority of the latter collapse, and simultaneously, the central void diameter of the
other nanospheres category starts decreasing, as depicted in Figure 4.3(e). Figures 4.3(f) and
4.3(g) reveal the migration and coalescence phenomena of the collapsed nanospheres with a
smooth shell with their neighboring nanospheres, indicated by white arrows.

The total collapse of the hollow structure of the system took place at 800°C (Figure 4.3(h)).
This critical temperature is higher than the collapse temperature determined though the
previously made TEM observations. This discrepancy in temperature that induces the collapse
of the Pt-1 HNS raises questions about the uniformity of temperature throughout the sample.
Achieving a uniform temperature distribution across the entire sample is crucial for accurate
and representative observations. The most important drawback of the furnace-type heating
holder is the presence of variations in temperature across the sample specially since the
displayed temperature is the one measured at the edge of the grid rather than its center. With
this heating technology, the temperatures triggering each morphological modification cannot
be accurately identified. The sample drift and lack of an accurate and controlled heating rate
are additional challenges encountered using this thermal treatment.

A different in-situ object holder (Protochips ®) is used for an accurate heating rate, temperature
homogeneity across the sample due to the heating membrane technique and a stationary stable
sample during imaging. All of this is achieved by the MEMS technology (see Chapter Il for
details). The MEMS-type holder is used for conducting principally in-situ gas experiments.
Using the same system for the vacuum environment experiments aims to eliminate any potential
influence of the supporting membrane (SiNx for the MEMS-type holder and the Carbon film
for the furnace-type holder) on the catalyst system behavior. It facilitates a direct comparison
of Pt-based HNS behavior under the different environments with the same experiment

conditions.
1.1.2. Insitu STEM using the MEMS-type holder

In order to achieve the TEM vacuum inside the E-cell, the membrane of its small chip is

completely destroyed. The thermal treatment involves a precise heating rate of 0.4°C/s with a
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step of 20-50°C which is used in all experiments later. Smaller temperature increments are

selected to refine the temperature range of NPs coalescence and the hollow structure collapse.

This choice helps also to explain the mechanisms governing the sintering of NPs as well as
nanospheres collapsing. The temperature-time profile (Figure 4.4(a)) illustrates the exact
temperature ramp throughout the in-situ heating experiment. Using the MEMS heating device,
the sample drift is considerably reduced, allowing the fast acquisition of images during
approximately 3 minutes for each chosen temperature. Series of STEM-HAADF images on the
thermal treatment of Pt-1 HNS acquired at each temperature increment are presented in Figures
4.4(b) to 4.4(e).

At 120°C (Figure 4.4(b)), the particle's initial state is observed. This temperature is selected to
facilitate the removal of surface contaminants while preserving the HNS morphology. Within
this region, both categories of Pt-1 HNS are observed and both of their morphological evolution
is monitored. Under a particular orientation, the 2D projection STEM-HAADF image reveals
channels leading to the inner void of the hollow nanospheres, indicated by yellow arrows in

Figure 4.4(b). The temperature at which these channels will maintain their integrity is identified.

Up to a temperature of 280°C, no modifications in the morphology of the nanospheres are
observed, as illustrated in Figures 4.4(c)-4.4(i). The initiation of NPs growth is observed
starting with 280°C (red lines in Figure 4.4(j)). The distributions of NPs at temperatures of
280°C and 300°C are depicted in Figure 4.5. The average size of the NPs grows from 2 nm to
4.5 nm and reached 6 nm, at 300°C. By heating up to 320°C, the transformation to a continuous
shell, from a discontinuous one, becomes clear (indicated by red arrows in Figure 4.4(1)).
Simultaneously, the collapse of the hollow structure within both Pt-1 categories initiates
(indicated by green arrows in Figure 4.4(1)).

Even after the NPs' enlargement, the central void remains accessible, with the channel leading
to it remaining unobstructed (indicated by yellow arrows in Figure 4.4(m)). Finally, the
complete collapse of the hollow system structure is observed at 500°C (Figure 4.4(p)). The
small-diameter nanospheres migration and coalescence with neighboring larger nanospheres is

observed beyond 550°C (indicated by white arrows in Figures 4.4(q) and 4.4(r)).
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Figure 4.4: (a) Temperature-time profile of the in-situ heating experiment of Pt-1 HNS under the
microscope vacuum using MEMS-type holder. (b-r) STEM-HAADF micrographs showing the
morphological evolution of Pt-1 HNS during temperature ramping from 120°C to 600 °C. The grown
NPs forming the shell are indicated by the red line, the channel leading to the HNS inner void are
indicated by the yellow arrows, the continuous shell formed is indicated by the red arrows, the
collapse of HNS is indicated by the green arrows and the nanospheres migration is indicated by the
white arrows.
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Figure 4.5: Histograms showing the NPs distribution of the Pt-1 HNS at (a) 280°C and (b) 300°C
during their thermal annealing under the TEM vacuum. The grown NPs are indicated by the red lines.

— Discussion: the impact of temperature alone on the behavior of Pt-1 HNS

The thermal annealing of Pt-1 HNS under vacuum unveils two primary phenomena: the
sintering of NPs composing the HNS shell and the structural transformation of the hollow

microstructural configuration into solid nanoparticles.

To ascertain that the observed phenomena are not influenced by artifacts of the electron beam,
the monitored regions during all experiments have been compared to other regions that are not
exposed to electron beam previously. The HNS from both regions exhibit similar behaviors
which indicates that the electron beam has no notable influence of the phenomena observed in
this study.

Before delving into the mechanisms of the phenomena involved, it is noticed that the
temperature triggering the growth of the NPs and the collapse of the hollow nanospheres are
different in the thermal annealing experiments under vacuum using the two types of heating
holders. When using the MEMS-type holder, these events happen at lower temperatures (280°C
for growth and 500°C for collapse) compared to the furnace-type holder (300°C for growth and
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800°C for collapse). These observations suggest that the temperature indicated by the furnace-
type holder is higher than the actual temperature of the sample. It serves as an additional
confirmation of the non-uniformity of temperature in the furnace-type holder as explained in

the previous sections.

Going back to the sintering process and explained in details in Chapter I, NPs sintering can be
attributed to two distinct mechanisms: the Ostwald ripening (OR) characterized by the
migration of atomic species between stationary nanoparticles (Figure 4.6a), and the particle
migration and coalescence (PMC) involving the migration and fusion of entire nanoparticles
(Figure 4.6Db).

Temperature
NPs sintering
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NPs forming the shell

Pt-based hollow nanospheres

Figure 4.6: Schematic representation of the sintering mechanisms of NPs forming the HNS shell: (a)

Ostwald ripening and (b) particle migration and coalescence.
Various methods have been employed to elucidate the mechanisms behind catalyst sintering.
One of these approaches involves analyzing the observed particle size distributions (PSD) in
the sintered catalysts. Granqvist and Buhrman [215] proposed that the process of PMC results
in a log-normal size distribution with a prolonged tail towards larger particle sizes. Conversely,
according to the so-called LSW model from Lifshitz and Slyozov [216] and Wagner[217], OR
yields a distribution with a tail towards smaller particles and a cut-off in the size distribution,
typically occurring at a particle diameter approximately 1.3-1.5 times the mean diameter [218].
Many published PSDs obtained from heterogeneous catalysts can be effectively modeled by a
log-normal distribution. Also, it has been demonstrated that the shape of the particle size

distributions is influenced by both the coarsening mechanism and the morphology of the
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nanoparticles [219]. Therefore, the ability to conclusively determine the underlying

mechanisms using this approach is debatable [220].

The in-situ TEM approach employed in this study enabled the determination of the sintering
mechanisms of the Pt-based HNS by probing the dynamics of the NPs. Based on the STEM-
HAADF micrographs captured with a gradual increase in temperature, no visible particle
movement is evident at the level of the NPs composing the shell. On the one hand, an
enlargement of specific interconnected nanoparticles due to their coalescence with neighboring
NPs is observed. On the other hand, a disappearance of certain NPs without any observable
mobility is identified. This observation implies that the latter sintering process is primarily
driven by the OR mechanism.

Another phenomenon occurring is the collapse of the HNS. The crystal slip represents the initial
stage in the process leading to structural collapse of the HNS. This phenomenon necessitates
the presence of atoms having a strong kinetic energy to overcome the slip potential barrier, a
threshold energy level essential for the transition of the crystalline system from one
configuration to another along a specific crystal plane. [221] Numerous factors can influence
the collapse process, including crystal vibrations, thermodynamic fluctuations, and Kinetic

motion. In this study, the thermal effect is the main factor inducing this collapse.

The restructuring kinetics presents a strong dependence on the diameter of the central void of
the Pt-1 HNS. HNS with smaller central voids undergo collapse at lower temperatures in
comparison to those with larger voids, as seen in Figure 4.4(l). This observation implies that
the structural reconfiguration in HNS is primarily thermodynamically favored (reduction of
total surface energy). However, this restructuring is constrained kinetically by the vacancies
within the central void, which is inseparably tied to the size of the inner void [222]. A similar
investigation was carried out on Pt-Ni hollow nanoparticles under various atmospheres,
including vacuum. Accordingly, the collapse temperature turned out to be influenced by the

inner void size of the hollow nanoparticles. [222]

Jiang et al. [221] examined the thermal stability of gold HNS with an FCC structure through
molecular dynamics (MD) simulations and proposed three potential classifications for their
configuration: ‘“stable” if the initial configuration maintains its original shape without
collapsing, “half-stable” if there is a partial collapse, yet the central cavity is partially

maintained and "unstable" if the HNS undergoes a complete collapse, transforming into a solid

114



Pt-BASED NANOCATALYSTS BEHAVIOR

NP. Figure 4.7 provides a cross-sectional representation of the initial and final states of three
distinct configurations. In line with the same model, another investigation is carried out to
examine the thermal stability of Pt HNS and assess how the temperature ramp impacts their

structural changes [223].

stable System 15-21  Half-stable System 18-22 Unstable System 18-20

Initial State

Final State

Figure 4.7: Cross-sectional representations showing the initial and final states of the stable model

15-21, unstable model 18-20, and half-stable model 18-22 of HNS.[221]

In our study and during the thermal annealing of the Pt-1 set under TEM vacuum, the HNS can
only be classified as ‘unstable’ in their initial state, as the temperature increase leads to their
complete isotropic collapse at 500°C and the hollow structure completely disappears. In the
stable model, which is not observed here, there is no structural change when compared to the
original configuration. In contrast, the half-stable model, while still retaining its hollow
structure, experiences a significant reduction in its outer diameter. The final shapes exhibit
irregular forms, even though the cross-sectional view may appear somewhat cubic, indicating
that the collapse is not isotropic (Figure 4.7). These final configurations represent the global
energy minimum achieved through heating. A similar thermal treatment process is applied to
the second set of Pt-based hollow nanospheres: Pt-2 HNS. The objective of this study is to
examine and compare the behavior of the Pt-2 HNS set with that of the first set when subjected

to identical vacuum thermal treatment conditions.

1.2.Comparison of the thermal stability of the Pt-1 and Pt-2 systems

Using the MEMS-type holder with the STEM-HAADF imaging mode, in-situ heating
experiment over Pt-2 HNS under the TEM vacuum is conducted under the very same
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conditions. This experiment involves a controlled heating rate of 0.4°C/s, with temperature
steps of 20 and 50°C. STEM-HAADF micrographs (Figure 4.8) showing the evolution of the
Pt-2 HNS during thermal annealing are acquired at each temperature step. This approach is used

for all experiments described in the subsequent sections.

Figure 4.8: (a-h) Selected STEM-HAADF micrographs showing the morphological evolution of Pt-
2 HNS during temperature ramping from 120°C to 550 °C. The grown NPs forming the shell are
indicated by the red circles, the shrunken NPs are indicated by the white circles with a zoomed area
as an inset, the mobile NPs are indicated by white arrows, the shell evolution is indicated by the
orange arrows, the total collapse of HNS is indicated by the green arrows and the partial anisotropic
collapse of HNS is indicated by the blue arrows.
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Following the same procedure adapted in thermal treatment of Pt-1 material, the initial state of
the HNS is acquired at 120°C where a representative image of a chain of Pt-2 HNS is shown.
The NPs from the shell are clearly visible and distinguishable, as compared to the first batch of
HNS. Similar to the behavior observed in Pt-1 HNS under the same conditions, Pt-2 HNS
exhibit a stable morphology without significant alterations up to a temperature of 280°C. At
this critical temperature point, notable changes occur, including the growth of certain NPs
forming the shell (indicated by red circles in Figure 4.8(a) and 4.8(b)) and the disappearance of
others (indicated by white circles in Figure 4.8(a) and 4.8(b)). An average NPs diameter of
approximately 4.3 nm is measured at 280°C and of 5.7 nm at 300°C (NPs size distributions at
280°C and 300°C are depicted in Figure 4.9). The mobility of NPs at the shell's periphery has
been confirmed by tracking the NPs marked with white arrows in Figure 4.8(a) and 4.8(b).
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Figure 4.9: Histograms showing the NPs distribution of the Pt-2 HNS at (a) 280°C and (b) 300°C
during their thermal annealing under the TEM vacuum.

Upon reaching 320°C, the shell of Pt-2 HNS maintains its discontinuous structure (Figure
4.8(c)), even with the growth of NPs within. The shell at this stage consists of larger NPs
distributed randomly yet interconnected. The central void diameter of the HNS gradually
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decreases versus an increase in the shell thickness indicated by the orange arrows in Figures 4.8
(c) and 4.8(d). As the temperature increases to 400°C, the hollow microstructure of Pt-2 HNS
starts its collapse (indicted by green arrows in Figure 4.8(e)) while retaining a rough surface up
to 450°C (Figure 4.8f). At 500°C, the surface becomes smoother (Figure 4.8(g)) and finally,
the majority of the HNS totally collapse at 550°C (Figure 4.8(h)). Beyond this temperature,
about 25% of the HNS of nanospheres preserve their hollow structure indicated by blue arrows
in Figure 4.8(h).

120°C 280°C | 320°C

S e

Figure 4.10: (a-f) Selected STEM-HAADF micrographs showing the morphological evolution of Pt-
2 HNS during temperature ramping from 120°C to 550 °C. The total collapse of hollow nanospheres
is indicated by the green arrows and their partial collapse by the blue arrows.
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In order to ensure the uniform coverage of the behavior of the HNS, multiple regions are
monitored. Figure 4.10 illustrates the behavior in a different region, which confirms the
previously described patterns at 280°C, 320°C, 400°C, 500°C, and 550°C.

The collapse of the HNS (indicated by green arrows) dismisses the theory of the formation of
a plate-like structure post collapse. By comparing the intensity profile of the hollow nanosphere
in its initial state (Figure 4.10 (a)) and after its collapse (Figure 4.10 (f)), it becomes evident
that a smaller solid nanospheres are obtained following the anisotropic collapse of the HNS

inner void.

For further confirmation, the volume conservation of this hollow nanosphere undergoing
collapse is validated by quantifying its initial and final volume as calculated from the 2D
projections. The channels from the nanosphere shell are not considered for the volume

calculation. The use of the fundamental formula for a hollow nanosphere volume (V =

4 . ..
(g)n(Rgmr — R} ,.er), Where Rouer and Rimner are the outer and inner nanospheres radii,

respectively) allows to calculate an initial volume of about 6100 (+ 700 ) nm® and a final

volume of approximately 45007 (+ 900 ) nm®.

The reduction in volume is likely due to measurement errors and the oversight of internal
channels within the initial shell configuration, which, if considered, reduces the initial volume
of the nanosphere.

— Discussion: differences in Pt-1 and Pt-2 responses to vacuum thermal treatment

Based on our in-situ STEM observations for the Pt-2 HNS set, NPs exhibiting mobility before
undergoing coalescence and growth are observed. It is also common to observe immobile NPs
with a simultaneous growth in size along with disappearance of others. This suggests that,
excluding the diffusion of NPs toward their neighboring connected NPs, the sintering of NPs is

probably governed by both OR and PMC mechanisms.

Given the complexity of the 3D HNS and since the OR process occurs rapidly, it is difficult to
precisely monitor the shrinkage of such nanoscaled NPs. Hence, our best estimation is that these
NPs have dissolved due to atomic migration, as no observable shifts in their positions occurred
at the same temperature, unlike what is observed for similar NPs. This conclusion can be

supported by previous studies that reported the occurrence of both Ostwald ripening and particle
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migration/coalescence in Pt NPs supported on amorphous carbon under vacuum conditions
[224].

Due to the comparable size of NPs in both sets of Pt-based HNS, it is reasonable to expect that
they undergo sintering through the same mechanisms in a similar temperature range. The
observation of the PMC process in some regions can be attributed to the larger number of NPs
forming the shell and their more obvious distribution on the peripheric regions of the HNS. This

is what makes them more visible when compared to the Pt-1 HNS.

The Pt-2 set presented two type of HNS. The ‘unstable’ and ‘half-stable’ HNS. The first
category of HNS are the ones that transform directly to solid NPs in an isotropic manner
(indicated by the green arrows in Figures 4.8 and 4.10). The second category are the ones that
underwent a gradual degradation of their inner void diameter in an anisotropic way and
maintained their cavity at 550°C (blue arrows in Figures 4.8 and 4.10). Jiang et al [221] have
showed that in the case of half-stable HNS, the collapse initiates from the (111) crystal surface

and subsequently extends gradually to other regions of the sphere.

The collapse phenomenon relies on both the slip barrier and the kinetic energy of the atoms. It
occurs when the kinetic energy is sufficiently strong to overcome the slip barrier. Conversely,

the collapse is stopped if the kinetic energy fails to surmount the elevated barrier.

In MD studies conducted by Jiang et al [221] and Reyes et al[223], the thermal stability of each
type of HNS is studied using the thermal stability diagram. Each HNS is identified, with values
for both shell thickness and outer diameter. Additionally, an aspect ratio (denoted as "p"),
defined as the ratio of the outer radius (R) to the shell thickness (d), is determined for each
HNS. With a constant aspect ratio, an increase in the shell thickness leads to a gradual increase
in the HNS thermal stability, aligning with intuitive expectations that thicker shells contribute
to greater system stability. When the slipping direction is perpendicular to the inner void
surface, the slip potential barrier, as per the potential superposition theory, exhibits a nearly
proportional relationship with the atomic layers. However, when slippage tends to occur along
a slope, the presence of more atomic layers can hinder this process, resulting in anisotropic
collapse. Consequently, an increase in wall thickness augments the slip potential barrier,
impeding the collapse process and therefore enhancing the overall stability of the system. In

this case, it is primarily because the wall thickness increased progressively as the collapse
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progresses (decrease of the outer radius) which attributes a higher thermal stability for the half-

stable HNS compared to the unstable ones.

The Pt-2 HNS exhibited a similar sintering behavior of NPs when compared to Pt-1 HNS. This
similarity relies first on the sintering mechanism, which is governed by OR, occurring within
the same temperature range for both sets. In addition, we are dealing with comparable

morphologies of the shell and similar size of NPs composing it.

Several differences are however observed. A notable difference is the value of the temperature
at which the formation of the continuous shell occurs. Pt-1 HNS exhibited this process at 320°C,
whereas Pt-2 HNS showed it at 400°C. This divergence can be attributed to the higher number
of NPs involved in forming the shell of Pt-2 HNS and the presence of a bigger number of larger-
diameter channels within it. These factors trigger a higher temperature for shell diffusion.
Another contrast is observed in the temperature at which collapse occurred. Pt-1 HNS exhibited
collapse at 500°C, whereas Pt-2 HNS experienced it at 550°C. This difference can be attributed
to the larger outer diameter of Pt-2 HNS. The Pt-2 HNS possess a better thermal stability than
the Pt-1 HNS thanks to its ability to retain a relatively active surface area by preserving its

hollow microstructure at high temperatures.

In the next section, a thermal treatment of both sets of Pt-based HNS is conducted in a hydrogen
(H2) atmosphere. Pt nanoparticles play a crucial role in catalyzing hydrogenation and oxidation
reactions [26], [225]. In numerous applications, a preliminary step involves reducing Pt in a
hydrogen environment to activate it as a catalyst through surface oxide reduction. The catalyst's
structure is influenced by the reduction temperature, which, in turn, affects its catalytic

properties.

A systematic temperature ramp is conducted and the catalysts' morphological response to
different levels of heat under a Hz atmosphere is monitored. This experiment will provide
insights into this Pt-based catalysts performance in hydrogenation reactions and other major
applications for Pt-based nanocatalysts involving a H. atmosphere such as Proton-exchange
membrane fuel cells (PEMFC) [226]. These findings can make important contribution for the

optimization of the catalysts' properties to efficiently drive any of these reactions.
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2. Morphological evolution of the Pt-based hollow nanospheres
under hydrogen atmosphere
This experiment aims to provide insights into the reactivity of Pt-based catalysts in the presence

of Hz gas. The microstructural changes of both sets of HNS is assessed, and a comparison of
their behavior under these conditions is established.

2.1. Thermal stability of Pt-1 hollow nanospheres

Figure 4.11 shows the STEM-HAADF images acquired at each step of the temperature

ramping.

Figure 4.11: STEM-HAADF micrographs showing the morphological evolution of Pt-1 HNS during
temperature ramping from 120°C to 400°C under a flow of H; gas. The grown NPs forming the shell
are indicated by the red circles, the mobile NPs are indicated by white arrows, the continuous shell is
indicated by the red arrows, the central void diameter evolution is indicated by the yellow lines, the
isotropic collapse of HNS is indicated by the green arrows and the anisotropic collapse of HNS is
indicated by blue arrows.

122



Pt-BASED NANOCATALYSTS BEHAVIOR

Starting with 160°C, the growth of NPs is observed, as indicated by the red circles in Figures
4.11(a) and 4.11(b). A statistical analysis determined an average NPs diameter of 4.4 nm and 5
nm at 160°C and 180°C, respectively (NPs size distribution illustrated in Figure 4.12). The
NPs mobility is detected, as evidenced by the observation of particle 1 in Figures 4.11(a) and
4.11(b). At 240°C, there is a notable transformation of the HNS, as a continuous shell is formed

instead of the previous discontinuous structure (red arrows in Figure 4.11(c)).
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Figure 4.12: Histograms showing the NPs distribution of the Pt-1 HNS at (a) 160°C and (b) 180°C
during their thermal annealing under H, atmosphere.

Starting at a 300°C, a gradual decrease in the size of the central void inside the HNS is observed
(as depicted in Figures 4.11(c)-4.11(e)), with the diameter reducing from 15 nm to
approximately 8 nm by the time it reaches 340°C. When the temperature reached 400°C, 80%
of the HNS completely collapsed (as shown by the green arrows in Figure 4.11(f)), while the
remaining structures retained their inner cavities following an anisotropic collapse, as indicated
by the green arrows in Figure .4.11(f).

The behavior of an individual hollow nanosphere is tracked (Figure 4.13). This HNS showed a
comparable pattern in the behavior of NPs, which is also observed in four other areas. The
coalescence of adjacent connected NPs is marked by red lines. Additionally, a progressive
decreasing of the central void diameter, initiated at 300°C as denoted by yellow lines. The
complete collapse of the hollow structure occurred at 400°C.
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Figure 4.13: STEM-HAADF micrographs showing the morphological evolution of a single Pt-1 HNS
during temperature ramping from 120°C to 400°C under a flow of H; gas. The grown NPs forming
the shell are indicated by the red lines, the continuous shell is indicated by the red arrows, the central
void diameter decreasing is indicated by the yellow lines and the collapse of hollow nanospheres is
indicated by the green arrow.
These findings are a confirmation of the similar behavior exhibited by individual HNS and their
agglomerated counterparts, particularly with respect to the continuous shell formation and the

eventual collapse of their hollow structures.
— Discussion: the impact of Hz gas on Pt-1 HNS behavior upon thermal treatment

These results demonstrate that the sintering process of Pt-based NPs is predominantly governed
by the PMC mechanism when they are exposed to a Hz environment. The OR mechanism does
not appear to exert any significant influence in this setting. The direct comparison of NPs
behavior during thermal treatment under vacuum and H> atmosphere supports these
conclusions. The latter comparison reveals a lower temperature triggering the sintering of NPs
under Hz (160°C) than it is under vacuum (280°C) which is explained also by the H: influence
on the surface atomic mobility of the NPs and self-diffusion. These observations also contrast
with the sintering behavior of supported Pt NPs in an oxidizing environment, where OR
exclusively dominates [227], [228].

Assuming the study of spherical non-wetting NPs migration, the particle diffusivity (D)) is

expressed as a function of the surface diffusion coefficient (D), the atom diameter (a) and the
particle radius (R) [229].

D, = 0.3D(;)* [Eq. 4.1]
Using Eq. 4.1 and assuming isothermal conditions, the average migration X,, for the randomly
distributed nanoparticles is expressed by the following equation:

_ s _ Ji2Dar [Eq. 4.2]
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In the presence of Hy there is an enhancement of the Pt atom surface self-diffusion [230]. This
suggests that the presence of H> has promoted the particle migration by the increase in the value
of Dg in Eq 4.2.

Dubau et al [222] have studied the impact of gaseous atmosphere on the restructuring kinetics
in 15 nm Pt-Ni HNS. In this study, the collapse of the HNS occurs within a temperature range
of 600°C to 700°C during thermal annealing under vacuum. In the presence of hydrogen or
oxygen, Pt-Ni atoms rearrangement begins at 210°C and is completed with a temperature range
of 280°C to 350°C. This phenomenon is attributed to the reduction in surface energy due to
chemisorption and the enhanced mobility of Pt atoms in the presence of hydrogen or oxygen

coverage.

As observed on Pt single atoms and clusters, the mobility of Pt surface atoms presents
significantly increased rates in a hydrogen-rich environment [222]. Therefore, the presence of
this gas during thermal annealing contributes to the enhancement of atomic Kinetic energy
enough for it to overcome the slip barrier. This phenomenon leads to the structural collapse of
the Pt-1 HNS at lower temperature (400°C) than its collapse under vacuum (500°C). ‘Unstable’

HNS undergo a total isotropic collapse and ‘half-stable’ exhibit an anisotropic partial collapse.

In order to investigate the spatial distribution of both Pt and Co intensities within an individual
hollow nanosphere in response to a Hz atmosphere, an EDS analysis is conducted.

2.1.1. Spatial distribution of Pt and Co post Hz assisted experiment in Pt-1 system

In Figure 4.14, the EDS profile across a single hollow nanosphere is presented. This experiment
is conducted at 300°C before the HNS collapse. Individual spectra are collected as a line scan

is performed across the outer diameter of the nanosphere, as shown in the inset of Figure 4.14.

The interfaces are indicated colored squares in the inset image of the nanosphere. The EDS
profile reveals that Pt-rich regions are located at the HNS surface in the presence of H». Such,
the Pt tends to migrate towards the inner and outer surface. These findings indicate that, when
exposed to a reducing H2 atmosphere, Pt segregates to the surface. Alayoglu et al. [231] have
conducted a study involving TEM and X-ray photoelectron spectroscopy (XPS) analysis of
PtCo bimetallic NPs under a H> atmosphere. In this reducing environment, a similar behavior
is observed, with Pt atoms being segregated on the surface of the NPs. A similar trend is

identified in the investigation of Pt-Ni HNS when exposed to a H» atmosphere during thermal
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annealing, with a slight segregation of Pt atoms observed on both the surface and sublayers

[222]. All of these studies are consistent our investigation.
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Figure 4.14: A representative EDS line profile showing the intensities of both Pt and Co across a

solitary nanosphere. The red, black and blue squares correspond to Pt-rich regions in the nanosphere

image as inset.
Previous research have also demonstrated that subjecting the Pt-Co system to Hz or similar non-
oxidative environments at elevated temperatures can facilitate the homogenization of Co and
Pt, resulting in the creation of an intermetallic alloy solution [232]-[234]. When exposed to Ho,
the chemically reactive Co oxide is reduced and integrated into a mixed phase of both Pt and
Co. In this case, the temperature at 300°C is probably not high enough for Co oxides to be fully
reduced and distributed homogeneously across the sample which is already mentioned in the
literature [191].

2.2. Comparing the Pt-1 and Pt-2 system behavior under H> atmosphere

2.2.1. Thermal stability of Pt-2 hollow nanospheres

The behavior of Pt-2 HNS in a H»-rich environment is investigated using an experimental
protocol identical to that applied for Pt-1 HNS. Representative STEM-HAADF images of the

morphological evolution of Pt-2 HNS are presented in Figure 4.15.
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Figure 4.15: (a-f) Selected STEM-HAADF micrographs showing the morphological evolution of Pt-
2 HNS during temperature ramping from 120°C to 450 °C under a flow of H, gas. The grown NPs
forming the shell are indicated by the red circles, the disappeared NPs are indicated by the white
circles, the mobile NPs are indicated by white arrows, the continuous shell is indicated by the red
arrows, the inner shell facets are indicated by the yellow lines and the total and partial collapse of
hollow nanospheres are indicated by the green and blue arrows, respectively.
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A mobility of NPs is observed starting160°C (as indicated by white arrows in Figure 4.15(a)-
4.15(c)) preceding their growth. An infrequent reduction in size or disappearance of NPs have
been observed, while adjacent others have grown (as indicated by white and red circles in
Figures 4.15(a)-4.15(c), respectively). The average NPs diameter have growth from an average
of 2 nm at 120°C to an average of 4.8 nm at 160°C reaching a diameter of 5.7 nm at 180°C
(NPs size distribution in Figure 4.16). At 320°C, a transition to a continuous shell structure,
marked by red arrows in Figure 4.15(d) is observed. Between 320°C and 340°C, facets became
evident within the inner nanospheres surfaces nanospheres (indicated by yellow lines in Figures
4.15(d) and 4.15(e)). In this temperature range, the inner void diameter of the hollow
nanospheres started to decrease while the shell thickness increased. At 450°C, about a half of
the HNS totally collapsed while others maintained their inner cavity (indicated by green and
blue arrows in Figure 4.15(f), respectively).
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Figure 4.16: Histograms showing the NPs distribution of the Pt-2 HNS at (a) 160°C and (b) 180°C
during their thermal annealing under H, atmosphere.

— Discussion: differences in Pt-1 and Pt-2 responses to thermal treatment under H:

The observations made in this experiment suggest that the NPs sintering is strongly governed
by the PMC mechanism. However, the OR process observed at early stages of heating cannot
be ignored. Two temperature ranges can be identified. The first one is between 140°C and
160°C in which the OR mechanism governed the sintering of the NPs. The other one is for
temperatures above 160°C where the sintering of NPs occurred following the PMC mechanism.
This result is logical and consistent with the behavior of the NPs in the case of the Pt-1 HNS

where a Hz rich environment has favored the particles migration starting from 160°C. The
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distribution of NPs across the Pt-1 shell prevented the clear observation of the NPs shrinkage

implying the OR occurrence.

For the Pt-2 HNS, the NPs sintering process started at 160°C which is a lower temperature than
the one that triggered the sintering of the NPs in vacuum (280°C). There are two types of HNS:
unstable and partially stable nanospheres as deduced in section 1.1.2 in Chapter IV. The
collapse of the unstable HNS occurred at lower temperature (450°C) than the one in thermal
heating under the vacuum (550°C). This is due to the presence of H: gas that has enhanced the
atomic mobility within the Pt-2 HNS, as also observed in Pt-1 HNS.

Compared to the Pt-1 behavior under the same conditions, the difference observed are similar
to the vacuum case regarding the higher temperatures for the continuous shell formation and

hollow microstructure collapse.

2.2.2. Spatial distribution of Pt and Co post H2 assisted experiment in Pt-2 system

EDS analysis is conducted to determine the relative distribution of Pt and Co under the
hydrogen atmosphere. The EDS elemental mapping is employed to investigate the spatial
distribution of constituent elements within the Pt-2 HNS within one of its non-collapsed regions
at 300°C. The Co Ka line and Pt Ma line are used for the construction of the EDS maps, along
with the superposition of Pt and Co displayed in Figure 4.17(a).

When examining the EDS profile lines (Figure 4.17(b)) drawn across an individual HNS, a
noticeable abundance of Pt is observed in the peripheral areas of the shell characterized by a
Co/Pt ratio that is lower, while the ratio across the other regions of the hollow nanospheres is
non-uniform. These findings imply the presence of a Pt-rich shell periphery, while in the remain
of the HNS, Pt and Co are randomly distributed. So far, these observations are similar to those
in the initial state of the Pt-2 HNS.

The EDS profile indicates the existence of two Pt-enriched regions on both inner and outer shell
surface in a more obvious way that it is before the H2 exposure. Co displays a more uniform
distribution throughout the HNS. This observation confirms the hypothesis of Pt segregation at
this surface, consistent with the findings observed in Pt-1 under an H> atmosphere and in

accordance with prior literature on this subject.
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Figure 4.17: (a) EDS elemental maps of an assembly of a non-collapsed Pt-2 HNS under H.
atmosphere showing the spatial distribution of both Pt and Co with their superposition. (b)(c) EDS
line profiles associated to the Pt and Co intensities across single nanospheres.

Another EDS elemental mapping scan is conducted over a fully collapsed region of the Pt-2
system at 600°C. This scan served the dual purpose of assessing the spatial distribution of the
constituent elements within the HNS and investigating the presence and distribution of carbon,
oxygen, and the elements composition the E-cell membranes. Such analysis also validates the
accuracy of the signals obtained through EDS. The Co Ka line, Pt Ma line, C Ka and O Ka are
used for the construction of the EDS maps, along with the superposition of Pt and Co displayed
in Figure 4.18. Pt and Co exhibit a uniform distribution across the entirety of the collapsed HNS
assembly. Carbon is distributed across the membranes but more obviously over the collapsed
Pt-2 HNS. This observation implies that there is electron beam inducing carbon contaminations
on the sample. Oxygen is observed to be distributed within the particles and membrane is a
uniform manner. The O signal is generated by two distinct sources: slightly from the presence
of oxygen in the Pt-based HNS sample (in Cobalt oxide), and more significantly, from the
windows of the E-cell, as the SiNx windows inherently contain SiO: traces as stipulated by the
previous studies [191].
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.

Figure 4.18: EDS elemental maps of an assembly of a collapsed Pt-2 HNS under H; atmosphere
showing the spatial distribution of both Pt and Co with their superposition, of C, O, Si and N.

The homogeneity of Pt and Co distribution is further corroborated by an EDS profile associated
with the Co and Pt signals presented in Figure 4.19. It demonstrates a constant Co/Pt ratio
throughout the sample thermally heated under Hz flow, affirming the homogeneous distribution
of these two elements. The temperature of 600°C is high enough to fully reduce Co oxides
which led to their redistribution due to hydrogen-induced diffusion processes [191].
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Figure 4.19: EDS line profiles across different collapsed regions showing a constant Co/Pt ratio
across the sample.

131



Pt-BASED NANOCATALYSTS BEHAVIOR

In the next section, both sets of Pt-based HNS is investigated under the CO, hydrogenation
reaction conditions of gas composition and pressure. Pt-based catalysts are not the most
attractive for this application. However, prior research have demonstrated the selectivity of Pt-
based systems towards formic acid and methanol when combined with appropriate support
materials [58]-[65]. Therefore, this reaction serves as a model hydrogenation reaction chosen

for catalyst analysis.

3. Investigation of the Pt-based HNS behavior upon CO:

hydrogenation reaction

The analysis in this section will involve examining the microstructural changes occurring in
both sets of Pt-based HNS during a thermal treatment process under the CO, hydrogenation
reaction conditions. A similar methodology to the one previously employed in vacuum and
hydrogen atmospheres is adapted. Simultaneously, using the RGA, an examination of the
products generated during the CO2 hydrogenation reaction is conducted to ascertain the specific

reaction pathway taken under these conditions.

3.1.Morphological evolution of Pt-based hollow nanospheres during

thermal annealing
3.1.1. Thermal stability of Pt-1 system

The objective of this study is to investigate the behavior of Pt-1 HNS during the CO:
hydrogenation reaction. To do so, the initial state of the HNS is examined while they are
exposed to Ar atmosphere at 120°C, consistent with the procedures employed in previous
experiments. A gas mixture of CO2 and Ha is then dynamically flown inside the E-cell with a
pressure of 1 bar and H2/CO; ratio of 4 and a flow rate of 0.05 cm®min. Following this, a
controlled thermal treatment starting 120°C until 450°C is conducted, involving temperature
increments of 20-50°C steps, in order to monitor the sintering process of this system under these
specific reaction conditions. Similar to Hz and vacuum experiments, STEM-HAADF images
are acquired at each temperature to facilitate the observation and analysis of the morphological

changes occurring in the Pt-1 HNS.

In Figure 4.20, only STEM-HAADF images depicting the morphological changes of Pt-1 HNS
over time as a function of temperature are presented. Figure 4.20(a) illustrates the initial state

of the two distinct HNS categories: one characterized by a rough and discontinuous shell, and
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the other with a continuous shell as previously defined in chapter Ill. Figures 4.20(b) and
4.20(c) provide visual evidence of particle mobility before coalescence, indicated by white
arrows. These images reveal the apparent shrinking of nanoparticles (denoted by white circles
in Figures 4.20(a)-4.20(c)) and the growth of others, indicated by red circles starting 180°C.
The transformation of the first category of HNS from a discontinuous to a continuous shell is
observed to start at 260°C, as marked by red arrows in Figure 4.20(d). At this temperature, the
facets of the inner shell become distinctly visible as indicated by yellow lines. At 300°C, the
nanospheres characterized by small diameters and smooth shells collapsed. Finally, the hollow
microstructure of the HNS is deteriorated at 450°C alongside with the coalescence of the

collapsed small diameter nanospheres.

Figure 4.20: STEM-HAADF micrographs showing the morphological evolution of Pt-1 HNS during
temperature ramping from 120°C to 450 C under a flow of (CO2-Hz) gas mixture. The grown NPs
forming the shell are indicated by the red circles, the disappeared NPs are indicated by the white
circles, the continuous shell is indicated by the red arrows, the inner shell facets are indicated by the
yellow lines, the mobile NPs are indicated by the white arrows and the total and partial collapse of
HNS indicated by the green and blue arrows, respectively.
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By monitoring another region, we can confirm the homogeneity of the HNS behavior across
the sample. Figure 4.21 shows the selected STEM-HAADF images. It presents the
morphological changes in another region, which are monitored to validate the uniformity of
NPs behavior across the sample. The reduction in size of particle 1 and 2 and their
disappearance are clearly observed in Figure 4.21 (indicated by white circles). Simultaneously,
evidence of NPs mobility followed by their coalescence is observed, as denoted by white
arrows. Ultimately, the structural collapse of certain HNS occurs at 450°C, confirming the
observations from the first Pt-1 HNS region. These findings suggest that the presence of 20%
CO2 has moderately favored the OR process while hindering the PMC process for isolated
particles. Nonetheless, the coalescence of interconnected NPs remains a consistent
phenomenon. Finally, the partial anisotropic collapse of a majority of the Pt-1 HNS allows for

their categorization as 'half-stable.’

Figure 4.21: STEM-HAADF micrographs showing the morphological evolution of Pt-1 HNS at
different temperatures from 120°C to 450 °C under a flow of (CO2 - H,) gas mixture. The sintering of
NP 1 and 2 following the OR mechanism are indicated by the white circles and the mobility of
peripheric NPs are indicated by the white arrows.
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3.1.2. Thermal stability of Pt-2 system

Figure 4.22 illustrates the morphological evolution of Pt-2 HNS under the same conditions of
CO: hydrogenation reaction as applied to the Pt-1 HNS batch. Initially, in Figure 4.22(a), the

initial state of a chain of nanospheres under Ar at 120°C is presented.

As the temperature is raised, starting at 180°C, a prominent mobility of NPs is observed as
indicated by the white arrows in Figure 4.22(a)-4.22(c). There is no proof of NPs shrinking or
dissolution. In line with all our past observations for agglomerated NPs forming the shell, a
fusion of these NPs with their adjacent neighboring NPs is observed. This phenomenon is
noticeable at 180°C.

Figure 4.22: Selected STEM-HAADF micrographs showing the morphological evolution of
Pt-2 HNS during temperature ramping from 120°C to 500 °C under (CO2 - H2) gas mixture.
The continuous shell is indicated by the red arrows, the mobile NPs are indicated by the white
arrows, the open channels are indicated by the yellow arrows, the total and partial collapse of
HNS are indicated by the blue and green arrows, respectively.
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The 2D projections of this assembly of nanospheres reveal the presence of open channels, as
indicated by the yellow arrows in Figures 4.22(a) to 4.22 (d). These channels remain most
probably accessible even at higher temperatures, up to 260°C. A continuous shell formation
becomes prominent at 340°C, and eventually, at 500°C, we observe the complete and partial

collapse of the hollow nanosphere structure.

Multiple regions are simultaneously examined to confirm the uniform behavior of the NPs. In
Figure 4.23, the morphological changes of one nanosphere are presented as a function of
temperature. Two separate NPs are identified in their initial state in Figure 4.23 (a). These NPs
underwent a reduction in size as the temperature increased, starting at 180°C, as observed in
Figures 4.23(b) and 4.23(c). Similar to features from the first region under investigation, a
continuous shell formation occurred at 340°C (Figure 4.23(d)). A partial collapse of the hollow

nanosphere configuration is observed at 500°C (indicated by blue arrows in Figure 4.23(e) and

4.23(f)).

Figure 4.23: STEM-HAADF micrographs showing the morphological evolution of Pt-2 HNS during
temperature ramping from 120°C to 500 °C under a flow of (CO2; H») gas mixture. The NPs 1 and 2
shrinkage and disappearance are indicated by the white circles, the continuous shell is indicated by
the red arrows and the partial anisotropic collapse of HNS is indicated by the blue arrows.
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— Discussion: the impact of H2-CO2 gas mixture on the Pt-based HNS behavior

Similar to the Pt-1 HNS sets of samples, in the case of Pt-2 HNS, the presence of 20% CO> has
slightly promoted the OR phenomenon. This can be explained by the fact that Hz gas is highly
reactive, and when it is diluted with 20% CO., its reactivity is reduced. As a result, its influence

on the atoms mobility on the surface i.e. surface diffusion is also reduced.

The triggering temperature for NPs sintering for both sets of Pt-based HNS exposed to a CO>
and H2 gas mixture is found to be similar. Consistent with the observed trend under vacuum
and H> atmospheres, continuous shell formation occurred at lower temperature (260°C) for the
Pt-1 system than it is for the Pt-2 (340°C). This difference is attributed to the larger number and
bigger diameter of channels in Pt-2. The collapse temperature for Pt-2, standing at 500°C under
CO2 and H2 conditions, surpassed the 450°C collapse temperature of Pt-1 under the same
circumstances. This discrepancy is attributed to the larger outer diameter of the Pt-2 set, as
previously elucidated the previous studied atmospheres.

If the same reasoning is applied for both sets of Pt-based HNS, one may conclude that they
exhibit a structural collapse that necessitates a higher energy level. More specific, a higher
temperature is needed, in the presence of the CO2 and H. gas mixture compared to pure H>
environments. This explains the higher temperatures required for the hollow configuration
collapse in Pt-1 (450°C in CO2-H2 vs. 400°C in H2) and Pt-2 (500°C in CO2-Hz vs. 450°C in
Hy).

Both sets of Pt-based HNS presented nanospheres categorized as 'half stable," in accordance
with the classification proposed by Jiang et al [221]. This classification is due to the anisotropic
nature of the HNS collapse, while other 'unstable’ HNS structures underwent a more rapid

isotropic collapse, resulting in the formation of solid nanoparticles at the same temperature.

3.2.1dentification of CO. hydrogenation pathway over the Pt-based

hollow nanospheres
3.2.1. Blank experiment to test the RGA data reliability

Conducting a blank reaction with the RGA before probing catalytic reaction products is a
practice to ensure the accuracy and reliability of data. By running the reactor under identical

conditions of pressure and temperature but without reactants, a baseline measurement is
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established, aiding in distinguishing genuine signal changes from background noise or system

artifacts.
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Figure 4.24: RGA spectra: Time-dependent monitoring of the partial pressure (PP) for products of

the CO; hydrogenation reaction, including (a) water (H20), (b) formic acid (HCO2H), and methanol

(CH3OH).
Figure 4.24 displays spectra from the RGA in its “pressure vs time” scan showing the partial
pressure (PP) of the expected CO» hydrogenation reaction products as a function of time: water
(H20), formic acid (HCO2H) and methanol (CH3OH). These spectra do not present any increase
in the products for about 2 hours. In contrast, running the system with a flow of inert gas (Ar)
for this time have caused the evacuation of the residual gases present in it (specially water) and
therefore cleaning it. A decrease of the water PP is observed because, when the system is
operated with a flow of inert gas (argon, Ar) during this period, it effectively removes any
remaining gases, particularly water, thereby cleaning the system. This experiment indicates that
any increase in one of these signals in the following experiments is a confirmation of the CO>

hydrogenation occurrence in the presence of the Pt-based catalysts.

3.2.2. ldentification of the reaction products and onset temperature over the Pt-1

In Chapter | (section 3.2), we highlighted the two main routes for the CO2 hydrogenation
process. The first pathway involves the production of a CO intermediate through the reverse-
water-gas-shift (RWGS) reaction (CO2 + H. — CO + H20). This intermediate is then
hydrogenated to produce CH3OH, and we refer to this as the CO-Hydro pathway.
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The second pathway centers around the formation of a formate (*HCOO) intermediate during
CO2 hydrogenation. This formate intermediate eventually leads to the production of CH3sOH
through the breaking of the C-O bond, with involvement of *H,CO or *HCO.H intermediates.

This pathway is termed the Formate pathway.

The RGA is a valuable tool for assessing relative changes in gas signals during experiments,
but it is not suitable for precisely quantifying the absolute concentration of a particular gas
species. Like other mass spectrometers, the RGA exhibits variations in ionization efficiency as
gases enter its ionizer, often resulting in incomplete ionization. Given these inherent
fluctuations in ionization, it's important to recognize that the RGA should not be employed as
a quantitative measurement device, specially to determine the yield of the reaction.

10 20 30 40 50 60
m/z

Figure 4.25: Analog spectrum of the gas at the cell's outlet, indicating peaks that correspond to the
reaction products and their fragmentations (yellow for HCO-H, green for H,O and red for CH3;OH).
To investigate the CO; hydrogenation pathway in this research, an analytical scan is conducted
to identify the reaction products, as shown in Figure 4.25. The resulting spectrum reveals
discernible peaks corresponding to the reactants used CO- and H along with their primary and
secondary fragmentations. Additionally, it shows peaks corresponding to HCO2H (highlighted
in yellow), H20 (highlighted in green), and CH3OH (highlighted in red). These observations
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eliminate the possibility of the RWGS reaction pathway and certify the occurrence of the CO>

hydrogenation reaction through the formate pathway.

The reaction products analyses are conducted simultaneously while monitoring the

morphological evolution of the Pt-based HNS.

In order to identify the reaction onset temperature for each product and try to correlate the
morphological evolution of the catalysts to the reaction response, the RGA is operated in
"Pressure vs time" mode. This method allows to track the increase of several key compounds
partial pressure (PP), including carbon monoxide (CO), water (H20), formic acid (HCO2H),
and methanol (CH3OH). Additionally, the potential formation of methane (CHa) resulting from
the CO, hydrogenation using an H2/CO: ratio of 4 is explored. In this mode, specific mass-to-
charge ratios (m/z) corresponding to the primary fragmentation peak of the chosen products are
selectively monitored. Specifically, we focus on m/z 28 for CO, m/z 18 for H>O, m/z 29 for
HCO2H, m/z 31 for CH3OH, and m/z 16 for CHs. In our monitoring efforts, we also track the
reactants COz and Hz. One notable observation in our experiments is that the partial pressure of
H> increases significantly, by a factor of 100, while the PP of other gases experiences only
slightly increases. This disparity arises due to the limited compression ratio of turbo pumps for
lightweight gases.

Heavier gases tend to accumulate in the dead volume between the turbo pump exit and the
isolation valve, benefiting from sufficient compression. However, the turbo pump lacks the
necessary compression ratio to retain Hz in this manner, leading to an increase in the partial
pressure of Hy. To establish a reference point, the PP of CO; gas is used, and the PP of the

reaction products are divided by the PP of CO- to assess their evolution over time.

Figure 4.26 displays the resulting RGA spectrum during the heating treatment of the Pt-1 HNS
under atmospheric pressure and under the CO2 and Hz gas mixture. The corresponding
morphological evolution of the Pt- HNS is presented in section 3.1.1 of Chapter IV. Figure
4.26(a) illustrates the variation in product PP for the anticipated CO, hydrogenation reaction
products over time and across different temperatures, with data normalized to the CO> signal.
Accordingly, one could expect an event at 180°C, the formation of the continuous shell and at

450°C which correspond to the HNs collapse.
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Figure 4.26(b) displays the signals for CO and CHys, both of which exhibited no noticeable
increase in PP. In Figure 4.26(c), the signals corresponding to H>O and HCO2H are depicted,
revealing a PP rise initiating at approximately 180°C + 10°C (highlighted in red), signifying the

onset temperature for this product's reaction.
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Figure 4.26: RGA Spectra illustrating the evolution of PP for (a) CO, hydrogenation reaction
products over Pt-1 HNS as a function over time and temperature; (b) CO and CHg; (¢) HCO-H and
H>0; and (d) CH3OH. The initial rise of PP of both formic acid and methanol are highlighted by the
red and purple columns, respectively indicating the onset reaction temperature for each product. The
temperatures shown on the upper part are shared across the spectra presented below.
The water signal, a by-product of the CO> hydrogenation reaction, displayed a modest increase
during the reaction. Lastly, Figure 4.26(d) exhibits the PP of methanol, showing an increase
(parked by a purple arrow) starting at around 220°C £ 10°C (highlighted in purple), which

serves as the reaction onset temperature for this particular product. The continuous increase in

141



Pt-BASED NANOCATALYSTS BEHAVIOR

reaction products dismisses the possibility of catalyst deactivation by CO surface poisoning
(carbon monoxide CO poisoning is one the most common surface poisons for Pt catalysts [235],
[236]).

When considering both the reaction rate and the fact that CO> is chemically inert, past research
have proved that raising the reaction temperature above 200°C actually accelerates CO>
activation and, consequently, the formation of methanol. [237] This validates the reaction onset

temperature identified during this work.

In this case, the formation of *HCOO from *CO- and *H involves a series of steps that include
both bonds breaking (specifically, C-Pt and H-Pt bonds) and bond formation (specifically, O-
Pt and C-H bonds). Starting from the initial state of CO>* and H* co-adsorption, an interaction
occurs where H* is drawn towards the carbon atom of CO.*, forming an *HCOO adduct. The
co-adsorption energy (Eads) for the combination of CO>* and H* is -0.60 eV, which is lower
than the adsorption energy of pure CO2* (-0.52 eV). This suggests that the presence of the H*
adatom stabilizes the adsorption of CO.*, potentially enhancing its reactivity by spreading
electrons around the adsorbed CO>*. [238]

Subsequently, *HCOO undergoes hydrogenation, forming either *HCO2H or *H.COO. It is
noteworthy that the reaction *HCOO + *H — *HCOOH + * is more favorable with a lower
energy change (AE =0.07 eV) and a lower activation energy (Ea = 0.95 eV) than the alternative
reaction *HCOO + *H — *H>COO + * (AE = 1.75 eV; Ea = 2.61 eV) [238].

Consequently, HCOOH* is generated when H* approaches the oxygen atom of HCOO*.
Subsequently, the bond between carbon and oxygen in HCOOH* can be broken to produce
HCO* and OH*, this dissociation step faces a high energy barrier. It's worth noting that the
barrier for HCOOH* dissociation is higher than its desorption. This indicates that HCOOH* is

released into the gas phase before undergoing dissociation.

Further hydrogenation of HCOOH* leads to the formation of *H,COOH intermediates, which
dissociate into *H>CO and *OH. When *H>CO is generated, it serves as a precursor for the
production of *CHsOH through continued hydrogenation. In qualitative terms, the conversion
of CO2 to CH3OH through the formate pathway is limited by the hydrogenation of *HCOOH
to *H.COOH, as these processes are associated with high activation energies.
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This clarifies the reason behind the significant increase in HCOOH PP signal when compared
to the considerably modest signal of CH3OH.
3.2.3. ldentification of the reaction products and onset temperature over Pt-2

In order to determine the course of the CO> hydrogenation reaction, an RGA scan is conducted

to track the PP pressure evolution of the main expected reaction products.
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Figure 4.27: RGA Spectra illustrating the evolution of PP for (a) CO, hydrogenation reaction
products over Pt-2 HNS as a function over time and temperature; (b) CO and CHg; (¢) HCO-H and
H>0; and (d) CH3OH. The initial rise of PP of both formic acid and methanol are highlighted by the
red and purple columns, respectively indicating the onset reaction temperature for each product.
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Figure 4.27(a) illustrates the PP of CO, CH4, CH30H, HCO2H and H.O as functions of time
and temperature. Similar to the procedure advanced for the Pt-1 HNS case, the temperature
ramp has been manually added from the “Clarity” software (Protochips) recorded data. The
resulting spectrum exhibits significant pressure fluctuations after 15-min period. These
fluctuations are attributed to the evacuation of the initially inserted Ar gas from the

experimental tank and the introduction of the reaction gas mixture CO, and Ha.

For a clear view of each product signal, Figure 4.27(b) focuses on the CO and CHg signals, both
of which show no observable increases. In Figure 4.27(c), the signals for HCO2H and water are
displayed, demonstrating an increase in the HCO-H signal at 180°C, similar to the water signal.
Lastly, methanol PP exhibits an increase at 220°C (Figure 4.27(d)). These findings prove that
the CO> hydrogenation over Pt-2 HNS catalysts followed the same pathway as observed with
Pt-1 HNS, which is the formate pathway.

They also prove a similar reaction onset at 180°C for the formic acid (HCOzH) and 220°C for
methanol (CH3OH). It’s worth noting that the elevated CO signal can be attributed to the
ionization of CO; into several fragmentations, with CO™ being a predominant fragment. The
continuous rise in the reaction products PP throughout this process, including after the HNS
particles collapse at elevated temperatures, eliminates the possibility of catalyst deactivation

due to surface poisoning.

3.3.Study of the thermal stability of Pt-based catalysts during isothermal
CO: hydrogenation reaction at 180°C

Isothermal reactions are conducted at the CO: hydrogenation reaction onset temperature
(180°C) for each set of Pt-based HNS. The main goal of these experiments is to examine the
system's thermal stability over an extended duration while isolating time as the variable of
interest. The probability of surface poisoning deactivating the catalyst is also assessed.

3.3.1. Pt-1 hollow nanospheres

Following the same methodology as before, the Pt-1 HNS initial state is observed at 120°C
under Ar. A flow of the CO, and H> gas mixture (H2/COz ratio of 4) is introduced into the E-

cell with a flow rate of 0.05 cm3/min.
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The system is then heated to 180°C with a relatively fast rate of 1°C/s and subjected to a 5-hour
thermal treatment. STEM-HAADF images are collected at intervals of 10 to 20 minutes.
Representative images illustrating the evolution of a single HNS over the course of 5 hours are
presented in Figure 4.28(a).
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Figure 4.28: (a) STEM-HAADF images showing the morphological evolution of an individual Pt-1
HNS as a function of time at 60-minute intervals. The NPs frown are indicated by black lines. (b)
Time-dependent plot of the average NP diameter comprising the Pt-1 HNS shell. The two growth
stages are indicated by the red lines.
Using the total STEM-HAADF micrographs, the average diameter of the NPs is determined at
each time interval. The NPs' diameters (as indicated by the black lines in figure 4.28(a)) are
continuously monitored throughout this 5-hour duration and plotted as a function of time in

Figure 4.28(b).

The NPs diameter exhibits a two-stages growth (indicated by red lines in Figure 4.28 (b),
starting from an average size of 2.5 nm and eventually reaching 6 nm. The first stage presents
a rapid growth that is primarily attributed to the coalescence of neighboring NPs. It arises from
the NPs coalescence, characterized by the addition of numerous atoms to the particles in asingle
step. This is in contrast to an Ostwald ripening mechanism, where the growth or shrinkage of
individual particles is characterized by a more gradual and continuous net addition or loss of
atoms, resulting in a smoother growth curve [227], [228], [239]. Following the rapid size
increase, mild fluctuations in size are observed before a more stable and sustained particle
morphology is formed and maintained throughout the remaining 5-hour thermal treatment
period. Simultaneously, within this process, an examination of the products resulting from the

COz hydrogenation reaction is conducted using the RGA.
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In Figure 4.29, the evolution of all three products (HCO2H, CH3OH, and H>0) over the course

of 5 hours is presented.

The observed fluctuations are previously explained in chapter Il and are due to a safety
measurement for the RGA: once a pressure threshold is attained, the system pumps down to
protect the RGA filament. Knowing the origin of these fluctuations, the response of the reaction
to the morphological changes in the catalyst is uniform in terms of the continuous increase in
products PP. This response only suggests the absence of surface poisoning completely

deactivating the catalyst.
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Figure 4.29: (a)(b) RGA Spectra illustrating the evolution of PP for CO, hydrogenation reaction
products during 5 hours isothermal reaction at 180°C over Pt-1 HNS.

It is worth noting that the growth of particles influences the active surface area, which typically
impacts the catalyst activity. However, given that the RGA is primarily utilized for qualitative

analysis of the products, any smooth changes in reaction yield cannot be detected.

3.3.2. Pt-2 hollow nanospheres

Identical experimental conditions are employed for the isothermal CO2 hydrogenation reaction
at 180°C involving the Pt-2 HNS. The thermal annealing process in this context is conducted
over a duration of 3 hours, during which micrographs and STEM-HAADF images are acquired

at 20-minute intervals.
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Figure 4.30(a) displays representative STEM images illustrating the morphological evolution
observed in the Pt-2 HNS during this reaction. The measured NPs (indicated by black lines)

mean diameter as a function of time in presented in Figure 4.30(b).

The Pt-2 HNS exhibit a comparable pattern in the evolution of their shell NPs size over time: a
two-stages growth same as the Pt-1 NPs present. However, the NPs have exhibited an increase
in diameter, growing from an initial average of 3.5 nm to approximately 5 nm. This diameter
remains smaller than that of Pt-1 NPs, which are 6 nm in size. This variation in size can
attributed to the higher Co content within the Pt-1 NPs (with higher reactivity), which has acted
as a growth-promoting factor. This Co content is approximately half of that found in the Pt-2
NPs, as detailed in Chapter I11.

20 nm

t180min

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Figure 4.30: (a) STEM-HAADF images showing the morphological evolution of an individual Pt-2
HNS as a function of time at 60-minute intervals. The NPs frown are indicated by black lines. (b)
Time-dependent plot of the average NP diameter comprising the Pt-2 HNS shell. The two growth
stages are indicated by the red lines.
The simultaneous monitoring of the CO> hydrogenation reaction products (Figure 4.31)
indicates a continuous increase of the reaction products PP, as it is in the case of the Pt-1 HNS.
This dismisses any probability of catalyst deactivation by surface poisoning during the course

of this reaction.
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Figure 4.31: (a)(b) RGA Spectra illustrating the evolution of PP for CO; hydrogenation reaction
products during 3 hours isothermal reaction at 180°C over Pt-2 HNS.

4. Conclusions

In conclusion, this chapter delved into the thermal stability of two sets of Pt-based HNS under
varying atmospheric conditions, including TEM vacuum, hydrogen and the gas mixture of CO>
and H. Through our investigations, we are able to determine the NPs sintering mechanisms
operating in each environment, and it is found that these mechanisms are consistent for both Pt-
1 and Pt-2 HNS. Under the TEM vacuum, the sintering process is primarily driven by the OR
mechanism, with sintering triggered by a temperature of 280°C for both Pt-1 and Pt-2 HNS. In
contrast, the particle migration and coalescence (PMC) mechanism governed the sintering
process of NPs for both sets of Pt-based HNS during a flow of hydrogen gas atmosphere at 1
bar, with a similar sintering onset temperature of 160°C. Furthermore, both mechanisms are
involved in the sintering process during CO2 hydrogenation reaction conditions with a
domination of the PMC. The differences between the two sets are observed in the collapse of
their hollow structures. Pt-2 HNS, with its larger outer diameter and a greater number of larger-
diameter channels within the shell, exhibited a higher temperature of collapse in all three

atmospheres.

By isolating the behavior of each set, we observed that the temperature of collapse is highest
under vacuum, lowest under the highly reactive hydrogen atmosphere, and slightly elevated
under the 20% CO> gas atmosphere compared to hydrogen. Finally, the CO2 hydrogenation

reaction over both sets of catalysts followed the formate pathway, resulting primarily in the
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formation of formic acid (HCO2H) and methanol (CH3OH). A common onset temperature of
180°C for HCO2H and 220°C for CH3OH. When subjected to an isothermal reaction at 180°C,
both sets of Pt-based HNS displayed a noticeable increase in nanoparticle (NPs) size until
reaching a thermally stable state. For the Pt-1 system, this stable state persisted for a minimum
of 5 hours, while for the Pt-2 system, it remained stable for at least 3 hours. Finally, there are
no indications of surface poisoning even after extended periods and at elevated temperatures in
any of the conducted experiments in this work.
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CONCLUSIONS AND PERSPECTIVES

The research carried out in this thesis have offered a thorough investigation of two sets Pt-based
hollow nanospheres, Pt-1 and Pt-2 HNS, providing a wide-range view into their synthesis,

characteristics and behavior under varying conditions.

Chapter 111 sets the stage by exploring the morphological and structural aspects of each set of
nanospheres. The study reveals crucial distinctions and commonalities in the characteristics of
Pt-1 and Pt-2 HNS. Morphologically, Pt-1 HNS exhibit two different shell types: a continuous
and discontinuous shells. Although both inner Pt-1 and Pt-2 HNS display inner shell surface
facets, Pt-2 HNS present only a discontinuous shell type. Both HNS sets exhibit a hollow
microstructure with similarly thick shells composed of interconnected NPs, but they vary in Co
content and particle arrangement. Pt-2 HNS have notably lower Co content and present a chain-
like arrangement due to the experimental synthesis conditions, which differentiate from the
agglomerated structures in Pt-1 HNS. Dimensionally, Pt-2 particles are larger and they feature
a higher number and larger diameter of channels within their shells, attributed to the
methodology employed during the second synthesis. Thus, the disparities and resemblances
across both HNS sets emerge significantly from the differing synthetic processes and
conditions, influencing their morphological and structural traits. The Pt-2 HNS display a
possibility for increased active surface area and thereby, a boost in catalytic activity. This is
due to their unique chain-like shape and better thermal stability from a larger diameter
compared to Pt-1 HNS. Although having a larger mean diameter, Pt-2 HNS offset the apparent
enhanced active surface area of Pt-1 through its considerable channel diameter and improved
access to the inner shell. The hollow configuration of these nanospheres offers advantageous
catalytic attributes, such as reactant accessibility to both inner and outer surfaces owing to their

specific surface area.

Bridging to Chapter 1V, an investigation into the thermal stability of both sets of Pt-based HNS
is conducted, with emphasis on these material’s behavior during thermal annealing under
varying atmospheric conditions, such as TEM vacuum, Hz and CO2/H2 gas mixture. These
investigations reveal the NPs forming the shell sintering mechanisms such as Ostwald ripening
and particle migration and coalescence. These mechanisms, influenced by the temperature and
gas nature, are identified as pivotal in influencing the Pt-based HNS morphological evolution.
The crystal slip, also affected by the temperature and the gas nature, is recognized as the

mechanism governing their collapse. Both catalysts presented the highest thermal stability
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under vacuum with the highest temperature triggering both NPs sintering and hollow
nanospheres collapse. H2 atmosphere have promoted the NPs sintering following the particles
migration and coalescence at lowest temperature of the three studied environments, same as for
the nanospheres collapse. EDS analyses reveal Pt segregation under this atmosphere at 300°C
and shows a homogeneous distribution of Pt and Co across the sample after their hollow
nanospheres collapse. Under the CO2/H2 gas mixture, A higher temperature of sintering and
collapse is identified. Using the RGA, formic acid and methanol are identified as CO:
hydrogenation reaction products confirming the formate reaction pathway of the reaction. The
continuous rise in reaction products throughout the experiments, even following the collapse of
the hollow nanospheres at elevated temperatures, confirms that the particles did not experience
surface poisoning. Isothermal CO. hydrogenation reactions prove the same result at extended
period. A growth of NPs to a bigger diameter in the Pt-1 HNS than it is in the Pt-2 is promoted
by the higher Co content in the first set of HNS. The superior thermal stability of Pt-2 HNS, in
particular, emerge as a noteworthy observation in all experiments. This makes its properties
more suitable for applications that demand high thermal resilience and stability.

The investigations conducted during this thesis has opened up a wide range of opportunities
and provide a solid base for more research. The upcoming possibilities outline a path that future

research could take.

The use of X-ray Photoelectron Spectroscopy (XPS) is important for the study of the surface
oxidation nuances, particularly focusing on the oxidation of Cobalt content within the Pt-based
catalysts. Investigating how the oxidation state evolves, interacts, and possibly influences the
thermal stability of Pt-based HNS could be crucial. Not only will this delve into the impacts of
Cobalt oxidation on catalytic activities.

By taking a step further into the investigation of the interactions between Pt-based HNS and
their supports, integrating inert supports like graphene can unravel a new chapter. Studying how
the interactions between Pt-based HNS and graphene influence the catalyst’s behavior and
stability would be instrumental. Understanding how such inert supports impact the catalysts,
not only in the preservation of their structural integrity but also in their catalytic performance,
might enhance their applicability and efficiency across diverse chemical processes and

reactions.
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Zeolites, with their intriguing characteristics of acting as both catalysts and supports, present
an interesting trajectory for research. Using zeolites as supports for Pt-based HNS might bring
about a paradigm shift, offering a dual-functional platform that might influence the catalyst’s
functionality, stability, and potential application in novel ways. Comparing and contrasting the
impacts of zeolite supports with previously utilized graphene could offer rich insights into how
different supports modulate the behavior, stability, and catalytic capacity of Pt-based HNS.
Such a comparative study can contribute to development of strategies of Pt-based catalysts,

enhancing their performance in the several catalytic applications.

Conducting a thorough study on the morphological evolution of Pt-based HNS under oxidative
environments (such as O.) and during CO oxidation reactions can reveal the mechanisms
governing their behavior and structural evolution. These experiments help to understand how
these catalysts morphologically evolve and possibly degrade in oxidative atmospheres, and how

this influences their catalytic activities.

Finally, this research on the Pt-based HNS is a contribution to the design and development of
new catalytical complex systems. It lays the groundwork for future research that could
revolutionize state of art catalytic applications by improving both stability and efficiency of the

employed nanocatalysts.
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APPENDIX

Appendix 1: The CCD and Rio™ camera characteristics

The commercial CCD cameras are appropriate for the TEM because they have fast image access
in electronic form, high sensitivity, low noise, and varied coverage from submicrometric to
millimetric spatial resolution, as well as good dependability. [110] Gatan, Inc. has designed the
US1000XP CCD camera in response to the requirement for a camera with better speed and
lower noise for both life science and materials science applications. The CCD camera
incorporates Gatan's advanced technology, enabling tunable brightness and thickness. It offers
low-noise full frame readout in 0.25 seconds, live preview at 10 MHz, and ultra-low read noise
at 1 MHz for low dose applications. Flexible binning allows for various image resolutions,
ranging from 2x to 8x, with effective pixel size/resolution combinations. It also allows for

extremely low-dose previewing at 512 x 512 resolution and up to 30 frames per second [240].

The CCD camera was afterwards replaced by the Rio™ Gatan's latest CMOS camera. The
latter has a wide field of vision, high resolution, speed, and sensitivity. Unlike traditional CCD
cameras, Rio maximizes light generation and collection by utilizing improved scintillators and
1:1 fiber optic coupling. The Rio camera features a Gpixel CMOS sensor with ultra-low readout
noise and 9 um pixel size, ideal for 30 to 200 kV operation. It includes drift correction, full-
resolution live image display, and automatic compensation for drift during image recording.
The Rio camera was meant to be used for conducting in-situ TEM experiments during this
thesis. When combined with the In-Situ Explorer module, the Rio camera proves to be highly
advantageous, providing the essential temporal and spatial resolution required for monitoring
complex high-speed experiments. Moreover, it offers complete in-situ control and efficient data

handling capabilities, making it an invaluable tool for conducting such experiments.[241]
Appendix 2: Statistical measurements of the STEM-HAADF micrographs

When examining the nanospheres with a continuous shell, there is no ambiguity in determining
the outer diameter and the shell thickness. In fact, the smooth and well-defined outer shell
allows for clear identification of its boundaries and therefore of the nanospheres outer diameter.
The dimensions of the 2D projection of the nanospheres with a discontinuous shell can be
misleading as the visibility of the NPs varies based on the contrast and brightness settings.
Particularly, some NPs on the periphery of the shell may not be visible in the presented STEM

images which influences the outer diameter and the shell thickness measurements. Therefore,
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size measurements were obtained by analyzing intensity profiles across the nanospheres.

Detailed explanations of the statistical measurements are supported by Figure A2.

Figure A2: STEM-HAADF images of a single nanosphere with high brightness along with
the corresponding intensity profiles taken from the indicated lines showing (a) the diameter
of the nanospheres, (b) the thickness of the shell and (c) the diameter of the NP.

Three measurements are conducted: the nanospheres diameter (Figure 1a), the shell thickness
(Figure 1b) and the NPs diameter (Figure 1c). After identifying a single nanosphere, a line
profile is drawn across it. GMS3 generates an electron intensity profile plot along the line that
represents the variation in electron intensity as a function of position. The measurements are
taken at positions corresponding to 20 to 50 % of the intensities of the peaks located at the
extremes (Figure l1a). Considering the roughness of the shells, measurements of the outer
diameter are conducted in various directions, and subsequently, the mean value of these
measurements is calculated. The same measurement approach is applied for the shell thickness

(Figure 1b) and NPs diameter (Figure 1c) assessments.
Appendix 3: EDS quantification method

For an accurate identification of peaks in an EDS spectrum, it is essential to begin by identifying
the predominant peak corresponding to each element. Additionally, only peaks with a
statistically significant presence should be considered for the identification of the characteristic
X-rays. [242]
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Quantifications were conducted using the Analysis Station Software from JEOL ®. For
quantitative analysis using EDS, an initial concentration value is estimated through an intensity
ratio of characteristic X-rays emitted by the unknown specimen to those of a standard specimen
(mass concentrations of the constituting elements are known). This ratio is expressed as the K
ratio (K ratio =CY/CS). Since the unknown specimen has different elements with different
proportions compared to the standard specimen, the measured K ratio doesn't directly represent
the concentration ratio between the two. Consequently, corrections to determine the accurate
concentrations of the unknown specimen are applied. These corrections make up the correction
factor and consist of three parts: atomic number correction (G%) (for differences in how
efficiently characteristic X-rays are produced due to variations in element atomic numbers),
absorption Correction (GA) (for differences in X-ray absorption as they travel through the
specimen) and fluorescence Correction (GF) (for differences in the efficiency of generating

fluorescence X-rays).

Multiple techniques are available for calculating these correction factors, including the ZAF
correction method and the Phi-Rho-Z method (¢(pz) method). In the ¢(pz) method, both the
atomic number (Z) effect and the absorption (A) effect are addressed simultaneously. In
contrast, the ZAF correction method treats these effects separately. The ¢(pz) method tends to
provide more accurate results when accurate absorption corrections are necessary. This is
particularly beneficial for specimens containing both light and heavy elements. There are no
light elements in the studied samples during this work, therefore the conventional ZAF method
is enough for the quantification. Additionally, a standard-less quantification approach was
adapted for determining the initial K ratio, in which theoretical calculations or reference data
provided by the EDS manufacturer (JEOL ®) was used. [243]
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