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Streszczenie

Transmisyjna mikroskopia elektronowa z komorka cieczowa (LC-TEM) jest jedna
z najbardziej zaawansowanych technik obrazowania i analizy nanostruktur. Umozliwia
rejestrowanie w czasie rzeczywistym wzrostu oraz ewolucji materialdw we wnetrzu
miniaturowego reaktora. Kluczowym wyzwaniem w badaniach LC-TEM jest radioliza wody,
proces, w ktorym wigzka elektronowa generuje rodniki mogace prowadzi¢ do niezamierzonych
przemian chemicznych.

Niniejsza rozprawa doktorska przedstawia dogtebne badanie nanochemicznych procesow
indukowanych przez wiagzke elektronowg na konkretnym nanomateriale — nanoczastkach tlenku
ceru (CexOy NPs). Skupia si¢ na analizie wpltywu wigzki na rozpuszczanie, stabilno$¢
i mechanizmy syntezy nanoczastek jak rowniez jej wplywu na zastosowanie katalityczne
nanoczastek po dekoracji nanoczastkami ztota (Au). Poprzez badanie tych interakcji, praca ta
ma na celu udoskonali¢ metodologie stosowane w mikroskopii elektronowej in-situ oraz
dostarczy¢ wglad w reakcje chemiczne zachodzace w nanoskali w czasie rzeczywistym. Dzigki
systematycznej analizie efektoéw dziatania wigzki elektronowej, udato mi si¢ opisa¢ wptyw
takich czynnikow jak doza elektronowa, pH roztworu oraz dynamika przeplywu cieczy.
Opisana analiza dostarcza nowych wskazowek, pomocnych w usprawnianiu badan LC-TEM.

Jednym z kluczowych eksperymentéw przeprowadzonych w ramach badan byta synteza
nanoczastek tlenku ceru z roztworu prekursora w §rodowisku LC-TEM. Wyniki pokazaly, ze
wigzka elektronowa moze peli¢ role czynnika redukujgcego w procesie formowania
nanoczastek, wptywajac na ich rozmiar, morfologie i1 krystaliczno$¢. Ponadto, zbadane zostaty
efekty zwigzane z roznymi przepltywami cieczy. Wykazatem, ze dostosowujac przeptyw mozna
kontrolowac kinetyke rozpuszczania si¢ nanoczastek, co stanowi kolejng ciekawg strategie dla
obrazowania w czasie rzeczywistym.

Istotnym elementem badan byto dekorowanie nanoczastek tlenku ceru nanoczastkami ztota
(Au NPs) w warunkach dynamicznych (przy ciaggtym przeplywie roztworu) i statycznych (bez
przepltywu). W pierwszym, Au NPs wykazywaty wigksza tendencje¢ do agregacji, tworzac duze
skupiska na powierzchni ceru. Z drugiej strony, w warunkach statycznych obserwowatem
gloéwnie mniejsze 1 bardziej rtwnomiernie rozmieszczone nanoczastki ztota.

W ramach testow aktywnos$ci katalitycznej nanosystemu przeprowadzilem reakcje
utleniania etanolu (EOR). Dekorowane ztotem nanoagregaty wykazaly wyzsza wydajnos¢ niz
katalizator z czystego ztota, co sugeruje, ze zachodzi efekt synergii pomigdzy podtozem
z tlenku ceru, a ztotem. Dodatkowo, zmiany stanu utlenienia ceru w nanokatalizatorze zostaty
zbadane 1 omoéwione. Wysoka jako$¢ nanokatalizatora zostala réwniez potwierdzona
trzygodzinnym eksperymentem z uzyciem cyklicznej woltamperometrii oraz spektroskopii
absorpcji w podczerwieni in-situ. Badania wykazaly, ze analizowany system skutecznie utlenia
etanol, prowadzac do intensywnej generacji COx.

Rozprawa ta poszerza wiedz¢ na temat procesoOw nanochemicznych indukowanych przez
wigzke elektronowa w s$rodowisku cieklym, ze szczegdlnym uwzglednieniem uktadow
katalitycznych opartych na tlenku ceru. Prezentuje nowe metody eksperymentalne i sposoby,
co stanowi wartosciowy wktad dla dziedziny LC-TEM. Opracowane strategie moga pozwoli¢
na wigkszg kontrole procesOw nanochemicznych i bardziej wiarygodng interpretacje danych,
co pomoze w dalszej optymalizacji technik mikroskopii elektronowej in-situ.



Abstract

Liquid cell transmission electron microscopy (LC-TEM) is one of the most advanced
techniques for imaging and analysing nanostructures. It allows to conduct chemical reactions
in a tiny reactor and register in real time the growth and evolution of the materials inside it.
A key challenge in LC-TEM studies is the radiolysis of water, a process wherein the electron
beam generates reactive radical species that can drive unintended chemical transformations.

This dissertation presents an in-depth investigation of electron beam-induced
nanochemical processes on a specific nanomaterial: cerium oxide nanoparticles (CexOy NPs).
I focused on understanding how electron irradiation influences the dissolution, stability, and
synthesis mechanisms of nanoparticles and their catalytic applications, when decorated with
gold (Au) nanoparticles. By exploring these interactions, the study aims to refine the
methodologies used in in-situ electron microscopy and provide insights into real-time chemical
reactions at nanoscale. By systematical analysis of the beam-induced effects, I describe the
influence of such factors like electron dose rate, solution pH and liquid flow dynamics. With
this analysis, I provide new insights, which can be helpful in improving the LC-TEM
methodology and the accuracy of in-situ experiments.

One of the central experiments of the research involves synthesis of cerium oxide
nanoparticles from a precursor solution within the LC-TEM environment. The results
demonstrate that electron beam irradiation can serve as a reducing agent for nanoparticle
formation, influencing their size, morphology and crystallinity. Furthermore, the effects of
different liquid flowing conditions in LC-TEM were investigated. It has been shown, that by
adjusting the flow rate, the dissolution kinetics of ceria can be controlled, which is another
interesting strategy for real-time imaging.

A crucial aspect of the research is the decoration of cerium oxide nanoparticles with gold
nanoparticles (Au NPs) using both static and dynamic conditions in LC-TEM. In dynamic
conditions, with continuous solution flow, Au NPs tend to aggregate more, forming larger
clusters on the ceria surface. On the other hand, under static conditions, we observed mostly
smaller and more uniformly dispersed Au nanoparticles.

For the analysis of catalytic activity of the examined nanosystem, the ethanol oxidation
reaction was performed. The ceria nanoaggregates decorated with Au NPs exhibited higher
efficiency, than pure Au catalyst, which suggests that there is a synergetic effect between ceria
support and Au NPs. Furthermore, the evolution of the oxidation state in the nanocatalyst was
investigated and discussed. High quality of the nanocatalyst was proved also by 3-hours long
experiment using cyclic voltammetry and in-situ infrared reflective absorption spectroscopy. It
showed that the studied system efficiently conducts full ethanol oxidation, leading to high CO2
generation.

Presented research advances the understanding of electron beam-induced nanochemical
processes in liquid environments, with a particular focus on cerium oxide-based catalytic
systems. It shows new experimental methods, which is a valuable contribution to the LC-TEM
field. The presented strategies can be helpful in controlling nanochemical processes and data
interpretation, which will be valuable for further optimization of in-situ TEM.
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List of abbreviations

ATR — attenuated total reflection

BF — bright field

CE — counter electrode

CV —cyclic voltammetry

DFT - density functional theory

ECSA — electrochemically active surface area

EDS — X-ray energy dispersive spectroscopy

EOR — ethanol oxidation reaction

EXAFS — extended X-ray absorption fine structure
GCE - glassy carbon electrode

HAADF — high-angular annular dark field

HR-TEM - high resolution transmission electron microscopy
IRRAS - infrared reflective absorption spectroscopy
LC - liquid cell

LC-TEM - liquid cell transmission electron microscopy
NAs — nanoaggregates

NPs — nanoparticles

RE — reference electrode

SEM — scanning electron microscope

STEM - scanning transmission electron microscope
STXM — scanning transmission X-ray microscope
TEM — transmission electron microscope

WE — working electrode

XANES — X-ray absorption near edge structure
XAS — X-ray absorption spectroscopy
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Motivation

The advancement of nanotechnology relies on the ability to observe and understand
processes occurring at the nanoscale in real time and under realistic conditions. Among the
most powerful techniques that allow such investigations is transmission electron microscopy
(TEM), which provides excellent insight into nanostructures morphology and crystallinity.
Using the electron beam as a scanning beam, with the accelerating voltage of 200 000 or even
300 000 V results in image resolution down to several picometres (10> m), which is
a remarkable opportunity for analyzing nanomaterials. However, the electron microscope
requires keeping a high vacuum environment inside the apparatus, which makes it unable to
observe chemical reactions of nanomaterials in liquid in real time. This is a strong limitation
for the development and understanding on nanochemical processes. In order to overcome that
limitation, scientists developed a technique, which employs a tiny reactor (only few microliters
of volume) that can be equipped with an electron-transparent membrane and installed inside the
microscope. In such reactor it is possible to perform reactions and record the images in real
time. This novel technique is called liquid cell transmission electron microscopy (LC-TEM).
It provides unprecedented insights into the nanoparticle synthesis and evolution in liquid
environments. Functional nanomaterials get more and more interest both in research and in
industry, but further advances in this field are not possible without precise characterization
methods. For this reason, LC-TEM seems to be very valuable technique that will provide
completely new insights into nanotechnology. It enables direct visualization of chemical
reactions and interactions between nanoparticles in the liquid phase in real time.

Among different applications, electrocatalysis is one of the most desired fields, in which
nanosystems can be employed. Modern, cost-effective nanocatalysts can play a crucial role in
many branches of industry, supporting the environmental remediation, development of
alternative fuel cells and sustainable fuel production. The ability to design catalysts with
enhanced activity, stability and selectivity towards ethanol oxidation reaction (EOR) is a key
challenge in modern chemistry and materials science. The best results are obtained with
catalysts based on noble metals, such as gold (Au), platinum (Pt), and palladium (Pd), but such
solutions are highly expensive. Therefore, researchers work on alternative catalysts — by
combining the noble metal with a support made of some cheaper material. This approach
reduces the amount of expensive material in the resulting catalyst, but more importantly — some
metal oxides are reported to induce catalytic activity of the catalysts. Cerium oxide (CexOy or
ceria) is one of such materials. Ceria-based catalysts have gained significant attention due to
their ability to enhance the performance of noble metal catalysts. The incorporation of CeO
into catalytic systems offers several key advantages: lower cost, improved stability, unique
redox properties, increased oxygen storage capacity and enhanced catalytic activity. Ceria is
able to switch between Ce(Ill) and Ce(IV) oxidation states, releasing oxygen in the
electrochemical reaction. It supports significantly the oxygen mobility in the catalyst crystal
lattice and provides active sites for catalytic process. Overall, the interaction between ceria and
noble metals enhances catalytic activity and this makes ceria a promising candidate for energy-
related applications, such as hydrogen production and fuel cells technology. And for better
understanding of the synthesis dynamics of the ceria nanostructures, LC-TEM should be the
perfect candidate.
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In this dissertation [ used a variety of advanced characterization techniques, but the crucial
experiments were performed via LC-TEM being the central method. It is used to observe CexOy
nanoparticle synthesis, growth, and degradation in real time within a liquid environment of both
precursor solutions and water, enabling direct visualization of reaction mechanisms. X-ray
Absorption Spectroscopy (XAS) provides global insights into the oxidation state and local
electronic structure of cerium and gold in the nanocatalysts, revealing phase structure of the
ceria and its changes induced by reaction conditions. Scanning Transmission X-ray
Microscopy (STXM) was used to study the spatial distribution of elements and their crystalline
phases locally for a single nanoparticle, providing information complementary to LC-TEM
observations. Post-mortem Electron Microscopy (HR-TEM, HAADF-STEM, and EDS
mapping) was applied to analyze the structural and compositional changes in nanoparticles
after in-situ experiments, validating real-time observations. Furthermore, I used it to compare
the nanostructures fabricated in-situ with the nanoparticles obtained ex-situ. Electrochemical
Analysis (Cyclic Voltammetry) was used to study the catalytic properties of ceria-based
nanostructures, providing information on their catalytic efficiency in ethanol oxidation reaction.
Finally, in-situ infrared reflective absorption spectroscopy was used to analyze the products
of the ethanol oxidation reaction. I performed the EOR during the IRRAS scanning in order to
analyze the concentration of different oxidation products in real time during a 3-hours
experiment.

This dissertation contains four main sections. In Chapter 1, a comprehensive introduction
to the field of LC-TEM, functional nanomaterials and nanocatalysts is provided, outlining the
motivation for studying ceria-based catalysts for EOR and the importance of in-situ
characterization techniques. A detailed discussion on the obstacles emerging from LC-TEM
experiments is included. Furthermore, advantages of ceria in catalysis and the challenges
associated with its application in noble metal-supporting systems are also presented. Chapter
2 presents the experimental methods used throughout the study, providing an overview of LC-
TEM, XAS, STXM, cyclic voltammetry, in-situ IRRAS, and post-mortem electron microscopy
techniques. The methodology for sample preparation, liquid cell assembly and data acquisition
is described, ensuring reproducibility of the presented results. It also describes technical details
of the devices. Finally, it describes the chemical compounds and their origin, used in this
dissertation. In Chapter 3, the main experimental results are presented and discussed. The
real-time observations of ceria nanoparticle transformations, gold deposition and electron
beam-induced effects are analyzed in detail. The influence of pH variations, radiolysis effects
and solution flow dynamics on nanoparticle behavior is explored, providing new insights into
LC-TEM imaging artifacts and methods for their mitigation. Chapter 4 summarizes the key
findings of the study, highlighting their implications for the field of nanocatalysis and in-situ
electron microscopy. Future research directions are proposed, emphasizing the need of
complex, systematic studies on flow rate, electron dose rate and exposure time during LC-TEM
experiments. Chapter 5 presents all of the literature positions used for this dissertation and
results analysis, including scientific papers, theses and books.
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1. Literature overview
1.1. Nanomaterials

It is generally acknowledged, that modern nanotechnology began when Richard Feynman
gave his famous lecture: There’s plenty of room at the bottom (Feynman, 1960). In this talk, he
was discussing subjects like ‘can we write the Encyclopaedia Brittanica on the head of a pin?’
and how can we make a mechanism that would be small enough to swallow it and keep it
permanently inside our body, so it could assist our organism. He was inspired by biological
structures and mechanisms, and postulated, that the laws of physics do not forbid to build
functional structures and devices on atomic scale. His statement was, that if physics and
chemistry would cooperate, then physicists will be able to synthesize any chemical substances,
they just have to ‘put the atoms down where the chemist says’. He believed that such atomic-
scale machines and devices could revolutionize medicine and computing sciences. One of the
main problems, which suppressed such revolution was electron microscopy — scientists needed
an ability to see what they are doing.

Parallelly, tiny microscopic machines started to appear in futurology and science fiction
literature, and one of the earliest pioneers in that field was Stanistaw Lem (Eden (1958) and
‘the cloud’ in The Invincible (1963), or molecular machines in Summa technologiae (1964)).

The word ‘nanos’ (derived from the Greek word for ‘dwarf’) refers to the order of
magnitude 10, indicating a scale of nanometers. It is worth noting, that the size of carbon atom
is nearly 0.1 nm (or 1 A). Consequently, materials described as nanomaterials or nanoparticles
(NPs) are typically expected to have dimensions on the nanometer scale. While the size limit
for a nanomaterial is commonly considered to be 100 nm (at least for one of its dimensions),
this threshold is not universally agreed upon (Jeevanandam et al., 2018; Khan et al., 2019). The
term ‘nano-technology’, however, did not exist until Norio Taniguchi used to describe some
surface processes on semiconductors with micrometric or nanometric precision in 1974. His
definition was as follows: “Nano-technology mainly consists of the process of separation,
consolidation, and deformation of materials by one atom or one molecule” (Taniguchi, 1974).
But it was not until the 80s when nanotechnology actually started to develop. Eric Drexler
described a variety of tiny machines, built atom by atom, which could be used for medicine,
data storage, environment protection and many more and he published it in the book Engines
of Creation: The Coming Era of Nanotechnology (Drexler, 1986). Moreover, the discovery of
fullerenes (Kroto et al., 1985) and carbon nanotubes (Iijima, 1991) was a real proof, that
structures in atomic scale are possible to fabricate and that they can offer remarkable
electronical or mechanical properties.
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1.1.1. What are nanomaterials?

Nanomaterials can exist in multiple forms, which are generally categorized as 0D, 1D, 2D
and 3D (Alagarasi, 2013), according to how many dimensions has the nanomaterial, Figure 1.
0D stands for spherical nanoparticles, like fullerenes and quantum dots — one of the smallest
structures that can be fabricated. 1D describes fibers, wires, tubes and rods. They may have a
length of a fraction of millimeter, but the diameter of several nanometers and thus, they will
appear as extremely long tubules. Carbon nanotubes belong to this category. Nanostructures
can also have a form of flat plates, or vast layers with a single-atom thickness like graphene —
those would be 2D nanomaterials. Also, nanoparticles can be deposited in as thin films (or
coating) with several/several hundreds of nanometer thickness. Finally, 3D structures are used
to describe the whole variety of complex or multi-walled nanoparticles, such as tetrahedra,
cubes, pyramids, bipyramids, octahedra, dendrites, flowers and many more.

Figure 1 Classification of nanomaterials. Based on Alagarasi, 2013.

As mentioned before, nanomaterials are gaining significant attention due to their unique
properties, which arise directly from their nanoscale dimensions. The 100 nm limit is not
absolutely restricted — it is the size effects that matter. Unlike bulk materials, where properties
are largely size-independent, nanoscale materials exhibit behaviors fundamentally shaped by
size effects. These size effects, categorized as internal and external, as well as classical and
quantum, play a critical role in defining the physical, chemical, and mechanical characteristics
of nanomaterials (Pokropivny et al., 2007). Internal effects involve intrinsic property changes,
such as variations in lattice parameters, melting points, hardness, band gaps and chemical
activity, which occur independently of external interactions. External effects emerge during
interactions between nanoscale building blocks and physical fields, when their dimensions
approach critical lengths, such as the free paths of electrons or phonons. Classical effects result
in altered hardness, plasticity or thermal conductivity, while quantum effects lead to phenomena
like the quantum confinement effect, low-dimensional quantum states, and the quantization of
conductivity (Sharma and Bhargava, 2013; Findik, 2021). These unique effects bestow
nanomaterials with remarkable properties. Different types of nanomaterials demonstrate
superior thermal stability, exceptional mechanical properties, optical properties or outstanding
electrical performance (Sharma and Bhargava, 2013; Findik, 2021).

Furthermore, nanomaterials, due to their sizes, possess an exceptionally high surface area-
to-volume ratio, which means, that most atoms in their lattice are located near the surface. It
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results in stronger bonds in the structure, elevated surface energy and stronger chemical
adsorption. These characteristics enhance extremely their reactivity and cost-effectiveness
compared to larger counterparts, which makes metallic and metal oxide nanomaterials
particularly advantageous for catalytic applications (Gawande et al., 2016). However, this effect
is not absolute, smaller size does not increase the efficiency in every case, because the electronic
structure and faceting of nanoparticles evolve as dimensions changes, and they are also vital
parameters in catalytic activity (Gamler et al., 2018).

Summarizing, the unusual behaviors/properties of nanomaterials at nanoscale open up a
spectrum of innovative applications, fundamentally redefining capabilities in science,
engineering, and technology.

1.1.2. Synthesis of metallic and metal oxide nanopatrticles

Methods for fabricating nanoparticles can be categorized in 2 main groups: bottom-up
(chemical) and top-down (physical). In the top-down approach, scientists use powders or bulk
materials and reduce their size into nanomaterials via chemical etching, sputtering, vapor
deposition, laser ablation or grinding. However, those methods have lack of control on the
precise morphology of resulting structures. Alternatively, in bottom-up approach nanomaterials
are synthesized by chemical reactions. With variation of such parameters, like reagents
concentration, time of reaction, temperature and pH, they allow to obtain a variety of shapes
and sizes. These methods include: electrodeposition, sol-gel, microemulsion, microwave- or
laser-assisted synthesis, solvothermal reaction and chemical reduction.

In any form, nanoparticles synthesis generally relies on a precursor — a chemical compound
that supplies the necessary atoms for forming nanoparticles. For metallic and metal oxide
nanoparticles, this precursor is typically a metal salt. The salt is being dissolved in a solvent
with some additional reagents, depending on the reaction type. Those reagents may include
surfactants, capping agents and reducing agents. Surfactants are introduced to inhibit the mutual
aggregation of growing particles and separate them by mutual repulsion. Moreover, the
surfactants may strongly influence the shape of the nanoparticles, due to steric interactions
between surfactant and the surface of nanoparticles (Puntes et al., 2002; Vollmer and Janiak,
2011). Capping agents are used to modify the order of free energies for different
crystallographic planes and suppress growth along some of them, blocking new atoms addition,
allowing the growth along the others. At the same time, it can induce different reactions on the
surface, e.g. oxidation, or atoms migration which also modify the structure evolution (Xia et
al., 2009; Narayanan and El-Sayed, 2004). Examples of the capping agents might be CO
(Spendelow and Wieckowski, 2004), H» (Harris, 1986), PVP (Sun et al., 2003) and bromides
(Xiong and Xia, 2007). As far as capping agents can be added intentionally, they may also
appear as some impurities or by-products (Xia et al., 2009). Finally, the reducing agent is an
electron donor, which provides electrons to the reaction. It is the most important factor, which
reduces metal cations back into atoms, allowing for the nucleation and growth of a nanoparticle
(Reverberi et al., 2016).

Overall, it is acknowledged that certain metals and certain materials have a ‘habit’ of
forming seeds and crystals in a characteristic shape (although it can be modified by the above-
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mentioned additives) (Hulliger, 1994). But this habit can be influenced and triggered. If the
rapidly growing edges align with the corners of a truncated cube, the resulting crystal shape
will be a cube with its slower-growing planes forming the facets. Conversely, if the fast-
growing edges correspond to the faces of a truncated cube, the final crystal will take the shape
of an octahedron, with the slower-growing planes as its facets. This process allows for the
selective expansion of certain crystallographic facets at the expense of others, by adding
specific reagents, enabling the formation of new nanocrystal shapes (Xia et al., 2009).

Regardless of the method, we can differentiate nanoparticle synthesis into three main
stages. In the first stage, nucleation, the precursor dissolves in water, breaking its chemical
bonds and releasing metal ions. These ions must be reduced to zero-valent atoms, which then
form nuclei (Xia et al., 2009). The nucleation process can vary depending on the pathway, such
as the decomposition route, which follows the mechanism proposed by LaMer in the 1950s
during their study on sulphur colloids (LaMer and Dinegar, 1950). Here, the concentration of
metal atoms rises as the precursor decomposes (via heat or sonication), until it reaches
supersaturation, at which point atoms cluster into nuclei. Alternatively, some researchers
suggest, that precursor compounds can be directly converted into nuclei without going through
the zero-valent atomic state (Xia et al., 2009). Despite significant efforts, studying and
controlling nucleation remains challenging, partly due to limited experimental tools for
capturing and analyzing nuclei (Oxtoby, 2000).

Once nuclei form, they collide and merge into clusters, increasing rapidly as metal atoms
from precursor decomposition feed the process. This process continues until equilibrium is
achieved between atoms in the solution and those on the surface. In addition to growth through
atomic addition, nuclei can coalesce directly via agglomeration (Watzky and Finke, 1997). As
clusters surpass a critical size, structural fluctuations diminish, stabilizing the cluster into a
specific structure and marking the seed formation stage. Seed morphology is crucial, as it
determines the final nanoparticle shape, and seeds’ shape distribution depends on factors like
thermodynamic stability. We can distinguish the following types of seeds: single-crystal, singly
twinned, multiply twinned and plates. Typically, the most stable seeds dominate in the
population, as predicted by Wulff’s theorem, which seeks to minimize total interfacial free
energy at a given volume. This interfacial free energy y is determined by the surface area 4 and
free energy per unit area G (Xia et al., 2009).

=), 0

In a face-centered cubic (fcc) structure with a lattice constant a, the surface energies of
common low-index crystallographic facets can be approximated as follows: Y1001 = 4(€/a%), Y[110]
= 4.24(¢/a) and yp111) = 3.36(¢/a?), resulting in the order of surface energy: ypi11]< Y100 < Y[110]
(Xia et al., 2009). This hierarchy suggests that single-crystal seeds will adopt octahedral or
tetrahedral shapes to maximize the {111} facets and minimize surface energy (see: Figure 2).
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Figure 2 Miller indices for various lattice planes of the cubic crystal lattice. Based on Kinoshita, 2013.

However, due to their larger surface areas compared to cubes of equivalent volume, such seeds
typically form truncated octahedrons (Wulff polyhedrons) enclosed by both {111} and {100}
facets. These shapes are nearly spherical, minimizing the total interfacial free energy, and have
been observed in numerous metal nanocrystal syntheses (Xia et al., 2009). The variety of
nanocrystals’ shape is presented in Figure 3. Depending on the growth rate along a specific
axis, multiple structures can be obtained.

cuboctahedral
truncated 6x(100), 8x(111) truncated
cubic octahedral
[100]=[111] [100]>[111]
[100] =[111]
cubic octahedral
6x(100) 8x(111)

[100]<[111]\ A 00]>[111]

Nucleation seeds (100)

Figure 3 Schematic diagram of the shape evolution of a nanocrystal at different relative growth rates along the
[100] and [111] directions. Based on Radi et al., 2010.
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For multiply twinned seeds, the strain energy introduced by twinning can initially be offset
by maximizing the {111} surface coverage, minimizing the total free energy when the seeds
are small. If these seeds grow too quickly, however, the surface energy reduction from {111}
facets can no longer counterbalance the strain energy, leading to their transformation into single
crystals (Cleveland and Landman, 1991; Baletto et al., 2001). Thus, to maintain small multiply
twinned seeds, the rates of atomic generation or addition must be carefully controlled. Slow
metal atom generation promotes multiply twinned seeds over single-crystal ones, as their small
size can be sustained longer. Singly twinned seeds may also appear, but in lower quantities due
to the higher energy of their {100} facets. By adjusting the reduction or decomposition rates of
the precursor, the population of seeds with different twin defects can be effectively controlled,
which is the basis of kinetic control (Xia et al., 2009).

Unlike polyhedral seeds, plate-like seeds feature {111} facets on their top and bottom
surfaces, with stacking faults or twin defects along the vertical axis. These seeds have a
significantly higher total free energy due to their large surface area and defect-induced lattice
strain, making them thermodynamically unfavorable. Producing plate-like seeds requires a
departure from thermodynamic control during nucleation and growth. This can be achieved by
strategies such as: 1) significantly slowing precursor decomposition or reduction (Ho and Chi,
2004), 2) employing a weak reducing agent (Washio et al., 2006) (exact role of a reducing agent
will be further described below), 3) coupling reduction with oxidation (Xiong et al., 2005), or
4) utilizing Ostwald ripening (Sun and Xia, 2003). Regardless the strategy, concentration of
metal atoms in the solution should be maintain an extremely low level. This helps to suppress
autocatalytic growth into polyhedral shapes. Instead, atoms add to the edges of planar clusters,
forming plate-like seeds. During metal nanocrystals formation, we also need to consider oxygen
influence. Unless the reaction is performed in strictly controlled conditions without air
exposure, O> may react with seeds and oxidize them back into metal ions — this effect is called
oxidative etching (Wiley et al., 2004). Notably, single crystal seeds are more resistant to this
effect than the twinned ones, since they do not have surface defects. The defect regions in
twinned seeds have significantly higher energy compared to the single-crystal areas, making
them particularly reactive towards the etching agent and thus, more vulnerable in oxidative
conditions. Additionally, a ligand is needed to bond the released metal ion. By modifying the
reaction solution with O» exposure and different ligands, we can manipulate the population of
seeds, decreasing or increasing the concentration of single-twinned or multiply twinned ones
(Wiley et al., 2004; Wiley et al., 2006a). On the other hand, we can provide a capping agent
that will protect the seeds from surface oxidation (thus, etching) (Xiong et al., 2007), or provide
an oxygen scavenger that will be more reactive towards Oz, eliminating the etching effects
(Xiong et al., 2007; Tao et al., 2006).

As the specified seeds are formed and stabilized, the growth of a nanocrystal stage begins.
It is a process of achieving a balance between bulk energy and surface energy. As the size
increases, its surface energy also increases, which induces dissolution, hence crystals stop
growing. On the other hand, bulk energy decreases, while adding new atoms to the crystal
lattice, so it drives seeds to grow and minimize the energy of the system. Those are two main
driving forces at this stage. Depending on the structure of a seed, they will induce them to grow
in a specific way, as it was described above, eventually creating nanoparticles. In case of fcc
metal crystals, for single-crystal seeds, growth along the {111} and {100} directions determines
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whether octahedrons, cuboctahedrons or cubes are formed (Wang, 2000). If uniaxial growth
occurs, cuboctahedral and cubic seeds can transform into octagonal rods and rectangular bars,
respectively (Xiong and Xia, 2007). Singly twinned seeds typically develop into right
bipyramids enclosed by {100} facets, resembling two right tetrahedrons joined base-to-base
(Wiley et al., 2006b; Xiong et al., 2007). Under uniaxial growth conditions, these seeds may
further evolve into nanobeams (Wiley et al., 2006a). Multiply twinned seeds yield structures
such as icosahedrons, decahedrons and pentagonal nanorods or nanowires, depending on the
stabilization of {100} planes on their side surfaces (Wiley et al., 2005; Murphy and Jana, 2002;
Xiong and Xia, 2007; Sun et al., 2007). Seeds containing stacking faults, in contrast, grow into
thin plates with {111} facets on their top and bottom surfaces and a mix of {100} and {111}
facets enclosing their sides (Kirkland et al., 1993; Ho and Chi, 2004; Washio et al., 2008; Xiong
et al., 2005; Sun and Xia, 2003).

There are also strategies to use pre-synthesized seeds or nanocrystals to trigger nucleation
of a new metal on top of the previous one. When the added metal atoms adopt the same crystal
structure as the introduced seed, the process is referred to as epitaxial growth. This typically
occurs, when the seeds and growth atoms share the same chemical identity, although the final
shape of the nanocrystal still may differ from the initial seed due to factors discussed before.
Such approach frequently employed for growing Au nanorods from Au seeds (Jana et al., 2001),
or nanostars from nanospheres (Becerril-Castro et al., 2022). Epitaxial growth can also occur
between chemically distinct seeds and added atoms, a process more precisely termed
heteroepitaxial growth (Xia et al., 2009). A critical requirement for heteroepitaxial growth is a
close lattice match between the seed and the deposited atoms; for instance, Pd and Pt exhibit a
lattice mismatch of only 0.77%. This method can yield bimetallic core—shell nanocrystals,
where the core is formed by the initial seed (Habas et al., 2007). However, when the lattice
mismatch is substantial (e.g., 4.08% for Au and Pt), heteroepitaxial growth becomes less
favorable due to high strain energy, often resulting in non-conformal growth and unexpected
nanocrystal shapes. Bimetallic nanostructures, like core-shell or decorated nanoparticles are
highly desired, they mark the first step to create complex, functional nanosystems that could be
used for multiple applications, from catalysis to medicine.

By adjusting the synthesis parameters described above, we can control the size and shape
of the nanoparticles. On the other hand, in chemical methods there are many additional factors,
such as pH, method of mixing, rate of oxidation, all of them also may influence the synthesis
and they are complicated to control. Over the years, several strategies of synthesising
nanoparticles were developed, using different reactions and different reducing agents —
sometimes it can be simply a chemical reagent, but alternative strategies also exist. In the
following section, we will discuss several selected synthesis methods.

Sol-gel — the precursor is dissolved either in an alcohol or in water. When water is used as
the reaction medium, the process is referred to as the aqueous sol—gel method, whereas the use
of an organic solvent classifies it as a nonaqueous sol-gel route. Hydrolysis of the precursors
is facilitated by the addition of an acid or a base alongside the solvent. Initially, the solution
undergoes hydrolysis, resulting in a mixture of hydroxides and forming a “sol.” This is followed
by condensation, during which molecules combine, solvents are removed, and metal atoms
oxidize. Hydroxyl and oxygen bridges are established between metal atoms, leading to the
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formation of a polymeric network that grows to colloidal dimensions. As condensation
progresses, the viscosity of the solvent increases, producing a porous structure containing a
liquid phase, referred to as a ‘gel.” During the aging process, the gel thickens and pore size
decreases. The next step involves drying to remove the solvents (water or organic), leaving
behind the gel structure. However, this step may disrupt the gel’s integrity, necessitating
specific drying techniques such as supercritical drying, thermal drying, or freeze-drying, each
of which impacts the structure differently. Despite these challenges, the desired gel structure
can be preserved. The final step is calcination, which removes any remaining water or residues.
This method offers excellent control over the material's texture and surface properties, making
it highly suitable for fabricating metal oxide nanoparticles (Parashar et al., 2020). However, its
multistep nature adds complexity, which is a drawback.

Microwave-assisted synthesis — here microwaves are used to induce the nucleation of
nanoparticles. During the reaction, they interact with polar molecules, leading to the rotation
and vibrational motion of these molecules and finally — generating heat within the material. In
conventional processes, the heat transfer occurs from surface to bulk. This radiation causes
rapid local overheating of the reaction mixture and ultra-fast synthesis of monodispersed
nanoparticles. This approach can be used for fabricating various types of nanostructures,
including tubes, platelets, films etc. The method is very fast and gives strong control over the
resulting morphology. It also does not require using organic solvents, which is desired from
ecological viewpoint. However, there are some strong problems with it as well: many authors
do not describe precisely enough their equipment and set parameters, such as the type of
microwave reactor, or temperature. Such lack of transparency and accuracy is highly
problematic for reproducibility and understanding of the mechanism (Zhu and Chen, 2014).

Laser ablation synthesis in solution — method for producing nanoparticles through the
condensation of a plasma plume generated by laser ablation of a bulk metal plate submerged in
a liquid medium. It is generally recognized as a top-down physical approach, but it is also
considered as a complementary strategy for bottom-up chemical synthesis. Key parameters
influencing the process include the duration, wavelength and fluence of the laser pulses. Lasers
with femtosecond (fs), picosecond (ps) or nanosecond (ns) pulses at visible or near-infrared
wavelengths have been used for laser ablation, with fluences ranging from a few to thousands
of J cm . This versatile technique enables the synthesis of nanoparticles from various metals,
including gold, silver, platinum and copper, in a single step, either in water or organic solvents.
Additionally, nanoparticles with or without surface coatings can be produced using laser
ablation. One notable advantage of this method is that it can produce nanoparticles that are
stable in water or organic solvents without requiring stabilizing molecules or ligands. Despite
its simplicity, the underlying physics and chemistry of the process remain complex. A
significant challenge of this method is achieving precise control over the size and size
distribution of nanoparticles, particularly in this ligand-free approach. However, size control
can be also achieved through laser irradiation by leveraging plasmon absorption or interband
transitions, eliminating the need for chemical reagents (Amendola and Meneghetti, 2009).
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Electrodeposition — this is a unique synthesis method, which does not actually require any
additional chemical compounds, apart from the precursor, because it employs electrical current
for reducing metal ions. It is used for depositing metallic, metal oxide, or conductive polymer
materials onto a surface by applying an electric field. The resulting structure can either be a
continuous thin film or a film composed of nanoparticles. It does not require additional
consolidation steps, making it an efficient and cost-effective process. In this approach
nanoparticles are fabricated on the surface of an electrode, immersed in the precursor solution
(i.e. electrolyte). One of the primary advantages of this method is that it offers a versatility of
the morphologies through the tuning of electrochemical parameters such as current density and
applied potential, which can significantly influence the characteristics of the final deposit. The
composition of the electrolyte bath is another key factor, as it determines the properties of the
deposited material. By incorporating various inorganic or organic additives into the electrolyte,
one can further modify both the composition and morphology of the film. These additives can
be used to achieve specific structural and functional properties in the deposit, such as enhanced
mechanical strength, altered surface roughness, or improved catalytic activity. This level of
control allows for the customization of materials to suit a broad range of applications. its high
repeatability and the ease with which the deposition parameters can be precisely controlled.
Furthermore, varying the concentration and chemical reactivity of the electrolyte solution can
result in a wide range of deposition outcomes.

The electrolyte used in electrodeposition is typically a solution containing a salt of the
desired material. The choice of salt plays a critical role, as different salts exhibit distinct
chemical properties that influence the morphology of the resulting deposit. In cases where the
salt concentration or conductivity of the solution is insufficient, an auxiliary salt may be added.
The ions of the auxiliary salt do not participate in the deposition process directly but serve to
enhance the overall conductivity of the solution, facilitating charge migration throughout the
system. Usually a 3-electrode system is used for electrodeposition: working (WE), counter (CE)
and reference (RE) and those 3 electrodes are connected to an external potentiostat. When
voltage is applied, metal ions are forced to reduce on the WE surface. Depending on the material
and precursor, we can use constant voltage to synthesise the nanostructure (metals do have their
characteristic reduction potential). If we want to create an alloyed nanostructure of several
different metals, we can use cyclic voltammetry — in this technique the potential is varied in a
certain range that covers the reduction potentials of every metal used in the reaction. The
process of electrochemical deposition involves two critical stages: first, the formation of a large
number of nuclei, and second, the regulated growth of these nuclei (Natter and Hempelmann,
1996). These steps rely heavily on careful optimization of chemical and physical parameters. A
key factor in this process is the overpotential — in electrochemical terms, it represents the
voltage difference between a theoretical reduction potential and the actual potential observed
during a redox reaction. Its level significantly influences the size and density of the nuclei.
Higher overpotential leads to smaller nuclei and increased current density, which in turn
accelerates the rate of nuclei formation (Jayakrishnan, 2012). The electrodeposition method is
particularly convenient, because it requires minimal initial investment, supports rapid
production, and is adaptable to a wide range of shapes and sizes (Palumbo et al., 1991; Bakonyi
et al., 1993). However, it creates a film of nanoparticles that are strongly adhered to the
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electrode surface. It is perfect for some applications (like electrocatalysis), but is highly
problematic, if we want to recover the nanoparticles for further reactions or experiments.

Chemical reduction — here the reducing agent is the crucial reagent. This is an extremely
common approach, which allows to fabricate nanoparticles of multiple elements, sizes and
shapes. In many cases the reactions are very simple and quick, can be conducted in room
temperature and they do not require sophisticated or expensive chemicals. The precursor can
be dissolved both in aqueous or organic solvent, the choice of reductants is very wide, similarly
like the surfactants. The reactions can be performed in ambient atmosphere, unless we definitely
demand to obtain metallic nanoparticles (without oxide phases). For the reducer, such
compounds like sodium borohydrate (NaBH4), hydroxylamine, ethylene glycol, hydroquinone,
gallic acid, citrates, aldehydes, secondary alcohols, monosaccharides, ascorbic acid and many
more (LaMer and Dinegar, 1950; Henglein, 1989; Schmid, 1992; Mitchell, 1997; Watzky and
Finke, 1997; Wang, 2000). The choice of a reducing agent for specific reaction depends on the
operating conditions, desired nanostructure and the precursor itself (Din and Rehan, 2017; de
Souza et al., 2019). It was reported, that e.g. by changing the precursor salt we obtain
nanoparticles of completely different sizes, which is determined by the ability of precursor
ligands to stabilize the particles. Due to the ability to create stable complexes with metal ions,
some precursors lead to better control over the particle nucleation and protect them from
agglomeration, keeping their low sizes. As for the solvent, the same team reported that using
different solvents with the same precursor salt resulted in different morphology of
nanoparticles: from spheres to multifaceted crystals (Niederberger et al., 2006). Moreover, for
the surfactant there is also a wide variety of possible chemicals, again depending on the desired
geometry of nanoparticles (Hofmeister et., 2002). Non-ionic surfactants, such as ethoxylated
alcohols, ethoxylated amines, amine oxides and thiols, lack dissociable groups in their
hydrophilic regions. This characteristic makes them less sensitive to electrolytes, allowing their
use at high salt concentrations. lonic surfactants, on the other hand, are categorized as anionic
or cationic based on the charge of their hydrophilic regions. Common examples include alkyl
sulfates (anionic) and alkyl-ammonium salts (cationic), which are frequently employed in metal
nanoparticle synthesis. The hydrophilicity of these surfactants can be adjusted by modifying
the length of their alkyl chains (Reverberi et al., 2016).

Thermal methods — for this reaction precursor is being dissolved in an organic solvent
and next it is heated to high temperatures (usually above 100°C and under inert atmosphere to
avoid oxidation of the synthesized nanoparticles (Watt et al., 2013)). As a solvent, toluene,
benzene derivatives, or ethylene glycol may be used. Sometimes a surfactant is also added to
the reaction solution. Notable advantages of the thermal synthesis methods are a narrow size
range of the fabricated nanoparticles, which is favorable in most applications of
nanotechnology. Additionally, thermal methods do not require using the reducing agent,
because the solvent itself serves as the reducer and the high temperature triggers the reaction.
This fabrication technique is simple, allows a satisfactory size and shape tuning and proved to
be very efficient for noble metal zerovalent nanoparticles, such as Au, Ag, Pt etc. However,
such reducer-free approach can be problematic for different metals and result in creating a mix
of metallic and metal oxide phases in the nanoparticle (Reverberi et al., 2016).
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1.1.3. Functional nanomaterials

During last few decades, nanotechnology developed widely, and nowadays nanoparticles
are fabricated in enormous variety of shapes and structures, such as spheres, tubes, cages,
dendrimers or films. Due to their nanoscale sizes, materials offer new properties, unavailable
at the macro-scale, which justifies this great interest around them. Silicon and iron oxides or
carbon nanostructures proved to be useful in electronics, titanium oxide nanoparticles are
widely used in cosmetics and silver nanoparticles are commonly used for their antibiotic
properties. Noble metal nanoparticles, like Pt or Au are commonly used for catalytic reactions
in oxidation, fuel cells, CO; removal, water-gas-shift and many more.

However, we can fabricate much more complex nanosystems — we can modify the
nanoparticles and tune their overall properties, so they can be used for some desired application.
This is how we create functional nanomaterials — they are specially and intentionally designed
for performing a specific function. Such adaptation may include modification of the surface
with chemical ligands, biomolecules. Moreover, we can modify NPs with different metal oxides
or different metals, creating bi- and multimetallic or multicomponent nanostructures, such as
core-shell particles, Janus particles, decorated nanoparticles, or alloyed nanoparticles. All of
those combined structures will be referred to as nanosystems. Various integration strategies
have been developed to provide a variety of functionalities. Since each integration method has
its own capabilities, appropriate selection of methods is necessary to obtain multifunctional NP
agents with desired properties. Suitable structure and integration method should be chosen prior
to the synthesis of multifunctional NPs, depending on the functions needed and types of basal
materials. The selection of structure is critical because several properties of NPs, such as surface
plasmon resonance and drug loading capacity, are affected by the size and shape of the NPs
(Kim et al., 2018).

Chemical functionalization — this surface modification can be used to modify the
reactivity of nanoparticles in certain reactions or tune their properties. For example, gold
nanoparticles can be functionalized with carboxylic acid first and then with luminol. Luminol
can undergo an oxidation and emit visible light. The Au-based nanosystem proved to be very
efficient and the light emission was 9 times brighter than from pure luminol molecule. But the
modification with acid was also needed, to enable stronger conjugation between nanoparticles
and luminol (Roux et al., 2005). Similarly magnetic nanoparticles were investigated for
fluorescent probes, by modifying them with fluorescent components (You et al., 2007).
Moreover, nanoparticles can be modified with polymers. It provides them strong steric or
electrostatic repulsion, preventing from aggregation, but can also help in various applications:
polymer coatings can make nanoparticles more hydrophobic, less hydrophobic, more
biocompatible etc. Polymers can also incorporate some functional molecules like drugs, dyes,
or antibiotics/toxins, in order to release them in specific conditions. Polymers can be
thermoresponsive or pH-responsive, again — for realizing some incorporated reagents (Kim et
al., 2018). Another important example of chemical modification is carbon functionalization.
Catalytic nanoparticles are commonly supported on carbon material like carbon black,
nanotubes or fullerenes. They form a medium in which nanoparticles are deposited and
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interconnected, which improves conductivity between them and the electrode. But this carbon
support requires functionalization, e.g. to induce its solubility.

Multicomponent nanoparticles — as previously discussed, several strategies exist for
fabricating nanoparticles with unique complex structures. The simplest approach involves
synthesizing two distinct sets of nanoparticles, each composed of different materials, and
subsequently mixing them. This method typically results in the decoration of larger
nanoparticles with smaller ones, leading to structures often referred to as core-satellite
nanoparticles or just — decorated nanoparticles. This technique offers considerable flexibility in
the selection of nanoparticle combinations, as it does not require the formation of a direct
interface between the two types of nanoparticles. The lack of strict interfacial requirements
makes this method particularly versatile and accessible.

An alternative and more sophisticated strategy is heterogeneous nucleation, wherein one
material nucleates and grows directly on the surface of another nanoparticle, forming a defined
interface. This process is analogous to the heteroepitaxy previously discussed. Heterogeneous
nucleation can yield core-satellite structures, but may also result in core-shell configurations.
In core-shell nanoparticles, the core is entirely encapsulated by a shell of a different material,
typically a metal or metal oxide. The nature of the resulting structure — whether core-satellite
or core-shell-is largely determined by the interface energy between the two materials.

When the lattice mismatch between the core and shell materials is minimal, the interface
energy is low, favoring the formation of a dense, uniform shell. This core-shell structure is one
of the most widely studied and applied architectures in nanotechnology due to its stability and
tunable properties. However, when the lattice mismatch is significant, it becomes energetically
favorable to minimize the interface area, leading to the formation of satellite structures rather
than a continuous shell (Kwon et al., 2015). In this case, we have a single nanoparticle core
surrounded by multiple smaller nanoparticles, that do not cover the surface entirely. This unique
morphology, also referred to as decorated nanoparticles, allows for further functionalization of
the core surface and offers combined properties between the core and the satellites or between
the satellites themselves.

Despite these challenges, it is possible to manipulate the process to overcome high lattice
mismatches. Surface treatment of the core nanoparticles can suppress independent nucleation
of the shell precursor, increasing the likelihood of achieving a uniform shell even under less
favorable conditions (Ghosh Chaudhuri and Paria, 2012). This method exemplifies the
adaptability of nanostructure fabrication techniques to overcome inherent material
incompatibilities.

Another approach involves blending different elements to form an alloyed nanoparticle.
Such alloy can take the form of a single-phase solid solution, in which various atom types are
distributed randomly within the lattice structure, creating a random alloy. Alternatively, it may
consist of a mixture of two or more metallic phases or intermetallic compounds with specific
stoichiometric ratios and well-defined crystal structures (Gamler et al., 2018). The main reason
that alloyed nanoparticles are interesting is because some metals are not able to mix at bulk
scale — this effect is called phase miscibility — but they can form alloy structures in nanoscale.
Such nanoparticles demonstrate improved functionalities compared to their individual
components due to the synergistic effects of element mixing. As a result, metal alloy systems
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are highly sought after for applications in plasmonics (e.g., Au—Ag) and electrochemical
catalysis (e.g., Pt—Pd). They can be synthesized by a variety of methods, such as chemical
reduction, electrodeposition (similarly like other multimetallic nanosystems) or galvanic
replacement. For the chemical reduction, the main ‘trick’ to form an alloy with a mixed
distribution of different elements is to reduce every metal from the reaction solution in a very
similar rate, using one reducing agent. This can be achieved, if the metals have similar reduction
potentials, but we can also tune their co-reduction potentials by adjusting the molar ratios or
the type of precursor. It is worth noting, that not only nanoparticles can be created with such
method but also different structures like nanowires, nanorods and more. Galvanic replacement
is an alternative technique that allows to fabricate bimetallic nanostructures. Pre-synthesized
monometallic nanoparticles with a defined composition and morphology are utilized as
templates here. Subsequently, a metal precursor with a higher reduction potential will be
introduced to these templates, partially replacing the original metal atoms and resulting in the
formation of bimetallic nanoparticles. By adjusting parameters such as the morphology of the
templates and the concentration of the metal precursors, bimetallic nanoparticles with complex
structures, including hollow nanocubes and nanoshells, can be achieved. This approach offers
a solution to the challenges inherent in achieving precise shape control during the direct
synthesis of bimetallic nanoparticles. (Thota et al., 2018).

All of the above-mentioned methods to create multimetallic nanosystems have been
successfully employed to create a wide variety of structures involving numerous elements and
materials. Researchers have reported diverse configurations using these methods, highlighting
their versatility and potential for tailoring nanoparticle properties for specific applications (Yu
etal., 2005; Xu et al., 2007; Choi et al., 2008; Wang et al., 2009). These advancements continue
to expand the frontiers of nanotechnology, offering innovative solutions for material science
and engineering challenges.

1.1.4. Nanocatalysts

One of the most frequently discussed application of nanotechnology is catalysis. This may
include energy conversion and storage, chemical manufacturing, biological applications and
environmental technology (Laurent et al., 2008; Gawande et al., 2011). Studies prove that
various nanomaterials can be employed in this field, such as nanocarbon, metallic nanoparticles,
metal oxide nanoparticles and many more. This high popularity is determined by few factors.
Firstly, nanocatalysts can be prepared using inexpensive, easily accessible metals, which makes
them a valuable alternative for noble-metal catalysts that are conventionally indispensable and
essential, e.g. copper oxides. Secondly, as discussed before, nanomaterials exhibit superior
catalytic activity over the corresponding bulk materials, which is determined by their distinctive
quantum properties (Gawande et al., 2016). However, this activity is not always directly
determined by the size of nanoparticles. For instance, platinum (Pt) nanoparticles used in fuel
cells for oxygen reduction reactions (ORR) demonstrate diminished catalytic efficiency, when
their size falls below 2.5 nm. This drop in performance is linked to the stronger binding of
oxygen molecules at the edge and vertex sites, which become more prominent in smaller
particles (Shao et al., 2011). Additionally, nanoparticles smaller than 3 nm may experience
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increased adsorption of hydroxyl groups, which block active sites and hinders catalytic activity
(Mayrhofer et al., 2005).

Shape also plays a critical role in nanoparticle performance. Specific crystalline facets
influence catalytic activity and selectivity. For example, Pt icosahedra enclosed by {111} facets
exhibit approximately three times higher catalytic activity for ORR than Pt nanocubes bound
by {100} facets. This improvement is attributed to the unique adsorption properties of low-
index Pt surfaces and the surface strain induced by twin defects (Zhou et al., 2013). However,
despite their superior initial performance, shape-controlled Pt nanocrystals face a major
challenge: their structural instability under operational conditions. Over time, potential cycling
can cause these nanostructures to shift into more stable, but less catalytically active
morphologies, limiting their long-term effectiveness as ORR catalysts (Shao et al., 2016).

Although activity of non-noble nanoparticles works fine in some fields, there are also
applications, in which the nanocatalyst still must be fabricated of Pt, Pd or Au. This includes
catalysts for fuel cells. However, we keep using noble-metal nanoparticles as catalysts, but
combined with different, cheaper material in a multicomponent nanosystem. By adding a co-
catalyst based on a low-cost material to a noble metal, the overall performance could be
maintained at the same level or even improved, while the costs would be strongly reduced. In
this approach, we combine different functions of different materials in order to create a multi-
functional catalytic system. For example, in 2009 Kowal and co-workers reported (Kowal et
al., 2009) that combining Pt with Rh and SnO> gives very good results in fuel cells for ethanol
oxidation, because Rh helps to break the C-C bond and SnO; effectively provides oxygen
species for the oxidation (Idriss, 2004). Their system was one of the first multimetallic catalysts,
that effectively completes the ethanol oxidation reaction to CO: in room temperature
(Marinkovic et al., 2020). Similar strategies were discussed and investigated further by other
researchers.

Alloyed nanocatalysts — the catalytic efficiency of alloys is attributed to two main
phenomena: geometric (ensemble) effects and electronic (ligand) effects. Geometric effects
arise from modifications in the spatial arrangement of surface atoms, which influence how
reactants bind and dictate potential reaction pathways. Introducing a secondary metal into the
surface alters the coordination environment of active sites, which can significantly affect how
adsorbates interact with the catalyst. For instance, clustered active sites might encourage
adsorbates to bind in bridge or hollow configurations, whereas isolated active sites limit
adsorption to on-top positions, altering reaction dynamics accordingly (Liu and Nerskov,
2001). Additionally, the lattice mismatch between the alloy components plays a crucial role.
When the deposited metal has a smaller lattice constant than the substrate, reduced orbital
overlap strengthens adsorbate binding. Conversely, a smaller substrate lattice enhances orbital
overlap, weakening the surface-adsorbate interaction (Sneed et al., 2015). Beyond performance,
alloying improves electrocatalyst stability. For example, Pt-based alloys demonstrate greater
resistance to CO poisoning and enhanced fuel cell activity compared to pure Pt. In some cases,
alloying has been shown to improve durability and prevent oxidation of the metal surface during
catalytic reaction. It also reduced the overpotential required for the reaction, making the process
more efficient (Xu et al., 2012). However, challenges such as dealloying and dissolution of non-
noble metals in acidic environments and under varying potentials raise concerns (Jia et al.,
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2015; Jia et al. 2016). Strategies to mitigate these issues include optimizing particle size,
enhancing porosity and maintaining the initial Pt mass (Gan et al., 2013).

Core-shell nanocatalysts — this kind of nanostructures is among the most effective
nanocatalysts, offering high activity in various heterogeneous catalytic reactions. These
structures rely on their shell to maintain the catalyst's stability, preventing the metallic core
(e.g., Au, Ag, Pt, Ni) from aggregation or sintering into larger particles. By adjusting the shell's
porosity and surface chemistry, molecular diffusion of reagents can be precisely controlled,
enhancing solubility, biocompatibility, or adding unique physical and chemical properties
(Caruso et al., 2001; Reiss et al., 2009; Schartl, 2010).

Beyond single-core designs, multi-core nanocatalysts have emerged as promising
alternatives. For instance, Song et al. encapsulated multiple palladium nanoparticles within
mesoporous silica shells, achieving an impressive 99.5% yield within 3 minutes for Suzuki
cross-coupling reactions (Chen et al., 2010; Chen et al., 2012). Similarly, gold nanoparticles
trapped inside polymeric shells have shown remarkable performance in aerobic alcohol
oxidation, achieving reaction completion within 30—120 minutes and turnover frequencies
(TOFs) between 100 and 400 h".

Other studies have demonstrated innovative synthesis methods and applications of core-
shell structures. Tan and colleagues developed a silica core-shell nanocatalyst containing a
confined gold nanoparticle, achieving efficient reduction of 2-nitroaniline to phenylenediamine
by tuning the Au particle size through precursor concentration (Tan et al., 2010). Yang’s
research group encapsulated solid acid cores (polystyrene sulfonic acid resins) within silica
nanospheres, producing hybrid catalysts with high activity and selectivity in acid-catalyzed
reactions, suitable for sustainable chemical processes (Zhang et al., 2014a; Zhang et al., 2014b).

Moreover, Bao’s team encapsulated iron nanoparticles within carbon nanotubes
resembling pea pods, which effectively shielded the metal from harsh environments such as
acidic media or contaminants like sulphur and oxygen. This configuration preserved high
catalytic performance and long-term stability in oxygen reduction reactions (ORR), even under
SO: exposure (Deng et al., 2013).

The flexibility of core-shell nanostructures lies in their ability to be tailored and
functionalized for unique properties. However, the surface of the shell must have some level of
porosity, enough for the reagents to reach and react with the core. Despite significant progress,
the field of hollow core-shell nanostructures remains in its early stages. To address real-world
demands, further advancements in designing more intricate structures and incorporating diverse
core and shell materials are essential (Sun et al., 2015).

Satellite-core nanocatalysts — they are an alternative approach to enhancing catalytic
performance. It involves supporting catalytic nanoparticles on the surface of larger
nanoparticles or nanostructures, rather than enclosing them within porous shells. This strategy
offers significant advantages, as it protects catalytic nanoparticles from aggregation without
requiring protective coatings or shells that might block active surface sites or alter catalytic
activity. Supported nanoparticles maintain high surface areas and provide multiple active sites
for chemical reactions, ensuring high catalytic functionality (Huang et al., 2016). Notably, the
spaces between satellite nanoparticles and the interfaces between these satellites and the core
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nanoparticle surface act as "hotspots" with enhanced electromagnetic fields, leading to
heightened localized surface plasmon resonance (LSPR) sensitivity (Holler et al., 2016). By
tailoring the size, shape and distribution of the satellite nanoparticles and the core structure,
these plasmonic effects—and consequently their properties—can be precisely controlled.

Decorating nanoparticles with catalytic satellites, has been explored for various catalytic
reactions using diverse morphologies. Core nanoparticles can adopt shapes such as spheres,
cubes, wires, rods or stars, while satellites may also take multiple forms (Gu et al., 2022).
Interestingly, even monometallic core-satellite systems have been demonstrated, including
systems where both the core and satellites are composed of the same material and they exhibited
high catalytic activity. For example, Au core nanoparticles (50 nm) decorated with smaller Au
satellites (13 nm) were utilized as nanocatalysts for oxygen reduction reactions (Noh et al.,
2017). Studies showed that adjusting the distances between satellites enhanced plasmon
coupling, resulting in increased catalytic efficiency. Additionally, these decorated systems
exhibited significantly greater surface roughness compared to unmodified nanoparticles, further
amplifying the active surface area and catalytic activity. Similar effects were observed and
reported before (Yoon et al., 2012).

Heterogeneous systems, where satellites and cores are composed of different materials,
have also demonstrated superior performance. Gold nanoparticles supported on cellulose
nanofibers were shown to be highly effective for the catalytic reduction of 4-nitrophenol (4-
NP) (Lam et al., 2012). Similarly, cellulose nanocrystals decorated with Au nanoparticles
exhibited faster and more efficient catalytic reactions, while resisting aggregation—a key factor
limiting the activity of pure Au nanoparticles (Wu et al., 2014). Another innovative system
involved coating cellulose nanocrystals with polydopamine (PDA) before decorating them with
Ag nanoparticles. The porous PDA structure enhanced Ag nanoparticle stability and
dispersibility, significantly improving catalytic efficiency, compared to systems lacking PDA
modification (Tang et al., 2015).

The influence of core morphology on catalytic activity has been also extensively studied.
For example, Au nanoparticles with spherical, rod-like and star-shaped morphologies,
decorated with ultrasmall Pt nanospheres, were evaluated for CO; reduction reactions. These
studies confirmed the crucial role of surface area in determining catalytic performance (Kumar
et al., 2017). Another notable example is a system combining magnetic core nanoparticles with
a chitosan coating, upon which Au satellite nanoparticles were deposited. Notably, deposited
Au nanoparticles were actually seeds — after deposition, authors provided fresh gold precursor
and a reducing agent to grow the Au spheres bigger. The chitosan enhanced hydrophilicity,
improved Au dispersibility, and facilitated the immobilization of Au nanoparticles. This design
exhibited high stability and efficiency in reducing various organic contaminants (Hu et al.,
2014).

A hybrid approach that merges core-satellite and core-shell concepts has also been
proposed. In one study, large Ag nanoparticles (~50 nm) were encapsulated within a silica shell
and subsequently decorated with tiny Ag nanoparticles (less than 5 nm). The porous silica shell
enabled chemical molecules to access both the large Ag core and the tiny satellite nanoparticles,
broadening the system's catalytic applications. This design demonstrated exceptional catalytic
activity for rhodamine B (RhB) degradation, with rapid reaction rates and excellent
recyclability (Mao et al., 2016).
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These advancements underscore the versatility and potential of core-satellite nanoparticle
systems for catalysis, demonstrating the critical role of structural and morphological tuning in
enhancing catalytic efficiency and providing platforms for innovative applications in various
chemical reactions.

1.1.5. Cerium oxide nanoparticles as a support for catalytic NPs

Cerium is a lanthanide metal, which has a fluorite crystal structure in its oxide form (see Figure
4(a)). Nanoparticles of cerium oxide (ceria), also retain this structure, which is the reason why
it attracted such wide attention. In fact, this fluorite structure determines some unique catalytic
and redox properties that are also observable at the nanoscale.

Figure 4 Cubic fluorite crystal structure of ceria.

Cerium oxide nanoparticles are characterized by oxygen deficiencies that create vacancies
essential for redox reactions. The arrangement of surface planes in the fluorite structure — (100),
(110), and (111) —plays a crucial role in determining catalytic performance, with each exposing
distinct ion configurations (Nyoka et al., 2020). Specifically, the (111) and the (100) facets
possess the o-terminal endings, while the (110) arrangement is characterized by the Ce center
and the O ions (Huang and Gao, 2014; Yao et al., 2014). These structural properties make ceria
nanoparticles valuable for industrial applications such as gas storage and catalysis. Their
physical and chemical properties have been studied since the mid-20th century for a variety of
industrial applications, such as the removal of carbon monoxide, hydrocarbons, and nitric oxide
from exhaust gases (Kim et al., 2024).

Additionally, the appeal of ceria as an industrial catalyst lies in its abundance and economic
competitiveness compared to noble metals. Cerium is relatively plentiful in the Earth’s crust,
its availability is similar to 3d transition metals such as Ni, Ti, Cr, Cu or Zn (Reed et al., 2014;
Lawrence et al., 2011). This makes ceria an attractive material for catalysis — either as an
alternative to noble metals or as a supportive component in catalytic nanocomposites, like the
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nanosystems described above (Montini et al., 2016; Song et al., 2015). The insights gained from
industrial research into ceria have significantly informed its application in research on catalysis
and fuel cells. The catalytic activity and oxygen storage capacity of ceria nanoparticles are
closely tied to their structural and redox characteristics. According to the Ce-O phase diagram
(Okamoto, 2008), a 100% pure CeO> phase does not really exist under ambient atmosphere,
due to a low oxygen vacancy formation energy (0.39 eV) (Huang et al., 2014). Ceria
nanoparticles maintain a dynamic cycle of oxygen vacancy formation and re-oxidation, wherein
two Ce*" ions are reduced to Ce*", creating oxygen vacancies, and vice versa (Dutta et al.,
2006). This process is influenced by particle size: smaller nanoparticles have a higher surface-
to-volume ratio, which determines higher fraction of low-coordination surface atoms and
weaker interatomic bonding. Hence, they exhibit more extended lattice structure. Ion diameter
of Ce*"is ca. 14% larger than Ce*" (Shannon, 1976), and given the described lattice structure,
it is more probable (more energetically favorable) for larger ions to be incorporated into smaller
nanoparticles, resulting in higher Ce**/ Ce*" ratio in smaller nanoparticles. At the same time,
incorporating more Ce®" creates more oxygen vacancies (Deshpande et al., 2005). These
defects, including Ce** and oxygen vacancy distribution, reportedly are correlated with the
catalytic activity of ceria nanoparticles (Lawrence et al., 2011; Esch et al., 2005).

It is acknowledged that ceria has an excellent ability for redox reactions and it co-exists as
a mixture of fluorite CeO> phase and hexagonal Ce;O3 phase (see Figure 4(b)). and that it can
undergo spontaneous and dynamic phase transformations between cerium(Ill) cerium(IV)
oxide (Ce203 = CeOy). Surface Ce atoms with missing oxygen bonds facilitate the adsorption
of oxygen species, stabilized further by nearby oxygen vacancies. This interaction enables
oxygen vacancy filling and surface re-oxidation, which is a common mechanism observed with
oxygen-deficient metal oxides (Kim et al., 2017; Pushkarev et al., 2004). The reaction equations
are described as follows:

4Ce3t > 4Ce*™ + 4e” (2)
0, + 4e™ - 20% (3)

Since stochiometric CeO> is thermodynamically unstable and tends to lose oxygen, those
processes may continue according to the formula:

20% = 0, + 4e" @)
4Ce*t + 4e™ - 4Ce3* (5)

This will result in oxygen generation and Ce reduction back to Ce** and this system could work
in cycles, but in reality, there are other species involved, such as O> or H> O, which affect the
system. Thus, reactions become more complex and harder to understand or model (Fronzi et
al., 2009). There are, however, numerous models which, suggest that reaction temperature also
has a significant impact on ceria’s phase characteristics. Some researchers report that unstable
C-type Ce20; forms at 800-900°C, while stable hexagonal Ce>O; emerges at higher
temperatures (>1000°C) (Perrichon et al., 1994). Temperature-programmed reduction
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experiments have corroborated the following sequence: formation of oxygen vacancies at the
surface, reduction of Ce(IV) into Ce(IIl) and diffusion of the vacancies into bulk material,
shedding light on the dynamic phase transformation between CeO> and Ce203. But those
models are not useful to explain redox mechanisms at low temperatures (Wang et al., 2009).
And it is worth noting, that ceria gained a significant interest as catalytic materials partially for
their high activity in low temperatures (Fu et al., 2001).

As mentioned, ceria’s tendency to its unique surface properties and ability to spontaneous
reoxidation, although still discussed by theoretical researchers, is very suitable for applications
in oxygen storage and catalytic oxidation reactions. In fact, oxidation of CO using ceria has
been investigated for a long time (Breysse et al., 1972). Such usages depend on its ease of
releasing oxygen in a low oxygen environment, with simultaneous reduction of some Ce(IV) to
Ce(III) on the surface and it is generally agreed, that those processes involve the participation
of oxygen vacancies too. It can be found in multiple reports, that doping ceria with transition
metals enhances its catalytic properties. Other studies focus on ceria-based catalysts interactions
with noble metals, such as Au, Pd or Pt (Liu and Flytzani-Stephanopoulos, 1995a; Lai et al.,
2006). And it was proved, that metal-modified ceria gives very good results in that field — the
reducibility of a combined multimetallic catalyst is increased, as well as its oxygen storage
capacity.

Gold nanoparticles supported on ceria are one of the systems that draws significant interest,
mainly for its high activity towards CO oxidation and methane oxidation (Liu and
Stephanopoulos, 1995a; Liu and Stephanopoulos, 1995b), high stability and low costs of ceria
itself. Other applications of this catalyst include water-gas-shift reaction (Fu et al., 2001),
hydrogenation reactions (Claus, 2005), hydrogen peroxide generation (Landon et al., 2002) and
ethanol oxidation (Mullen et al., 2018).

Ethanol oxidation is a reaction involved in direct ethanol fuel cells (DEFC). It generates
electrons via electrochemical oxidation of ethyl alcohol into CO». This reaction, however, is
not favorable from kinetic point of view, and multiple by-products can be generated as well —
those include acetic acid, acetic aldehyde or CO. Catalysts, such as gold supported ceria
(Au@CexOy/C) are required to tune the reaction towards complete oxidation into CO; (which
generates the highest number of electrons, and is therefore energetically the most desired
outcome). There are several models explaining how exactly ceria can increase the oxidation
efficiency, one of them being Mars — van Krevelen mechanism (Ross, 2018), which focuses on
the CO conversion into CO2. According to this theory, carbon monoxide adsorbs onto the
catalyst surface as the catalyst reduces itself. The monoxide reacts with lattice oxygen and
forms CO», creating oxygen vacancies. After that, O» molecules re-oxidate the catalyst and the
process may be repeated. The reaction efficiency should depend on the carbon monoxide
adsorption and the catalyst ability to form oxygen vacancies. As the literature says, the gold
atoms can affect oxygen migration in the lattice, increasing the reducibility of ceria, which
improves the efficiency of the Mars — van Krevelen mechanism. However, the implications of
the ceria’s phase transition on the catalytic activity of supported metal nanoparticles remain
underexplored due to the instability of partially reduced ceria in oxygen-rich environments.
Therefore, catalytic properties of ceria decorated with gold compositions and their metal-
support interactions in ethanol oxidation reaction are being widely analyzed (Chen et al., 2008).
In one report (regarding catalytic oxidation of an alcohol other than ethanol), the authors
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proposed that the increased catalytic activity in Au@CexO,/C nanosystem was due to the
generation of Ce®" and Au" sites on the catalyst's surface. These active sites facilitated the
reaction's rate-limiting step, specifically the transfer of a hydride from the reactive intermediate
(an alkoxide) to the catalyst surface (Abad et al., 2005).

Size of the ceria nanoparticles is one of the discussed parameters. Studies show, that
nanocrystalline ceria support is far more active in oxidation reactions than microcrystalline
ceria (Carrettin et al., 2004). Other scientists focus on the oxygen vacancy sites influence
(Rodriguez et al., 2007). And multiple reports (including the above mentioned) show, that by
modifying the nanostructure, we can manipulate the reducibility of ceria, which strongly
influences the activity of the whole nanosystem. Overall, it is agreed, that multicomponent
catalyst — ceria-supported Au — is one of the most active nanosystem in CO oxidation (Mullen
et al., 2018).

These structural and redox properties highlight ceria support nanoparticles as versatile
materials for industrial applications, offering a combination of economic feasibility, catalytic
efficiency, and adaptability to various reaction conditions. Continued research into the interplay
between oxygen vacancies, noble metal additives, Ce*" distribution, and phase transformations
promises to unlock new potentials for ceria-based nanomaterials in diverse fields. Such insight
can be provided with utilizing microscopy techniques of in-sifu imaging in real time.

1.2. In-situliquid cell imaging techniques
1.2.1. Transmission electron microscopy and liquid phase electron microscopy

As it was mentioned, materials are commonly defined as nanostructures, if at least one of
their dimensions is below 100 nm. The resolution of an optical microscope is limited to 200
nm, so in order to analyze nanomaterials, more a sophisticated technique is needed. The
resolution of a microscope depends on the diffraction limit which was defined by Ernst Abbe
in the XIX century (Abbe, 1882). The diffraction limit d is determined by the wavelength 1
used for imaging and the numerical aperture N4 and is expressed as:

d=1/2NA (6)

In order to reduce the diffraction limit, smaller wavelength should be used. Visible light
wavelength is between 380 and 780 nm, but instead of light, a different kind of radiation may
be used as well.

Electron microscopy uses high voltage and magnetic lenses to accelerate electrons and
form them into a focused beam. From de Broglie equation, the wavelength of an electron will
be defined as:

h

A= (7)

" 2mevi/2

where: & — Planck constant, m — electron mass, e — elementary charge, ' — accelerating voltage
(Fujiwara, 1961). Assuming V=300 kV, a wavelength of 2.24 pm can be theoretically obtained.
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Electron microscopy was developed by Ernst Ruska and Max Knoll, who captured first
images in 1931 (Knoll and Ruska, 1932). Surprisingly, Ruska said that he did not know about
de Broglie equation and wave nature of electrons, while working on his first electron
microscope. Nevertheless, he and Knoll have proved that electrons can be used as an imaging
beam and his achievement was honored with a Nobel Prize in 1986. Researchers have worked
on developing this technology ever since, to increase the accelerating voltage and maximize its
resolution. In 1937 British company Metropolitan-Vickers launched the first commercial
electron microscope, EM1, but its image resolution was so poor, that the device was not really
successful. In 1954 Siemens launched its Elmiskop 1, which was notably first high resolution
commercially available electron microscope. With an accelerating voltage of 100 kV, it
guaranteed the resolution of 1 nm (Ruska, 1956). Today, Transmission Electron Microscopes
(TEM) use voltages up to 300 kV, which allows to achieve resolution of 2 pm, so imaging
atomic structures became possible (Daigle, 2019). As such it remains one of the most advanced
imaging techniques for nanomaterials studies.

Usually in TEM we use one of two modes of imaging: bright field and dark field. Bright
field means, that the electron beam is focused into a very small spot, which is scanning over the
entire sample, meanwhile the detector (which is located axially under the electron gun) registers
the electrons reflected at small angles. In result, we receive a dark image in a background bright
field (BF). Alternatively, electrons diffracted in the sample at high angles are registered by a
circular detector, resulting in a bright image in a dark field and this mode is named high angle
annular dark field (HAADF). Level of brightness in this mode (i.e. contrast) is proportional to
the square of the atomic number Z2. That way, areas with different chemical composition give
different contrast and can be distinguished in this method.

Liquid cell transmission electron microscopy

Despite its unique advances, TEM has also its limitations. The analyzed samples must be
thin enough to be electron transparent. Therefore, the sample thickness will be different for
various materials, but usually should be below 1 um (Carter and Williams, 2016). The other
limit is that samples need to be imaged in vacuum, since electrons would scatter in air and that
would damage the resolution. Hence, it is not possible, in a standard instrument, to observe
chemical reactions inside the microscope. That was a huge problem for material scientists,
biochemists and nanotechnologists. Numerous reports suggested, that more information about
crystallization, degradation and particles interaction were needed for modelling reaction
kinetics and understanding their dynamics (Yang et al., 2017; Chee et al., 2015; Zhu et al.,
2014). This lack of knowledge on certain mechanisms in materials inspired scientists to develop
a special device for this kind of observations.

In order to look into those processes, the TEM sample was placed inside a chamber, or
rather a cell. If the cell could be fluxed with a solution, then imaging chemical reactions in TEM
would become possible. However, there is still a problem of electron transparency. Actually,
two things have to be considered: (1) transparency of the cell itself, (2) transparency of the
liquid inside it. To achieve optimal resolution, it is essential to manage electron scattering
caused by liquids effectively. The liquid layer within the cell must strike a balance: it should be
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thick enough to allow the electrolyte to flow, yet sufficiently thin to enable the electron beam
to pass through with minimal scattering. Additionally, the cell’s windows on either side must
possess enough strength to endure the external vacuum’s pressure differential, while ensuring
minimal interaction with the electron beam as it traverses.

One of the early ideas, was an open environmental chamber, which was developed by
Ruska himself in the 40s (Ruska, 1942). He was using an open chamber, that was installed in
the sample region and with a specially designed valve system, he managed to observe silver
chloride synthesis in the gas phase. This system is nowadays used in SEM, where differential
pumping is being used to keep low pressure on the sample and create a wet environment
(Parsons, 1974;). However, it did not prove to be useful in TEM, because the thickness of the
liquid layer in such open chamber was impossible to control and that was highly problematic.

A new approach was proposed by Abrams and McBain (1944) They prepared a closed
‘sandwiched’ cell, composed of two platinum circular discs, ca. 3 mm in diameter. Liquid was
dropped on a bottom disc and then the cell was closed by the top disc and sealed with wax.
Although they did not achieve high resolution, the idea was inspiring and during the next
decades, researchers were developing this concept, searching for new materials that would be
suitable for such ‘liquid cell’ construction. Today there are commercially available systems
based on two silicon chips with a silicon nitride, electron transparent membrane approx. 30-50
nm thin. Such liquid cell is installed in a special holder, which allows to attach a syringe,
providing constant solution flux. This is what we call now liquid cell transmission electron
microscopy (LC-TEM). Alternatively, materials, such as graphene membranes, have also been
investigated for their potential to create thinner, more electron-permeable windows. While these
materials offer improved transparency to electrons, they come with the trade-off of increased
fragility.

In a cross-section of a typical liquid cell is presented. Two E-chips with electron transparent
membrane are visible and outside the cell there is vacuum. The membrane is made of silicon
nitride (SiNx) and its thickness is usually ca. 50 nm. One of the chips is equipped with spacers,
that determine the thickness of the cell, typically from 1 um down to 50 nm (de Jonge and Ross,
2011). Between the chips there is a liquid layer, which might be the precursor solution.
Moreover, some LC-TEM holders are equipped with 2 inlet channels, which allows to use 2
different solutions simultaneously and mix them inside the cell — those can be a precursor and
a reducing agent. In that case, it should be possible to capture the nucleation and growth of
nanocrystals under the beam. Similarly, we can fabricate multicomponent nanoparticles inside
the LC-TEM by one of the procedures: (1) deposition of pre-synthesized nanoparticles on the
membrane and filling the cell with a precursor for the other component; (2) synthesizing
nanoparticles of one component first and next filling the cell with a precursor for the other one;
(3) synthesizing both components simultaneously inside the cell. The third approach can be
used e.g. in electrodeposition. In this approach, the nanoparticles will crystallize on the chip
surface and the ones that grew on the membrane will be possible to image by the microscope.
There are also special types of E-chips, equipped with 3 electrodes (WE, CE and RE) with the
WE located on top of the silicon nitride window. In such setup, it is possible to image the
nanoparticles growing on the edge electrode. By connecting the LC holder to a potentiostat, we
can apply voltage to the electrodes and perform experiments on the electrodes inside TEM:
those include electrochemical measurements and electrodeposition. Overall, LC-TEM allows
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to fabricate a variety of monometallic and multicomponent nanostructures (core-shell, core-
satellite or alloys) and image their formation in real time.

Alternatively, the previously prepared nanoparticles can be deposited on the membrane (as
it was performed by Abrams and McBain) and with a flowing liquid some chemical processes
will be imaged, like corrosion, dissolution, migration, catalysis etc. In any case, the liquid cell
allows to image the processes in real time, which is a huge advantage in nanotechnology field
and provides valuable information (Radisic et al., 2006a; Radisic et al., 2006b). Overall, spatial
resolution in LC-TEM is mostly determined by the electron interactions with the window and
by electron scattering in the liquid. Therefore, many attempts have been made to minimize that
effect. Reportedly, Zheng et al. (2009) were analyzing platinum nanocrystal synthesis in liquid
cell and acquired resolution of 1 nm, using a system with 25 nm thin membrane and 100 nm
high spacers. But reducing the thickness of the membrane obviously makes it more fragile.
Additionally, lower spacers reduce the liquid volume, and as far as it is beneficial for the
imaging quality, it may not accurately reflect actual reaction conditions of macroscale
processes, especially when it comes to industrial catalytic reactions.

Electron Beam

Vacuum

Membrane

Figure 5 Cross-section of a liquid cell for TEM imaging (based on de Jonge and Ross (2011)).

Moreover, these imaging techniques also offer significant advantages by enabling the
tracking of particle migration, aggregation and diffusion. Such observations enhance our
understanding of reaction dynamics and refine theoretical models of synthesis, especially
concerning the influence of electrochemical conditions and particle orientation (Radisic et al.,
2006; Milazzo et al., 2017; Zheng et al., 2009; Oja et al., 2015).

Unfortunately, scattering effects are not the only challenge that must be taken into account.
Experiments in LC-TEM present further obstacles connected to electron beam-induced water
radiolysis. It can generate bubbles, alter the pH, disrupt nanoparticle growth, or even degrade
materials (Jiang, 2017; Woehl and Abellan, 2017; Su et al., 2019).

A crucial parameter in LC-TEM is the electron dose rate, which indicates how many
electrons from the beam illuminate a specific area per second, and it depends on beam current
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and size of the imaging area. It is especially important during in-situ measurements. Electrons
may cause water radiolysis and as a result, new agents are created, which are called here radical
species. Among them, we can distinguish hydrated electrons en, H>O2, H3O", H> and few more
(this will be elaborated in further parts of this thesis). Those radical agents may directly damage
the sample, modify the pH or increase the temperature. All of those effects will influence the
processes and materials examined in LC-TEM (Cauzax, 1995; Garrett et al., 2004; Gao et al.,
2018). The scale of that effect depends directly on the electron dose rate. There is a significant
work of Schneider and co-workers, in which they were investigating correlations between the
dose rate, radiolysis, pH and particle diffusion. As a result, they established complex theoretical
models of electron-water interactions in liquid (Schneider et al., 2014). Notable statement that
can be found in this paper is that resulting pH inside LC-TEM is influenced by dose rate and
the solution’s initial pH. At low electron doses, pH remains stable regardless of its initial level.
At higher doses, however, behavior depends on whether the radiation-induced H3O"
concentration exceeds the initial H3O" level. If so, the pH decreases as H3O" concentration rises.
For an initial pH of 3 or lower, pH remains stable even at high doses, but higher initial pH levels
approach 3 as the electron dose increases. Hence, we have another trade-off here — reducing the
current and electron dose rate would surely reduce the damaging effects of the beam, but it
would limit the imaging resolution as well.

On the other hand, if the radiolytic effects are fully understood, they can be controlled and
utilized for beam-induced synthesis. Several research teams have demonstrated the potential to
use generated electrons as reducing agents to drive electrodeposition processes. In this method,
hydrated electrons reduce metal cations to metal atoms, which subsequently cluster to form
larger structures (Schneider et al., 2014). Such approach was also used to study hematite
nanoparticles. Authors employed an electron beam with adjusted current to alter nanostructures
by dissolving hematite nanoparticles. This process reduced their size, allowing researchers to
manipulate their properties through controlled size modifications (Abellan et al., 2014).
Similarly, hydrated electrons can serve as a reducing agent for simple chemical reduction. With
increasing the electron dose rate (just by modifying the size of imaged area), it is possible to
fabricate bi-metallic dendritic nanostructures with controllable rate. Reportedly, authors did not
use any other chemical reducers (Weiner et al., 2016).

The final impact of an electron beam on a sample is determined by factors such as the
material properties, the liquid environment (including parameters like pH), and the operating
conditions of the microscope, such as magnification and beam current. This influence can either
damage the structure, promote growth, or alter its morphology. The most effective approach to
studying these effects would be conducting a series of in-situ experiments under a broad range
of parameters. However, this method is time-consuming, technically challenging, and highly
expensive. An alternative is to perform complementary ex-situ experiments that focus on
specific reaction parameters. These experiments can yield valuable data and help validate
mechanisms or hypotheses developed during in-situ studies, an approach adopted by some
researchers (Gao et al., 2018).

Despite all the challenges, monitoring the formation of metallic nanostructures is highly
valuable, especially in electrochemical research, due to the widespread application of metal and
metal oxide nanoparticles in electronics and catalysis. Their unique physical and chemical
properties support the development of nanoscale devices such as sensors, transistors, batteries,
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fuel cells, and solar cells (Kleijn et al., 2014). For the last few years, scientists presented
multiple reports on the nanoparticle’s behavior in liquid. Many research teams managed to
manipulate the growth of nanostructures using electron dose rate (Jungjohann et al., 2013; Gao
etal., 2018). Several teams performed experiments that confirmed Schneider’s model (Eskelsen
et al., 2018). Nanoparticles evolution was investigated in LC-TEM to understand how
temperature, precursor concentration or surface oxidation (Krans et al., 2019) influence the
processes, presenting a deep analysis and vital results that would be very hard to draw without
real-time imaging. Furthermore, degradation of nanostructures was investigated deeply, with
capturing on which sites dissolution initiates and how it progresses (Wu et al., 2021; van Omme
et al, 2020). By capturing such nanoscale insights into particle growth, aggregation,
degradation and structural evolution during chemical processes, liquid cell imaging
significantly advances the stability, efficiency, and overall performance of these technologies
(de Jonge and Ross, 2011; White et al., 2012; Loh et al., 2017). Furthermore, combining post-
mortem characterization (conducted ex-situ, both before and after the catalytic reaction) with
LC-TEM analysis can corroborate findings by offering higher-resolution images of the
structures involved.

In order to overcome described problems and difficulties, other techniques of real-time
imaging are being developed and utilized in nanotechnology. Such combined tandem approach
could help to fill the gaps in the research work.

1.2.2. Scanning transmission X-ray microscope

For chemical analysis of materials, X-ray absorption spectroscopy (XAS) is valuable and
powerful analytical technique that investigates materials by scanning them with X-rays. When
X-rays are absorbed by an atom, they excite core electrons (typically from the K, L, or M energy
levels) into higher unoccupied states, resulting in an absorption spectrum that provides both
electronic and chemical insights. This spectral information is centered around the absorption
edge, which corresponds to the energy threshold required for these core-level excitations. The
position of this edge is element-specific, scaling approximately with Z° (atomic number
squared), making XAS particularly effective for studying multicomponent systems and
identifying their elements (Timoshenko and Roldan Cuenya, 2020; Yang et al., 2023).

Typically, X-rays are categorized into ranges, depending on their energy, and their energy
determines their penetration depth. Soft X-rays (200 to 2400 eV) penetrate only nanometers,
while hard X-rays (>2400 eV) can reach micrometer depths. This property is dictated by
Lambert-Beer's law, where the absorption coefficient («) depends on incident photon energy E,
as well as material-specific factors like density p, atomic number Z, and relative atomic mass
A. This is expressed by the formula:

Z4-
u=t ®

XAS measurements are often conducted at synchrotron facilities, which provide intense
and highly collimated photon beams, enabling high signal-to-noise ratios unattainable with
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conventional X-ray sources. The technique yields detailed structural information through its
fine structures and the measurements can be separated into 2 types of complementary spectra:
X-ray absorption near-edge structure (XANES) focuses on the range close to the specific
absorption edge, from approximately 50 eV below it to 100 eV above the edge and it offers
insights into the oxidation states and coordination environments due to the dependence of
electron excitation on an atom's electronic configuration. It can be further divided into pre-edge
region and the main edge or 3d transition metals, the pre-edge region corresponds to the
quadrupole transition of an electron from the 1s orbital (K-shell) to a 3d orbital (M-shell). This
transition is influenced by local and non-local mixing between the metal's orbitals and those of
surrounding ligands, making the pre-edge a sensitive probe for electronic structure and
coordination chemistry, particularly in catalysis (Timoshenko and Roldan Cuenya, 2020; Yang
et al., 2023; Zimmerman et al., 2020).

The main edge of the XANES spectrum involves the dipole transition from the 1s = 4p
orbital and transitions into the continuum for photon energies beyond the ionization energy.
This region is crucial for elemental identification — spectra from known reference materials are
compared to the experimental spectra, to identify unknown systems. Additionally, the position
of the absorption edge provides insight into the oxidation state of the sample, as shifts in edge
position correlate with changes in the oxidation state. Oxidation states are often determined by
locating the maximum in the first derivative of the XANES spectrum, a common practice in
analyzing chemical changes and redox processes (Timoshenko and Roldan Cuenya, 2020).

Extended X-ray absorption fine structure (EXAFS), observed several hundreds of eV above
the edge, reveals spatial arrangements of neighboring atoms through oscillatory absorption
patterns caused by photoelectron scattering. This allows quantitative analysis of parameters
such as bond lengths, coordination numbers, and lattice structures, highlighting XAS as an
invaluable tool in materials science and chemistry.

By utilizing an X-ray beam in microscopy, it is possible to correlate imaging with XAS
spectra. In such a setup, the sample is scanned with a focused X-ray beam, a method known as
Scanning Transmission X-ray Microscopy (STXM). This technique combines local X-ray
absorption data (with energy resolution down to 0.1 eV (de Groot et al., 2010), although this
value may vary between different absorption edges) with direct transmission imaging of the
nanostructure (with spatial resolution of tens of nanometers). It provides spectral images
containing both morphological and crystallographic information. This enables to determine
atomic coordinates, electronic structure and crystal symmetry (Xu et al., 2024). By analyzing
the obtained XAS spectra, we can identify the oxidation states in heterogeneous materials.
Notably, XAS spectra of specific nanoparticles can be acquired individually, and multiple
spectra from different locations within a single sample can be examined with this method.
However, achieving high spatial resolution often requires prolonged acquisition times, typically
ranging from minutes to hours, necessitating a trade-off between spatial and spectral resolution.
Common approaches include obtaining a limited number of point spectra at selected regions of
interest or imaging at a single wavelength, such as the material’s white line.

Due to the minimal interaction between appropriately tuned X-ray beams and samples,
XAS causes significantly less material damage compared to LC-TEM techniques. This
advantage allows STXM to be used for real-time imaging in liquid environments. The
technique, first conceptualized by Kirz and Rarback in 1985, has since evolved into a powerful
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tool for analyzing thin samples, akin to TEM, to reduce beam scattering. Its application in in-
situ studies began with the work of Drake et al. (2004), who used glass wafers to create an in-
situ cell for studying the reduction and oxidation of a silica-supported Cu catalyst in a gas
environment. Subsequent innovations, particularly by Adam Hitchcock’s group, introduced
electrochemical experiments using silicon chips with SizN4 windows and integrated electrodes
(Guay et al., 2005), achieving spatial resolutions of approximately 50 nm and sub-second
temporal resolutions. Further advancements were made by Bozzini’s team, who extensively
utilized STXM for chemical and electrochemical studies (Bozzini et al., 2008; Bozzini et al.,
2009).

Today, researchers frequently use STXM with the same liquid cell setups as those
employed in TEM, facilitating cost efficiency and enabling data comparisons across methods.
This unified approach minimizes experimental variations and enhances the robustness of
conclusions. Modern STXM instruments, equipped with Fresnel zone plates, achieve focused
beam spots as small as 10—100 nm, energy resolutions of approximately 0.1 eV at the carbon K
edge and 0.3 eV at the copper L edge, and time resolutions of 1 ms per pixel. Operating
primarily in the soft X-ray energy range (200-2400 eV), STXM systems are typically installed
at synchrotron facilities, such as the National Synchrotron Radiation Centre SOLARIS in
Krakéw, Poland (DEMETER beamline). But to improve accessibility, laboratory-based X-ray
sources like mini-synchrotrons are also being developed.

In-situ STXM excels at investigating electrochemical systems, including catalytic
processes and electrodeposition reactions. It enables the study of reactive intermediates and the
chemical evolution of nanostructures while delivering high-quality imaging. When combined
with LC-TEM, STXM provides complementary insights into both the morphology and
chemistry of observed processes, offering a more comprehensive understanding of physical and
chemical transformations in nanostructures.

2. Materials and methods

All of the nanomaterials examined in this work were synthesized by the author. For the LC-
TEM experiments the Poseidon holder was used, which is at the Department for Functional
Nanomaterials. However, the TEM instrument was not available in IFJ PAN, therefore all the
LC-TEM experiments were performed outside IFJ PAN. The author gained the necessary
experience in operating the TEM during his STER internship at the Fritz Haber Institute in
Berlin.

2.1. Reagents and chemical synthesis

As ceria and gold precursors, following reagents were used: cerium(IIl) nitrate hexahydrate
Ce(NOs3), - 6H>0, tetrachloroauric(Ill) acid HAuCls x 3H>O. As a reducing agent, ethylene
glycol was used. For cleaning and washing the nanoparticles, ethanol was used. As a carbon
support for the nanocatalysts, Vulcan XC-72R was used, functionalized with nitric acid.
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Ethylene glycol and nitric acid were purchased from Chempur (Piekary Slaskie, Poland).
Ethanol was purchased from Poch S.A. (Gliwice, Poland). Ce(NOs3)> x 6H2O was purchased
from Alfa Aesar GmbH (Ward Hill, MA, USA). Vulcan carbon was purchased from Fuel Cell
Store (Bryan, TX, USA). The rest of reagents were purchased from Sigma Aldrich (Burlington,
MA, USA).

2.2. Experimental methods

Ceria nanoaggregates were synthesized by solvothermal reaction, in the absence of
templates and surfactants. For this reaction, 60 mg of cerium nitrate hexahydrate was dissolved
in 340 pl of deionized water and 8 ml of ethylene glycol was added. The resulting solution was
sonicated for 30 min and then transferred into a Teflon-lined autoclave with capacity of 25 ml
and heated for 16 h at 180°C. Finally, the liquid product was collected from the autoclave,
centrifuged and washed with ethanol 3 times and dried at room temperature.

For Au NPs synthesis, 100 ml of 1 mM aqueous HAuCly solution was added to a flask and
heated until boiling. Then, 15 ml of a 1% trisodium citrate solution was introduced into the
mixture, and the reaction proceeded for 15 minutes, during which the solution's color changed
to dark red. The resulting NPs were purified by centrifuging three times in fresh distilled water
at 15,000 rpm for 20 minutes.

For decoration of ceria with gold, both series of nanoparticles were dispersed separately in
ethanol and sonicated for 30 min. Next, gold NPs solution was added dropwise into the ceria
NPs solution while stirring on a magnetic stirrer. The resulting solution was then stirred for
another 3 h in ambient atmosphere. Finally, Au@CexOy powder was collected by centrifuging.

For catalysts fabrication, carbon black XC 72R was first functionalized with nitric acid in
order to form functional groups on its surface. For this purpose, a beaker was filled with 0.7 M
water solution of nitric acid and then, carbon black powder was added. The solution was stirred
using a magnetic stirrer for 30 min in room temperature. Next, the product was washed in
deionized water, until it reached a neutral pH (tested using pH indicator paper). After that, it
was dried for 10 h at 100°C. Next step was supporting the nanocatalysts on carbon. The
functionalized carbon powder was dispersed in water and the NPs solution was added dropwise
during magnetic stirring. For 10 mg of carbon black powder, 10 mg of NPs was added. The
resulting solution was stirred at room temperature for 12 h. Next, it was centrifuged and washed
2 times in ethanol, 2 times in water and finally, dried at 80°C for 10 h. After that, Au@CexO,/C
catalyst powder was collected.

For preparation of the catalyst inks, 2 mg of dried catalyst powder were dispersed in 120
pl of isopropyl alcohol, with 370 pl of ultrapure water and 10 pl of 5 wt % Nafion. Next, the
ink was ultrasonically mixed for 30 seconds. After that, 10 ul of the resulting ink suspension
was applied to a polished glassy carbon electrode (GCE), forming a thin, uniform catalyst layer
after the solvent naturally evaporated in ambient atmosphere.

For characterization and analysis of the structure, morphology, composition and properties
of the fabricated nanostructures, several methods were utilized. All of them are described in
this chapter. Some of those techniques were also used for post-mortem imaging.
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2.21. Scanning Electron Microscopy

After synthesis, scanning electron microscopy (SEM) was employed for imaging of the
ceria nanoaggregates. It was important to investigate their morphology, size, surface structure
and distribution on carbon. The instrument is located in Institute of Nuclear Physics and SEM
imaging is generally quicker than TEM, so it was reasonable to image nanoaggregates here
before any further experiments. For this purpose, Tescan Vega 3, equipped with tungsten
filament operating at 30 kV with a maximum resolution 3 nm, was used. It is equipped with a
secondary electrons detector and a scanning transmission electron detector, the latter one
enabling imaging in bright field and dark field. Furthermore, energy dispersive spectroscopy
maps were obtained at 10 kV for identifying local chemical composition.

2.2.2. Transmission Electron Microscopy

Both TEM mode and STEM mode were utilized and the samples were imaged in dark field
and bright field. TEM images included in this thesis were obtained using a Cs aberration-
corrected FEI Titan electron microscope operating at 300 kV equipped with a FEG cathode,
which is located at the Materials Research Laboratory of the Silesian University of Technology
in Gliwice, Poland. For chemical analysis, energy dispersive spectroscopy (EDS) maps were
obtained using a Talos F200 FEI instrument operating at 200 kV equipped with a FEG cathode
and the Super-X-in-column EDS detector, located at the University of Warsaw Biological and
Chemical Research Centre. With those maps, gold distribution on ceria and ceria distribution
on carbon support were precisely analyzed with high resolution. Samples for TEM were
prepared by dropping a few microliters of nanoaggregates dispersed in ethanol on a Cu
continuous carbon film coated TEM grid (300 mesh, purchased from Agar Scientific).

Images obtained in TEM mode and high-resolution STEM (HR-STEM) with the HAADF
detector were used to investigate the morphology, crystallinity and size distribution of the
obtained nanostructures. Distribution of the materials (gold on ceria and ceria on carbon) was
also investigated.

For the in-situ TEM experiments, two sample holders were used. Experiments with ceria
were performed using a Poseidon holder (Protochips, NC, USA) with two E-chips equipped
with small 50-nm-thin silicon nitride window. Two E-chips sandwiched together create a small
liquid cell (LC), which thickness is determined by the size of the spacers on the bottom chip.
Two chips are assembled in the holder, along with an o-ring seal and protected by a top metal
plate, see Figure 6.
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Figure 6 Poseidon Select system for liquid cells consisting of: bottom plate of the holder, seal (the O-ring),
bottom chip of the liquid cell (with 2 yellow spacers), top chip, and top plate of the holder. On the bottom plate
of the holder 3 golden contact electrodes for electrochemical experiments are located. Reproduced from
Tarnawski and Parlinska-Wojtan, 2024. Copyright 2023 Protochips.

Ceria NAs synthesis — for the first LC-TEM experiment, the liquid cell was filled with
ceria precursor. Chips with 150-nanometres spacers were used. Poseidon holder was installed
in the TEM and the scanning beam was employed as a reducing agent for ceria NAs fabrication.

Ceria NAs with ceria precursor — for the second experiment, pre-synthesized ceria
nanoaggregates were dropped on the top chip, which was subsequently dried, and then the LC
was assembled with ceria precursor, to check, if the nucleation will continue on the surface of
the nanoaggregates.

Ceria NAs with water — chip with pre-synthesized ceria was used, but this time the LC
was filled only with pure water, to investigate the dissolution effects induced by the beam. The
LC was installed in the TEM and scanned with high electron dose rate of 9 e/A%s. Water flow
was varied from 0.8 pl/s to 0.5 pl/s.

Ceria NAs decoration with Au NPs — pre-synthesized ceria NPs were deposited onto the
SiNx window, followed by the addition of 2 ul of a 100 mM HAuCls solution. Next, the top and
bottom chips were assembled in the TEM holder. Two variants of this experiment were
performed.

For the static variant, HAuCls solution was filled into the liquid channels of the holder
without flow and the holder was placed inside the TEM. Once the microscope valves were
opened and the sample illuminated, the reaction of Au deposition initiated. Note, that the sample
was not moved during the imaging and there was no flow of the HAuCls solution. The electron
dose rate was set to 0.04 e/A%s.

For the dynamic variant, during imaging a 100 mM HAuClj4 solution continuously flowed
through the LC with a flow rate 1 pl/s, The electron dose rate was 0.04 ¢ /As.

Ceria NAs decoration with Au NPs — the decoration was performed using constant flow of
0.1 mM HAuCls solution, with the flow rate of 0.05 ul/s. The electron dose rate was
11 e/A%s. The rest of the procedures were the same as above.
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All the LC-TEM experiments with ceria alone were performed in FEI Titan in Gliwice. The
LC-TEM experiments with Au decoration of ceria NAs were performed in FEI Talos in
Warsaw.

A study on the electrodeposition of a porous PtNi film was also performed and the results
were published in Nano Letters (Parlinska-Wojtan et al., 2024), see the Appendix. For the
electrodeposition, an electrochemical E-chip (EEC) was used, equipped with 3 Pt printed
electrodes, which serve as WE, CE and RE. The WE is covered with a glassy carbon layer to
induce the conductivity. For this kind of experiments, two types of LC holders were used —
Poseidon and Hummingbird (Hummingbird Scientific, USA). The architecture of the electrodes
is different in Hummingbird system than in the Poseidon system, but the general rule remains
the same — both types of E-chips are equipped with 3 Pt electrodes, covered with glassy carbon.
The holders were connected to the external potentiostat. Both systems were used for platinum-
nickel nanofilm electrodeposition; experiments with Poseidon were conducted in FEI Titan
(Gliwice). Additional experiments were performed with Hummingbird Scientific holder in the
Interface Science Department at the Fritz Haber Institute of the Max Planck Society (Berlin,
Germany) in collaboration with dr. See Wee Chee group. This collaboration was established by
STER internship program from NAWA.

2.2.3. Energy dispersive X-ray spectroscopy (EDS)

This technique is used to analyze and quantify chemical composition of the sample. It can
be performed either in TEM or in STEM mode. In the first case, it gives global information
from the entire sample area illuminated by the parallel electron beam. In STEM mode, the beam
is focused and gives local information from a point area of the sample. The physical basics of
this measurement is the characteristic X-ray radiation, produced by the interaction of the
electrons with the sample. When a high-energy electron beam hits the atoms, it knocks out
electrons from the orbit, creating a free electron state. Electrons from higher orbit immediately
occupy this free state and emit the energy difference as a characteristic X-ray wave. Those
signals are registered by the EDS detector and are specific for each chemical element, according
to the Moseley’s law:

v = A(Z — b)? )]

where v — frequency of the observed X-ray emission line, 4 and b — constants determined by
the type of line (K, L etc.), Z — atomic number (Moseley, 1914).

With the EDS maps, it was confirmed that gold nanoparticles decorated the ceria
nanoaggregates and the distribution of ceria in Vulcan carbon was easily and clearly visualized.
The maps were taken in the above-mentioned TEM Talos F200X FEI equipped with an
integrated 4 silicon drift detectors (SDD) system for superior sensitivity (Super EDS).
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2.2.4. X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy is a well-established technique for analysis of the oxidation
state. It uses a monochromatic X-ray beam for scanning the sample. The radiation energy is
being absorbed by the atoms, inducing the electrons to jump from a core-level to an empty
orbital. For the oxidation state analysis of the fabricated nanostructures, several XAS techniques
were utilized. For measuring the oxidation state of the synthesized ceria globally, X-ray
absorption near edge spectroscopy (XANES) measurements were performed. XANES covers
energy range from 50 eV below to 100 eV above the main absorption edge (Zimmermann et
al., 2020). In order to identify the oxidation state in the sample, a reference samples with clearly
chemical compositions and oxidation states should also be analyzed and both XANES spectra
need to be subsequently compared. Any change of the oxidation state (oxidation or reduction)
will be visible as a shift of the X-ray absorption edge. The majority of XAS experiments are
conducted at large-scale synchrotron facilities, which serve as highly brilliant photon sources,
offering low divergence, high monochromaticity, and adjustable photon energy with intense
output.

Using XANES, the concentration of Ce(Ill) phase and Ce(IV) phase in the synthesized
nanoaggregates was quantified. Ceria precursor powder and commercially available CeO>
nanoparticles (Biomus, Lublin, Poland) were used as reference samples. XANES spectra at the
Ce Ls-edge were collected at the ASTRA beamline of the National Synchrotron Radiation
Centre SOLARIS (Krakow, Poland) in transmission mode using a Ge(220) double crystal
monochromator. To produce a monochromatized beam, slits were employed, and the beam size
was adjusted to 7 x 1 mm. The ionization chambers and sample chamber were maintained at a
pressure of 20 torr of argon. A thin layer of finely ground ceria powders was deposited on
specially chosen Kapton tape. The Athena software was utilized for data processing and
analysis.

For measuring the oxidation state locally, on specific nanospheres, X-ray absorption
spectroscopy measurements were performed in the scanning transmission X-ray microscope
(STXM) at one of the DEMETER beamline end-station, also at SOLARIS center. STXM
microscopes usually cover energy range between 200 and 2000 eV (soft XAS) so it can be used
to measure M edge of Ce and identify its oxidation state by the method of subsequent
comparison. The samples in STXM are positioned at the focus of the Fresnel Zone Plate (FZP)
are moved using a precise XY piezo scanner. To maintain the required positioning accuracy
relative to the FZP, a two-channel interferometric system with differential sensor heads was
employed. A photomultiplier tube (PMT) with a P-43 scintillator was used to detect the X-ray
intensity passing through the sample. The resolution of the STXM images is ca. 30 nm. The
transmission signal gathered in STXM was converted into optical density (OD), which reflects
the sample's density or thickness, as well as its chemical composition of interest.

For XAS measurements, several samples were analyzed: (1) pre-synthesized ceria
nanoaggregates, (2) ceria nanoaggregates decorated with gold, (3) catalyst supported on the
carbon collected after the electrochemical experiments. The aim of those measurements was to
investigate the evolution of ceria crystallinity through different processes.
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2.2.5. Density Functional Theory

Simulations were performed to obtain the theoretical ceria XANES spectrum. Quantum
Espresso (QE) software was used to relax the unit cell models of CeO; and Ce,O3 (Giannozzi
et al., 2009; Giannozzi et al., 2017; Giannozzi et al., 2020). The DFT calculations began with
atomic modeling of the cubic CeO: unit cell with space group Fm3m and the trigonal Ce;O3
unit cell with space group P3m1. Then the models were relaxed by minimizing the energy of
the system and calculating the self-consistent field (SCF), which was the last step before
calculating the XAS spectra. The Perdew-Burke-Ernzerhof (PBE) of the generalized gradient
approximation was used as the exchange and interaction potentials. The Van der Waals (vdW)
correction is used to describe the long-range vdW interactions, and the dipole-dipole interaction
is used in the case of an asymmetric species arrangement. The cut-off energy of the electronic
wave function was 500 eV, and the k-space integration is performed according to the
Monkhorst-Park scheme fitted to the reciprocal space size of the crystal structure of the models.
The geometry optimization of the model is terminated when the force on each ion is not stronger
than 0.05 eV. The pseudopotentials Ce.pbe-mt fhi.UPF, O.pbe-mt thi.UPF, C.pbe-
mt thi.UPF, and H.pbe-mt fhi.UPF from official website of quantum espresso were used
(Quantum ESPRESSO 2022; Giannozzi et al., 2009; Giannozzi et al., 2017).

In addition, jfeff10 software (Rehr et al., 2010; Kas et al., 2021) was used to calculate the
XAFS and XANES spectra of CeO; and Ce>O3 phases. The unit cells of the above phases which
were relaxed using QE were used in jfeff10 for XAS calculations. For the calculation of Ce L3-
edge, the parameters, RPATH: 5, SCF: 12, Exchange: Dirac-Hara+HL and FMS: 50 were used.
These parameters were adjusted until the best correlation between the calculated and the
measured spectra was achieved.

2.2.6. Electrochemistry

For measuring the catalytic activity of ethanol oxidation reaction, cyclic voltammetry was
applied and three-electrode cell with a BIO-LOGIC SP-200 potentiostat were used. Cyclic
voltammetry is one of the most common techniques for electrochemical analysis. In principle,
linearly varying potential is applied to the working electrode, covered with a catalyst layer (WE)
from E value to E2 value, then from E2 to El. The potential on the WE determines, what
current is flowing between working electrode and counter electrode (CE) and that value is being
constantly registered by the potentiostat. The resulting current-voltage cyclic curve is called the
cyclic voltammogram (CV) or voltammetric curve, in which we can distinguish the forward
and reverse sweep.

In this work, the catalyst ink was deposited on a cylindric glassy carbon electrode, diameter
of 5 mm, which served as WE. Platinum spiral wire was used as CE and a 4 M KClI silver
chloride electrode (Ag/AgCl) served as the reference electrode (RE), so the potentials were
constantly measured between WE and RE. The CV were measured without ethanol, in 1 M
NaOH deoxygenated solution (it was bubbled with Ar for 20 min prior to every measurement).
Next, for the EOR experiment, 1 M NaOH with 0.5 M C>HsOH solution served as the
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electrolyte. As a reference sample, pure Au nanoparticles supported on Vulcan carbon black
were measured.

Typically, in Pt-based catalysts, hydrogen desorption and adsorption peaks can be identified
on the CV curves in the range 0 — 0.3 V. By integrating the area of desorption peak, the
electrochemical active surface area (ECSA) of the catalytic material can be calculated.
According to the equation:

C
ECSA [cm?] = —Zloi’i‘f Cn]i_z] (10)

where: Qp is the hydrogen desorption charge calculated from the integral of hydrogen
desorption peaks in CVs and 210 uC/cm? (for Au) is a constant representing the adsorption of
hydrogen monolayer on the catalyst. The ECSA value can be used to calculate the specific
surface area (SSA), which represents the mass of catalytically active material (here: Au) on the
WE surface (mau):

SSA [ (11)
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The EOR results were normalized by ECS4 and mass of Au. Furthermore, the onset
potentials were characterized, as the intersection of the tangent of the fast-rising curve of current
density and the tangent of the baseline. It represents the potential at which an increase in current
density occurs, indicating the onset of the ethanol oxidation reaction.

The CV curves in this work were measured from -0.9 V (E/) to 1.6 V (E>) with a scan rate
20 mV/s, usually for 5 cycles. The resulting data were processed and analyzed with EC-Lab
software and OriginLab software.

2.2.7. Infrared reflection absorption spectroscopy (IRRAS)

For identifying the products of EOR, in-situ infrared reflection absorption spectroscopy
(IRRAS) was utilized. It uses infrared incident light beam, which is reflected from the sample
surface and collected by the detector. The intensity of the reflected beam is analyzed and hence
the reflection absorption spectrum is calculated. The shape of spectrum is determined by the
molecule’s vibrations in the sample, especially on the water surface. By comparing the
spectrum with globally available reference spectra, the presence and concentration of specific
molecules in waters can be verified and thus, the composition of the liquid sample can be
identified. For this work, IRRAS was used to perform the EOR in-situ and analyze in real time
the evolution of oxidation products concentration. Nicolet iS50 FT-IR spectrometer equipped
with an MCT detector cooled with liquid N2, an ATR accessory with ZnSe crystal and an
electrochemical cell (Thermo Fisher Scientific, MA, USA). The electrodes were prepared with
the same procedure as for the 2.2.2.1 paragraph. The spectra were obtained from 64 scans with
a spectral resolution of 2 cm™!, covering the IR range from 1200 to 3000 cm . Before the
experiment, spectrometer was purged with Ar gas for 1 h. The measurements were done using
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two different ways. First, spectra were collected in several potentials: -0.5 V, 0.1 V, 0.3V, 0.5
V and 0.9 V to show, which kind of EOR product prevails at a given voltage. On the other hand,
long-term experiments (3 h) was done to show evolution of absorbances of peaks corresponding
to CO2, CO, CH3CHO and CH3COOH to show the dynamic of EOR products. The analyzed
peaks were located at: 2341 cm™ (CO2), 2090 cm™ (CO), 1620 cm™ (CH;CHO) and 1415 cm’!
(CH3COOH) (Kowal et al., 2009; Liu et al., 2010; Head et al., 2017).

2.2.8. Electrodeposition

The experiment described in the Appendix was about electrodeposition of the PtNi
nanoparticles film.

For this experiment, typical 3-electrodes system (RE, CE and WE) was used. The applied
potential was varying from -0.8 V to 0.8 V by cyclic voltammetry. As a precursor, water
solution of nickel(III) nitrate hexahydrate, M = 290.81 g/mol and chloroplatinic acid hydrate,
M = 2.43 g/ml were used. Glassy carbon WE was immersed in 15 ml of the precursor solution,
along with CE and RE. SP-200 potentiostat from BioLogic was used to apply potential. the
scanning rate dE/dt was changed between 70 and 100 mV/s and the process was stopped after
n=15,7, 10 or 15 potential cycles. Two Pt:Ni molar ratios were tested 25:75 and 35:65,
respectively. Further methods and details of liquid cell experiments are described in the
Appendix.
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3. Results and discussion

3.1. Microstructural characterization and Au decoration of CexOy
NAs

The synthesized ceria nanoaggregates displayed uniform size and morphology, with a
spherical shape and a diameter of approximately 50 nm. SEM imaging showed their tendency
to form large aggregates, see Figure 7(a-c), but STEM imaging revealed that each nanosphere
was actually an agglomeration of tiny ~2 nm nanoparticles, which are self-assembled into
spheres, see Figure 7(f-h). Following, their average size is 152 nm in diameter, their size
distribution is presented in Figure 7(d). Their crystalline phases were investigated by the
selected area electron diffraction (SAED, see Figure 7(e), and identified as CeO> fluorite cubic
structure (JSPDS 01-071-4807, space group Fm-3m) and Ce>O3 hexagonal phase (JCPDS 00-
023-1048, space group P-3ml). For CeO; following planes were indexed: (111), (200), (220),
(311), (400) and (311). For Ce>O3 phase the following planes were indexed: (100), (002), (011),
(012).

After the decoration with pre-synthesized Au NPs, HAADF STEM imaging and EDS
chemical analysis was conducted. STEM HAADF images clearly showed the distribution of
gold NPs, which appeared as bright spots, due to the higher Z-number of gold, providing greater
contrast compared to ceria and carbon, see Figure 7(i-k). The Au NPs have ca. 5 nm in diameter
and are randomly distributed on the surface of the ceria particles, leading to the classification
of this structure as Au-decorated or core-satellite rather than a core-shell. This irregular
distribution is likely influenced by the crystalline structure of ceria, as it has been noted (Liu et
al., 2005) that Au atoms preferentially bind to oxygen vacancies on the ceria surface, which
provide additional electrons. It is also clearly visible that cerium nanoaggregates are oxidized,
Figure 7(k). Verifying their exact oxidation state, however, required further analysis. Ceria has
a unique ability to alternate between (III) and (IV) oxidation states via spontaneous oxidation
and reduction reactions, which means that CeO> and Ce>O3 coexist in varying ratios within the
ceria nanoaggregates.
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Figure 7 Ce.O, nanoaggregates synthesized ex-situ. (a-c) SEM images of the nanoaggregates; (d) Size distribution of
the nanoaggregates, based on (c); (e) (SAED) pattern with indexed planes of CeO, and Ce;03 phases; (f--h) STEM
HAADF images, i) STEM HAADF image of ceria with Au supported on carbon black; j-k) EDS maps of ceria decorated
with randomly distributed tiny Au NPs.
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3.2. Catalytic activity of Au@CexO,/C system in EOR - cyclic
voltammetry and IRRAS

This experiment was performed to measure the catalytic activity of the obtained ceria-based
catalyst, but also, to investigate, if ceria nanoaggregates actually promote the activity of Au
catalyst in EOR. The electrochemical analysis revealed high activity for the ceria-supported Au
catalyst compared to pure Au nanoparticles on Vulcan carbon. This is confirmed by the
voltammograms presented below. Figure 8(a) shows the scan for reaction in 0.1 M NaOH
solution, while Figure 8(b) shows CV curves for reaction with 0.5 M ethanol, presenting the
actual ethanol oxidation. Current density was noticeably higher for ceria-based catalyst in both
cases, indicating higher catalytic activity. However, calculated ECSA parameters (see Table 1)
show the opposite, since ECSA is higher for pure gold, which is an uncommon effect. The
greater activity of the Au@CexO,/C catalyst could be connected to ceria’s role as an oxygen
provider and changes in electron distribution across the catalyst layer, which influenced current
density and catalyst’s resistance to poisoning effects (Silva et al., 2020). Additionally, small Au
nanoparticles, despite high active area, may undergo aggregation and oxidation, limiting
activity — an effect noted in several reports (Zheng et al., 2018).
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Figure 8 (a) CV curves for Au@Ce.O,/C and Au/C catalysts measured in 0.1 M NaOH; (b) EOR measured in
0.1M + 0.5M ethanol solution for Au@Ce,O,/C and Au/C catalysts.

Table I Calculated electrochemical parameters of the examined catalysts.

Parameter Au@Ce,O,/C

ECSA (cm?/mgau) 24.74
Onset potential (V) 0.03
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In-situ infrared reflective absorption spectroscopy (in-situ IRRAS)

This technique allows to determine the selectivity of the analyzed catalysts for different
ethanol oxidation reaction (EOR) byproducts. Characteristic absorbance peaks for CO,, CO,
CH3CHO and CH3COOH were identified and confirmed in the spectra presented in Figure 9.
IRRAS spectra collected for Au@CexO,/C showed, that at all potentials, the signal from
CH;CHO was almost stable, while for CH3COOH, the signal increased with the increasing
potential. Continuing, for the peak corresponding to CO, the absorption value was very small
in all analyzed potentials, while the signal from CO: increased with increasing of potential
values. Such analysis helps to determine the most effective potential for EOR. The intensity of
the IRRAS signal determines the level of the product generation and depending on the generated
product, different number of electrons is generated. For CH3COOH or CH3CHO it is only 4 or
2 electrons respectively, while for CO» it is 12 electrons. Therefore, from the application
viewpoint, the most important and interesting is the CO, signal.
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Figure 9 In-situ IRRAS spectra recorded during ethanol oxidation on Au@Ce.O,/C catalysts in different
potentials.

To evaluate the catalyst’s long-term performance and changes in the concentration of EOR
products, a continuous 3 h measurement was performed and the evolution of absorbance peaks
was tracked, see Figure 10. In the case of CH3COO and CH3CO it was visible, that the values
of their respective absorbance peaks were similar to each other during the entire experiment.
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Moreover, it was noticed, that during the first 2h, the values of the absorbances of these two
products were stable, and started to increase after 2h. In the case of the signal originating from
CO vibrations, the absorbance was the smallest in comparison with CH;COO, CH3CO and CO
and it was stable during the entire experiment. Importantly, for the CO2 EOR product, the value
of absorbance increased after each 30 minutes, it was constantly increasing and was the highest
in comparison with other examined EOR products during the entire measurement.
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Figure 10 Kinetics of ethanol oxidation products generation observed during 3 h of EOR, showing increasing
absorbance peaks in time, indicating that Au@Ce<O,/C breaks down the ethanol molecules successfully,
producing high amount of CO>.

These findings indicate that Au NPs supported on ceria NPs form a robust and highly
efficient catalyst, characterized by a strong selectivity towards full oxidation of ethanol and
CO; formation. This selectivity maximizes the energy output, providing the highest number of
electrons in the EOR reaction, affirming the high efficiency, durability and effectiveness of the
synthesized catalyst.
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3.3. Evolution of the oxidation state of CexOy NAs supports resulting
from EOR — XANES study — DFT modelling experiment

Using DFT methods separate XANES spectra for Ce203 and CeO; crystalline phases were
calculated, see Figure 11. Those are pure ceria(Ill) and ceria(IV) oxides, which existence in
nature is highly unlikely. The characteristic peaks for both phases are labelled in Figure 11.
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Figure 11 Simulated XANES spectra for Ce(Ill) phase and Ce(IV) phase.

It is worth noting, that there are two sets of characteristic peaks, and in both sets, peaks from
two different phases are very close to each other. At the same time, the peak for ceria(Ill) is
always located at lower energy than the one for ceria(IV). Therefore, in the XANES curve of
actual ceria sample, in which Ce>O3 and CeO» coexist, peaks from these two phases may appear
as one merged peak. The maximum value of the resulting peak is expected to be shifted towards
lower or higher energy, depending on the ratio between ceria(Ill) and ceria(IV) in the mixture.

Evolution of the oxidation state of CexOy NAs

Taking into account, that ceria exists as a mixture of Ce;O3 and CeO; (see Chapter 1.1.5),
XAS measurements were conducted at SOLARIS to determine the ratio of these phases in the
synthesized material, using commercial CeO> powder as a reference. The XANES spectra of
the reference sample and as-synthesized ceria nanoaggregates are provided below in Figure 12.
The calculated peak positions from the simulated XANES spectra can be compared with local
maxima positions from the measurement. Thus, first local maximum in commercial ceria is
positioned at 5731.1 eV, which should resemble to the first set of peaks from Figure 11. In the
synthesized ceria, however, this first maximum is positioned at 5726.9 eV. So for the
commercial CeO> this peak is shifted towards higher energies, suggesting high concentration
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of ceria(IV), but with some amount of ceria(Ill) as well. While in the studied sample, the local
maximum is closer to the 5726.1 peak, suggesting something opposite. Similarly, the second
local maximum was located at 5737.9 eV for commercial CeO; and 5737.5 eV for the
experimental sample, confirming the same effect. As mentioned before, characteristic peaks are
merged and appear as one with shifted positions.
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Figure 12 XANES spectra for commercial and synthesized ceria samples.

For a deeper investigation of the XANES spectra and quantifying the ratio between Ce(I1I)
and Ce(IV), further analysis of peaks features was needed. Following the procedure reported
by the teams of Bianconi and Phokha (Bianconi et al., 1987; Phokha et al., 2012; Phokha et al.,
2015), the curve-fitting with an arctangent function for edge jumps and Gaussian functions for
peak features was used. The energy threshold (Eo) was defined as the global maximum of the
first derivative of the main absorption edge, while the center of the arctangent function was
calculated based on the inflection point of the main edge. Following Phokha and co-workers, 4
characteristic peaks and their charge transitions were identified and labelled: 5737.9 eV
(indexed as A) and 5731.3 eV (indexed as B) represented the Ce(IV) oxidation state (transitions
2p — 4f°5d and 2p — 4f'5dgL, respectively), while the peak at 5726.8 eV (indexed as C)
corresponded to Ce(III) (transition 2p — 4f'5d.gL) (Phokha et al., 2012; Wu et al., 2016), see
Figure 13. The second peak for Ce(Ill), which was visible in the DFT simulation was not
considered in the cited works, therefore it was also not taken into account for this calculation.
A pre-edge feature (peak D) was attributed to the 2ps/2 — 4f transition due to 5d-4f
hybridization, allowed by selection rules (Munoz, 2015).
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Figure 13 XANES results for (a) commercial cerium(IV) oxide and (b) synthesized ceria.

For quantification, the Ce*" content was calculated using the areas under peaks A (5737.9 eV),
B (5731.3 eV), and C (5726.8 V) as follows:

3471 S(C) .
[Ce ]_S(A)+S(B)+S(C) 100% (12)

where S(4), S(B), and S(C) are the areas of the respective peaks. The results showed 61% Ce**
and 39% Ce*" in the synthesized CexOy NAs, compared to 13% Ce** and 87% Ce*" in
commercial CeO; powder, confirming ceria's ability to vary its oxidation state. The calculated
values are presented below in Table 2.

Table 2 Calculation of the Ce(Ill) percentage in ceria samples.

. Commercial CeO: Synthesized CexOy
Peak index
Peak area Ce(lll) [%] Peak area Ce(lll) [%]
A 4.356 2.194
B 6.818 13.2 3.005 61.3

Cc 1.706 8.230

Ce*"/Ce’" ratio evolution has been extensively studied due to their role in catalytic reactions,
including oxygen vacancies on ceria's surface, which improve catalytic performance when ceria
supports noble metals like Pt (Bunluesin et al., 1997; Swartz et al., 2001). Further research has
shown that Au atoms on ceria surfaces encourage oxygen vacancy formation, thus enhancing
ceria’s reducibility and catalytic activity, an effect observed with ceria modified with Zr (Yang
et al., 2006).

With this knowledge, two more samples were examined with XANES: ceria NAs after the
decoration with gold NPs and the catalyst ink after the EOR. The analysis of recorded spectra
was made with the same procedure as before, with identifying the A, B, C and D peaks and
calculating their area for Ce*" quantification. The obtained spectra are presented in Figure 14.
The results show, that its concentration was lower after decoration — 38% — and the lowest after
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EOR — 16%, see Table 3. Those results seem to be against intuition, it could be expected that
ceria will be more reduced after the reactions, because Au atoms induce it to release more
oxygen. Here an opposite effect was observed, which only shows how strong is the redox
mechanism in cerium oxide NAs. The atoms immediately utilize oxygen from environment to

re-oxidize.
(a) (b) :
—o— exp. —o— exp. ceria
7 |ceria with Au with Au after EOR
| [——data fitting | & i ——— data fitting
—— peak fitting| ¥ -|—— peak fitting

oo

Normalized absorption (arb. u.)
Normalized absorption (arb. u.)

5710 5720 5730 5740 5750 5710 5720 5730 5740 5750
Energy (eV) Energy (eV)

Figure 14 XANES results for A) Au@Ce.O,/C catalyst and B) Au@CexO,/C calyst after EOR.

Table 3 Calculation of Ce(Ill) percentage in ceria samples with Au NPs.

. Au@Ce,O,/C after EOR
Peak index Poak area Ce(l) %]
A 5.439
B 7715 16.4
C 2588

3.4. STXM study of the oxidation state of individual CexOy NAs
supports resulting from EOR

XANES measurements provided a global view of ceria’s oxidation state, but STXM
imaging allowed us to explore the phase distribution at nanoscale in the sample. With STXM
imaging it was possible to examine, if different nanoaggregates have different oxidation states,
or if both phases are present in one nanoaggregate. Characteristic peaks were identified in the
spectra, including Ce*" multiplets at 880.5 eV, 882.7 eV, 895.5 eV and 897.5 eV, and Ce*"
multiplets at 889 eV, 902.5 eV, and 906 eV. Again, 3 samples were measured: as-synthesized
ceria (see Figure 15), ceria decorated with Au (see Figure 16) and catalyst after EOR (see Figure
17). All of them were compared, confirming that Ce* and Ce*' coexist in a single
nanoaggregate.

56



(@)

3 um

(c)

T
910

Energy (eV)

T
890

T
885

875

500 nm

Figure 15 STXM images and XAS spectra for synthesized ceria NAs.
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Figure 16 STXM images and XAS spectra for synthesized ceria NAs decorated with Au NPs.
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Figure 17 STXM images and XAS spectra for ceria-based catalyst after EOR.

These findings demonstrated that both Ce*" and Ce*" phases coexist within individual
nanoaggregates, with a consistent Ce®*/Ce*" ratio across all particles analyzed, proving the
uniformity of the synthesized nanoaggregates.

3.5. Liquid cell TEM experiments on ceria nanoaggregates
3.5.1. Synthesis of ceria nanoaggregates from liquid Ce(NO3)2 precursor

In-situ synthesis of ceria nanoaggregates

Although ceria synthesis typically requires specific temperature and pressure (in this case
performed in a closed reactor), it has been explored in this work, if the electron beam alone
could generate enough reducing agents to enable crystallization. For this experiment, only a
water-based ceria precursor solution was pumped through the liquid cell. Under ex-situ
conditions, ethylene glycol serves as the reducing agent, so in a water solution at room
temperature, nucleation would normally not occur.

After 3 seconds of pumping and imaging, larger nanoaggregates became noticeable, and
after 10 seconds, they formed a dense, interconnected structure growing on the silicon nitride
window. The entire process was recorded and the time frames are presented in Figure 18(a). It
is seen in the post-mortem imaging (Figure 18(b-¢)), that this sponge-like vast agglomerate is
actually composed of numerous tiny ~2 nm sized spheres, similarly like the nanoaggregates
synthesized ex-situ.
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Figure 18 (a) Time frames from the electron beam induced synthesis of ceria NAs in LC-TEM, extracted from
Movie 1; (b-e) Post-mortem imaging of the ceria NAs synthesized in LC-TEM.

In general, nanoaggregates synthesized in liquid, tend to migrate towards one of the
windows. Researchers have examined various forces that might influence nanoparticle
migration in an electrolyte, drawing them toward the window. Even outside the LC-TEM
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context, migration may be affected by different mechanisms. Suzuki et al. (2011) highlighted
five possible factors: (1) interactions between nanoparticles, (2) interactions between
nanoparticles and the surface, (3) interactions between nanoparticles and the liquid, (4)
interactions between the liquid and the surface, and (5) electrostatic interactions among ions in
the liquid. Their findings suggest that electrostatic interactions, particularly from (4) and (5),
are likely the most influential, although local liquid viscosity near the surface also plays a
crucial role. According to their model, a surface charge distribution increases local viscosity,
limiting nanoparticle diffusion near the surface, decreasing their migration, and leading to
immobilization via electrostatic interactions. In the LC-TEM experiment, additional
complexities arise from the electron beam's influence. The electron beam and resulting
secondary electron formation can charge nanoparticles, causing repulsion from the beam.
Additionally, the beam may raise the liquid temperature, creating thermal motion in the liquid
and nanoparticles. The beam may also form water vapor bubbles within the liquid cell, which
expand and potentially push the nanoparticles outwards (Ring and de Jonge, 2012). However,
nanoparticle migration towards the silicon nitride window is also frequently observed in LC-
TEM. Consistent with Suzuki et al., local viscosity, electrostatic interactions and van der Waals
forces likely contribute to this effect (Ring and de Jonge, 2012). Later studies have corroborated
these mechanisms, observing nanoparticle attachment to the silicon nitride window and
attributing this behavior to a confinement effect from local viscosity, which enhances adhesion
between the nanoparticles and the window (Woehl et al., 2014; He et al., 2020).

Post-mortem SEM and TEM imaging of the top chip showed large clusters formed from
smaller spherical nanoparticles. Surprisingly, no such structures appeared on the bottom chip.
TEM imaging of the bottom chip revealed significantly smaller nanoparticles, approximately 2
nm in size, which were more dispersed and less aggregated than those on the top chip. This
unexpected finding suggests that the electron beam does not scatter uniformly inside the liquid
cell. Instead, scattering occurs with a significant intensity reduction, as the beam travels through
the liquid layer. In the 150 nm thick cell, electron distribution and energy vary between the top
and bottom of the liquid layer. Consequently, while the beam’s energy was sufficient to promote
large clusters growth on the top, it only supported the nucleation of smaller particles at the
bottom. Recent studies, such as Korpanty et al. (2022), have simulated this scattering effect to
model energy dispersion in liquids accurately. Their work indicates that in water, the
concentration of radical species like H>O> and H» increases significantly over time during
scanning, while en concentrations rise rapidly at first, but then decrease after several
microseconds. This trend generally aligns with previous models (Schneider et al., 2014).
However, Korpanty et al. further detailed that electrons lose energy as they pass through the
liquid, owing to scattering, interactions, and radical generation. The spatial distribution of
electron/liquid interactions inside liquid-cell TEM (LC-TEM) was also modelled and examined
by the Browning and Mehdi’s team (Lee et al., 2022). Their findings indicate that interactions
are most intense in the beam-exposed zone, generating high concentrations of radical species
around this zone, thereby creating a concentration gradient across the liquid layer that drives
radical diffusion. Due to beam energy loss, the distribution of generated species is not
homogeneous, forming a distinctive profile. They further suggested that radicals from the initial
beam position may influence subsequent radiolytic effects in newly illuminated areas.
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Thus, factors like beam size, illumination duration, dose rate, distance between illuminated
pixels, beam movement rate and radical diffusion rate collectively impact the overall
distribution of radicals in the liquid. During prolonged illumination, energy loss and decreasing
concentrations should become apparent. The observed distribution of ceria nanoaggregates can
likely be explained by this localized energy pattern: high-energy radicals are concentrated at
the top, promoting dense cluster growth, while dispersed, lower-energy radicals at the bottom
enable smaller and more widely distributed nanoparticle nucleation.

Interestingly, once the ceria NAs formed, they began to degrade rapidly. After 15 seconds
of continuous illumination, the structures started to dissolve, disappearing completely in less
than a minute, even though the precursor solution remained within the cell, see Figure 19(a).
Notably, the dissolved region did not regenerate afterwards, and the damaged area was visible
in post-mortem imaging, as it can be seen in Figure 19(b).

0 sec 3 sec 9 sec 15 sec
(a)

22 sec 36 sec 46 sec 58 sec

(b)

Figure 19 (a) HAADF STEM images of radiolytic dissolution process observed by LC-TEM of ceria NAs
synthesized in LC-TEM. Extracted from Movie 2; (b) SEM images of bottom E-chip with the region observed
during LC-TEM radiolitic dissolution experiment (yellow square).

Similar dissolution effects have been previously reported for other nanostructures, with one
suggested cause being water radiolysis and pH fluctuations. The electron beam induces water
radiolysis, producing various reactive species such as H3O" ions (also acting as H"), OH", Hz,
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and hydrated electrons (e7). Some of these species serve as reducing agents that drive nucleation
and growth, while others act as oxidizing agents, promoting dissolution. Predicting whether
oxidation or reduction will dominate in an LC-TEM experiment is challenging.

As it was discussed before, the fundamental study on water-electron interactions in LC-
TEM by Schneider et al. (2014), suggests that the pH of water solutions becomes more acidic
inside LC-TEM. This effect is significant, as pH is an important factor for ceria solubility.
Studies show that CeO2 NPs undergo reductive dissolution in acidic environments, as described
by Plakhova et al. (2016):

Ce0, + e~ + 4H* 5 Ce®* + 2H,0 (13)

Other studies have also confirmed ceria’s high solubility in acidic environments (Dahle et al.,
2015; Asghar et al., 2017). While the electron beam continuously supplies electrons, it also
generates H' ions, which, unlike electrons, diffuse extensively through the liquid, affecting pH
over a larger area than the irradiated region. Initially, ions reduce and crystallization occurs, but
as H' concentration increases and pH drops, NPs begin to dissolve, releasing Ce*" ions and
degrading the structure. Ce** remains stable in acidic pH, persisting in this form (Plakhova et
al., 2016).

However, Abellan et al. (2017) proposed a different model. They acknowledge that pH
decreases within the LC for pure water, but for their own simulation they used a solution
containing cerium. And for this case, they reported that the effect is reversed. Their findings
suggest that Ce*" species undergo reduction first, as this is thermodynamically favorable,
forming Ce®" initially and eventually metallic Ce. They support their model by an experiment,
in which they obtained Ce(OH); structures in the LC-TEM, which thermodynamically should
be stable only in alkaline media. From the Pourbaix diagram (Yu et al., 2006), metallic cerium
is highly soluble in water, which leads to the re-formation of Ce*" in a cyclic reaction,
generating OH™ ions according to the following reaction:

Ce** +e5q S Ce3t (14)

Ce®* +3e5q S Ce (15)

Ce® + 3H,0 — Ce3* + 30H™ +3H, (16)
2

As a result of this cyclic reaction, Abellan et al. suggest it would be expected to see not a
decrease but an increase in pH due to the local production of OH™ species. According to their
model, pH could shift from acidic towards neutral or even slightly alkaline levels. The evolution
of pH is a critical parameter in LC-TEM, though it is challenging to control or analyze.
Conflicting reports describe notable pH fluctuations, with disagreement on whether H" or OH
predominates, leaving the issue unresolved. A recent study by Fritsch et al. (2023) emphasizes
the complexity of this issue, noting that while studies support both trends, some overlooked
factors may be at play. Fritsch and colleagues argue that focusing solely on H" or OH  separately
is insufficient; instead, they propose a comprehensive approach tracking the evolution of both
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ions simultaneously to fully understand pH dynamics within the liquid cell. Their study
describes 17 different species interconnected across 83 reactions that can be generated in water
under electron beam irradiation, leading to a new model of pH dynamics in irradiated water.
Surprisingly, they found that even supposedly inert ions, such as chloride, bromide and nitrate,
might affect pH in electron-irradiated solutions.

In summary, determining the resulting pH within the liquid cell remains challenging. While
Fritsch et al.'s model offers intriguing insights, they acknowledge that experimental work is
needed to validate their hypotheses through specific marker reactions.

Asghar et al. (2017) further investigated factors affecting ceria NAs dissolution,
performing series of experiments using LC-TEM. They used deliberately high-intensity
electron-beam irradiation of nanoaggregates suspensions and recorded their evolution with
nanometer resolution, to quantify their exact dissolution rates. Furthermore, they investigated
several hypotheses to explain the surprisingly high dissolution rate of ceria. They concluded
that this rate was not regulated by a single parameter, but rather by a synergistic combination,
including nanoparticle size, solution pH, concentrations of radiolytic water products, particle
microstructure, dynamic shifts in ceria surface oxidation states, electron dose rate and others.

In-situ synthesis of ceria nanoparticles on ex-situ synthesized ceria NAs

To analyze further the beam effects, an additional experiment in the liquid cell was
conducted. Pre-synthesized ceria NAs were applied onto the chip, and the cell was filled with
the ceria precursor solution. The goal was to induce new ceria synthesis and then assess,
whether both freshly formed and pre-synthesized NAs would dissolve under radiolysis. Results
showed that fresh ceria synthesis did occur, although at a slower rate, with initial nucleation
observed after 4 seconds of illumination. Time-lapse imaging revealed fresh nanoparticles
growing between and on top of the deposited spheres, forming a dense, sponge-like structure,
similarly like in the previous LC-TEM experiment. After 100 seconds, this structure continued
to grow — see the time frames in Figure 20(a). Observations in a separate region at lower
magnification revealed a different outcome. This time, fresh ceria did not grow continuously;
instead, after some initial nucleation, dissolution of the deposited ceria spheres began after
around 9 seconds, and within 40 seconds, the entire illuminated area was cleared, as it is
presented in Figure 20(b). This discrepancy appears to stem from the electron dose rate.
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Figure 20 (a) STEM HAADF time frames from the in-situ Movie 3 in the LC of formation of ceria NAs on CecO,
NAs from Ce(NO3)36H:0 water solution; (b) STEM-HAADF time frames from the Movie 4 in the LC of
dissolution of the laboratory synthesized Ce.O, NAs under the beam. The liquid cell is flushed with
Ce(NO3)3-6H>0 water solution.

When focusing the electron beam on the pre-synthesized ceria NAs at high magnification,
the electron dose rate was high, tipping the balance toward synthesis over dissolution, this is
the effect presented in Figure 20(a). At lower magnification, however, the electron dose was
reduced, and nucleation was insufficient to sustain NA growth, as presented in Figure 20(b).
Presented observations align with Schneider et al.'s theoretical model, which posits that ions
require electrons for reduction and nucleation. Electron concentration in the irradiated region
rises rapidly, but is readily scavenged by molecular oxygen, while H" ions, potentially
responsible for dissolution, persist longer throughout the cell. Thus, in high-magnification
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imaging, both radical H" ions and electrons are supplied to the sample, but the high dose rate
drives nucleation. Under low magnification, electron availability is lower, limiting nucleation
while H" ions can still form and promote nanoparticle dissolution. This supports Plakhova et
al.'s model of reductive dissolution.

Dissolution of ex-situ synthesized ceria NAs in water

In Figure 21 effects of imaging ceria NAs in pure water are presented. No dissolution was
observed, when the flow rate was faster than 0.8 pl/s, Figure 21(a). Only after reducing the flow
rate to 0.5 pl/s etching of the spheres could have been noticed, Figure 21(b). This observation
might again support the idea of reductive dissolution. In pure water there was probably a high
concentration of H' and their reductive influence was dominant. But what is worth noting here,
it was possible to suppress the dissolution effect by increasing the water flow rate. With higher
flow rate, radical agents were flushed away from the imaging area too fast and apparently, they
could not interact with the ceria structures.

However, this model does not fully explain, why dissolution occurred only in the in-situ
synthesized ceria and not in the pre-synthesized NAs. Therefore, it is worth considering, that
NA morphology is the critical factor. The pre-synthesized sample comprises spherical
nanoparticles that, under beam exposure, form an additional ceria layer, creating a protective
shell, that increases diffusion distance for radicals. As a result, radicals are less likely to interact
with these nanoaggregates — a phenomenon previously noted in ceria-radical interaction studies
(Schlick et al., 2016). In contrast, the in-situ-synthesized sample was strongly aggregated,
highly porous, and sponge-like, making it more accessible to radicals and ultimately more prone
to dissolution. Thus, besides chemical factors like pH and radical presence, physical factors
such as particle size and agglomeration must also be considered in-sifu experiments.

To summarize, concentration of radiolytic products will be different depending on the type
of the used liquid. The electron beam should decrease the pH of water in the liquid cell, but
according to some models, the pH would be increase in solutions containing Ce ions, because
of localized OH" ions production. This is why the beam can successfully induce ceria
nucleation, but after longer exposure, it causes dissolving. The pH fluctuations depend on the
time exposure and beam intensity, shifting up or down. This could be consistent with the
Schneider’s model, since it says that the level of H3O" ions remains high, longer than the level
of hydrated electrons, which can be scavenged by other species. According to Abellan’s model,
the pH should increase under the beam, but they do not take into account all the diffusion effects
in the liquid cell, so this could be also one of the explanations for those contradicting results.
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Figure 21 (a) Time frames extracted from Movie 5, no dissolution of the laboratory synthesized Ce.O, NAs under
the beam in water with a flow rate of 0.8 ul/s; (b) Time frames extracted from Movie 6, dissolution of the laboratory
synthesized Ce.Oy, NAs under the beam in water with a flow rate of 0.5 ul/s. Scale bar: 100 nm.
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3.5.2. Ceria NAs decoration with Au NPs — in-situ experiment

In Figure 22 and Figure 23 the time frames from the decoration experiment in LC-TEM are
presented.

Dynamic variant with flow of 1 mM HAuCl4 solution at a flow rate of 1 pul/s and electron
dose of 0.04 e/A2%s — it was not possible to catch the very initial steps of Au NPs deposition,
nevertheless it is quite clear that large gold particles grow rapidly, overlapping ceria NAs, see
Figure 22.

15 sec

30 sec 45 sec

Figure 22 Au NPs synthesis on ceria NAs surface in LC-TEM during dynamic experiment. Extracted from
Movie 7. Scale bar: 200 nm.
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Static variant when the liquid cell was only filled with 1 mM HAuCl4 solution (without
flow) and electron dose of 0.04 e/A2s — despite the same dose rate, Au deposits much slower,
starting with the tiny nanospheres like in the ex-situ experiments. The static experiment of Au
NPs synthesis can be seen in Figure 23.

0 sec 10 sec 20 sec 30 sec

40 sec 50 sec 60 sec 70 sec

Figure 23 Au NPs synthesis on ceria NAs surface in LC-TEM during static experiment. Extracted from Movie 8.
Scale bar: 100 nm.

The purpose of these experiments was to use the electron beam as a reducing agent for Au
nanoparticle nucleation and to examine the influence of flow on the growth of Au structures,
hence the static and dynamic setups. The results showed immediate Au structures growth on
ceria NAs surface in both setups, although with different dynamics. However, unlike the
uniform spheres formed ex-situ, these structures were clearly larger, star-like shaped and were
partially covering the ceria. The difference in the dynamics is probably due to the access to
fresh solution. When the flow is active, gold ions are being provided to the ceria constantly and
easily reduced by the scanning beam. In static variant however, reaction is limited by diffusion
of gold ions in the liquid cell. Post-mortem analysis of the disassembled LC from both
experiments revealed other interesting variations, see Figure 24. There were distinct differences
in Au morphology between the top chip (Figure 24(a)) and bottom chip (Figure 24(b)) from the
dynamic experiment. On the top chip, the same large Au NPs were observed as during in-situ
experiments; in some cases, they were looking more like stars, covering several ceria spheres,
although only a few gold-ceria nanostructures were found, suggesting that most large structures
formed in the liquid between the chips and were likely flushed away by liquid flow. On the
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bottom chip, only tiny Au NPs decorating the ceria NAs were identified and they were very
similar to the morphology of the ex-situ synthesized catalyst. Morphologically, structures on
the bottom chip were consistent between both static and dynamic experiments, so the flowing
did not affect the resulting structures. Two vital results can be brought from those experiments:
(1) processes on the top chip are mostly controlled by the effects of the solution flow, while (2)
processes on the bottom chip are mainly controlled by the effects of the electron beam.

This difference may be due to electron beam scattering within the liquid layer of the LC.
As the electron beam transduce through the liquid cell, it loses energy through inelastic
collisions with water molecules, yet the cascading chain of secondary reactions continues to
propagate (Korpanty et al., 2022; Lee et al., 2021). This cascade expands both in the spatial
distribution and the number of generated radicals as the penetration depth increases. By the
time the electrons reach the bottom of the liquid cell, the radial distribution of the cascade has
broadened significantly due to the increasing cross-sectional area of scattering events. This
phenomenon highlights the interplay between the electron energy deposition profile, the
diffusion of radical species, and the geometry of the reactor, all of which influence the spatial
dynamics of chemical reactions initiated by radiolysis. Therefore, Au NPs deposited at the
bottom are more numerous, although their size is smaller due to this lowered energy.

In the static experiment, from the EDS maps, the ceria nanoaggregates appear to be fully
enveloped by Au, see Figure 24(c) and Figure 24(d). Gold covering ceria NAs is visible on both
the top and the bottom chips. This suggests that without the flow, the electron beam generates
more reducing agents, that are not flushed away from the scanned area. This effect induces
much more intensive Au deposition, which leads to forming a thin golden coverage around the
nanoaggregates.
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»
400 nm

static experiment - top chip

Figure 24 STEM-HAADF images of the ceria NAs decorated with Au NPs with the corresponding EDS maps,
showing Ce, O and Au distribution. (a) top chip, dynamic experiment, large Au NPs are covering ceria NAs,
(b) bottom chip, dynamic experiment, Au NPs are noticeably smaller; (c) top chip, static experiment, Au forms
nanoparticles decorating the ceria NAs, but also forms a coverage on the whole NAs, (d) bottom chip, static
experiment, Au coverage is again visible on the whole NAs.

The main goal of the static experiment, however, was to investigate the potential diffusion
effects of radical agents within the liquid cell. The idea was to determine whether irradiating a
localized region of the sample with the electron beam would influence the outcomes in other
areas within the liquid cell and what distance would these effect reach. If diffusion occurred,
the next step would be to explore whether there would be observable differences between
regions directly exposed to the electron beam and those not exposed and at what distance
between them. To test this hypothesis, during the experiment, the electron beam was focused
on one edge of a silicon nitride window within the liquid cell.
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Figure 25 Post-mortem investigation of the top e-chip from the static experiment. Central image of the SiN
membrane acquired step-by-step from the illuminated (top) to the non-illuminated (bottom) area. EDS maps of
the Au decorated ceria NAs were taken from different areas of the chip. See main text for details.
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This localized irradiation generated radical species in a confined area and the results of beam
induced synthesis were described above and presented in Figure 25. Subsequently, after the
experiment in liquid, the e-chip was imaged under post-mortem conditions to assess any spatial
variations within the liquid cell. Using a step-by-step approach, HAADF images were captured
along the entire length of the SiN window. This allowed us to systematically evaluate the effects
of radical’s diffusion and compare irradiated regions with non-irradiated ones. The results of
this methodology are shown also in Figure 25. In the area illuminated by the electron beam,
growth of numerous Au NPs was observed, which is confirmed by EDS mapping, Figure 25(a).
On the other hand, images taken in the non-illuminated areas, show only some individual Au
NPs, Figure 25(b-d). They are noticeably bigger than the ones in Figure 25(a), as they have
most probably grown during searching for the e-chip window at low magnification in the TEM
— therefore their large sizes. The beam was focused locally, inducing high amount of reducing
agents to nucleate and synthesize the Au crystals. In the static experiment there were apparently
some diffusion effects. It allowed radical agents — primarily hydrated electrons in this case — to
reach the surface of the ceria nanoaggregates and trigger gold deposition throughout the liquid
cell.
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Figure 26 Au NPs deposition in LC-TEM from 0.1 mM solution. Extracted from Movie 9. Scale bar: 100 nm.

Ceria NAs decorated with Au NPs at low concentration (0.1 mM HAuCls solution) at a
flow rate of 0.05 ul/s and electron dose of 11 e/A2s — the large star-like, large sized Au
structures were unexpected and undesired for the catalytic applications discussed in this thesis,
therefore, the experiment was repeated with 0.1 mM HAuCl4 solution. Despite much higher
dose rate, the synthesis was slow at such extremely low concentration. Nevertheless after 3
minutes of constant illumination some tiny Au nanoparticles started to appear and slowly grow,
see Figure 26.
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4. Summary and conclusion

The presented study explored the synthesis, transformation, and behavior of
multicomponent nanosystem composed of ceria nanoaggregates decorated with Au
nanoparticles. The main goal of this thesis was to analyze the influence of the electron beam in
the TEM on the observed reaction, providing novel insights into the evolution of the
nanosystem and into the effects that may occur during LC-TEM experiments. The described
results provide valuable insights into the real-time imaging of nanomaterials, presenting a deep
analysis of the synthesis mechanisms, the beam effects and how to minimize them. The main
conclusions of this thesis can be divided in the following paragraphs:

Structural evolution and pH fluctuations — in the first experiment, cerium oxide was
synthesized directly from a precursor using the electron beam as reducing agent. It was
demonstrated, that the electrons can be used to initiate nucleation and stimulate the in-situ
synthesis of metal oxide nanostructures directly within the liquid cell. The beam-induced
crystallization is rapid and leads to the formation of vast, foam-like structure composed of very
small nanospheres.

Furthermore, depending on the electron dose rate, the beam could be used either to induce
growth or dissolution of the nanoaggregates. This kind of observations is highly valuable for
the liquid phase microscopy field, as it highlights the main challenges of the LC-TEM
experiments. As this thesis presents, the electron beam ion-reducing influence is one thing, but
its impact of the pH level is even more crucial. It seems that those two effects contradict each
other, and depending on the time and applied electron dose rate, one of them prevails.

For the ceria synthesis on the pre-synthesized ceria NAs, there was an obvious dose rate
dependency — intense nucleation was visible at high magnification, i. e. high electron dose,
whereas dissolution started at lower magnification, i.e. low electron dose. This effect can be
explained by the co-existence of two opposite forces. Nucleation prevails at high magnification
with strong hydrated electrons generation, but their amount is limited at lower dose rate;
electrons are scavenged, while other ions’ concentration remains high and the effect of
reductive dissolving surpasses. An attempt to identify this threshold, at which these two trends
switch, would be undoubtedly exciting and valuable for the community and the field, although
such project would be time- and cost-consuming. And it would be probably very hard to apply
such model for different materials. Furthermore, pre-synthesized ceria nanoaggregates
exhibited greater resistance to dissolution compared to in-sifu synthesized ones. This resistance
was attributed to some kind of a protective shell, which increased the diffusion distance for
radicals, reducing their interaction with the nanoaggregate core. In contrast, in-situ-synthesized
nanoaggregates formed highly porous, sponge-like structures, making them more susceptible
to pH-driven degradation. These results indicate that both chemical (pH) and physical
(morphology) factors must be considered in LC-TEM studies to accurately interpret dissolution
dynamics.

Finally, a flow-rate dependency was registered during presented experiments in pure water.
Dissolution of ceria NAs occurred when the flow rate was below 0.5 pl/s and was not observed
at higher flow rates (>0.8 pl/s), which was explained by fluxing away all the radicals from the
liquid cell, before they could interact with the pre-synthesised nanostructures. This
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phenomenon suggests that controlled liquid flow can mitigate radiolytic dissolution, making it
a valuable parameter for optimizing LC-TEM experiments. It is a simple yet effective strategy
to prevent nanostructures from degradation.

Gold decoration — two experiments were performed, with and without the flow of Au
precursor. Furthermore, the effects of gold crystallization both on the top and bottom chip were
analyzed.

In the LC-TEM movies it is presented that the flow of solution in the dynamic variant
influences the Au nucleation and growth dynamics, providing fresh ions and leading to a
formation of large star-like structures on the ceria NAs surface. On the other hand, in the static
variant, where there is a limited concentration of gold ions, only the formation of small Au NPs
was observed, resulting in a similar structure like in the ex-situ experiments. Growth dynamics
was even slower, during the decoration using 0.01 mM solution of gold precursor, which was
also presented in the movie. In any case, the electron beam was very effective in crystallization
of gold nanostructures and no other reducing agent was used.

The post-mortem analysis of both chips from the static and dynamic experiment revealed
another interesting effect. While it was reported before, that the electron beam loses its energy,
transducing through the liquid layer inside the cell, there is lack of reports about how this energy
loss affects the nanostructures inside. Here, this effect was demonstrated during the decoration
with Au and the dependency is especially visible in the dynamic experiment. The star-like
structures that were observed in the in-situ experiment are visible only on the top chip, whereas
on the bottom chip numerous tiny Au nanoparticles were identified, which suggests broadened
radial distribution of the electrons, yet their sizes were very small, confirming that the energy
of the electron beam reduced because of the scattering in liquid.

Finally, a series of step-by-step images of the membrane from the static experiment was
presented, to investigate diffusion effects of the precursor in conditions without the flow.
Presented results indicate that electron beam exposure can induce the formation of a thin gold
coverage around ceria nanoaggregates, while structures formed in non-illuminated areas
maintain a morphology similar to ex-situ samples. Additionally, diffusion effects allow radical
agents, particularly hydrated electrons, to reach ceria surfaces and facilitate gold deposition
even without direct electron beam interaction.

Electrochemical experiments — a wide analysis of the Au@CexO,/C catalytic system for
the EOR was performed. Cyclic voltammetry measurements showed, that the studied system is
more effective than a pure Au/C catalyst. The activity was also examined during a 3-hours
measurement by IRRAS, to analyze the products in real time and demonstrated that
Au@CexOy/C successfully breaks the carbonic bond in ethanol, leading to high and efficient
generation of CO2 with limited generation of other, non-desirable by-products. It confirms the
positive effect of using the ceria NAs as supports and reinforces the idea of fabricating
multicomponent catalysts, that are both less expensive and more active.
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Main conclusions for this work can be presented as following:

e The electron beam in TEM may be used to generate reducing agents for synthesis of
ceria nanostructures. But depending on the electron dose rate and the relation between
concentration of radicals and pH fluctuations, the beam may be also used to dissolve the
nanostructures.

e Ceria NAs fabricated ex-situ were more stable in LC-TEM than the structures
synthesized under the beam, because of their less porous morphology.

e The flow rate may be a crucial parameter for LC-TEM experiments and by adjusting it,
beam induced dissolution of nanomaterials can be suppressed. It also may influence the
morphology of the nanomaterials fabricated during LC-TEM.

e During LC-TEM experiments, the energy of the electron beam is reduced due to
transducing and scattering in the liquid. Therefore, structures fabricated on the bottom
e-chip differ from the ones fabricated on the top e-chip.

e The fabricated Au@CexO,/C catalyst is more active towards EOR and CO> generation
than pure Au/C catalyst, which is due to better oxygen mobility and availability
provided by redox processes on ceria NAs.

In this thesis, the effects of pH and flow-rate during the LC-TEM experiments were widely
and deeply examined and discussed. One of the primary challenges in liquid-phase TEM studies
is electron beam-induced radiolysis, which can lead to unintended chemical reactions and
significantly alter the experimental environment. Here, these effects were investigated. The
presented results are useful in preparing methodologies for LC-TEM experiments, with new
strategies of avoiding those undesired beam effects. This is crucial for conducting more reliable
experiments in liquid phase microscopy, especially when it comes to synthesis of
multicomponent nanosystems.

Another valuable strategy that is discussed here is a wide post-mortem analysis of both top
and bottom chips with the step-by-step imaging of the SiNx window. It provides much more
details, presenting spatial distribution of materials. It also reveals differences in morphology
determined by the local effects of the electron beam, which is necessary to reliably analyze the
impact of the beam. It also reveals the strong role of diffusion effects in those processes. All
those strategies can improve accuracy of the LC-TEM experiments.

Beyond addressing fundamental challenges, the findings of this dissertation have broader
implications for the field of nanoscience, particularly in catalysis, materials synthesis and the
development of functional nanomaterials. Understanding the role of pH variations and
radiolysis in nanostructures behavior enables researchers to design more stable and controllable
nanosystems for a wide range of applications. Furthermore, the presented methodologies are a
valuable contribution to the liquid phase electron microscopy field, revealing and proving how
powerful is this technique and how wide studies can be performed with it.
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